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INTRODUCTION
AND OVERVIEW

1.1 PURPOSE OF BOOK

This book is intended to be a resource for process design and plant engineers
who are responsible for designing and running processes handling powders
and bulk solids in the chemical, pharmaceutical and related manufacturing
industries. The book can also be an aid for process hazard analysis (PHA)
teams and leaders, and for people operating small plants and toll operations.
It may also be useful to insurance and regulatory personnel with assign-
ments at industrial facilities that process, store, or transport large quantities
of solid particulates.

The main focus of the book is on the instability, reactivity and combusti-
bility hazards of particulate solids manufactured or handled in the chemical
and pharmaceutical industries. Toxicity hazards are also discussed, but to a
lesser extent than the other hazards. Much of the material presented may
also apply to the food processing, grain handling and coal mining industries.
The book does not cover the hazards of Explosives (UN-DOT Class 1 Materi-
als) but does include UN/DOT Class 4 material (flammable solids, spontane-
ously combustible materials and materials that are dangerous when wet)
Class 5 materials (oxidizers and organic peroxides), and Class 6.1 toxic mate-
rials, as well as the testing to distinguish explosives from the other UN-DOT
categories.

Definitions and examples of these hazards and some key national and
international standards covering them are presented in Section 1.2. All four
generic hazards depend on particle size and various other particulate prop-
erties. Descriptions of these properties and their measurement are provided
in Chapter 2 of this book. Accident scenarios and case histories are discussed
briefly in Section 1.3, and in much more detail in Chapter 3. Particulate
hazard assessment, via laboratory testing and other methods, is described in
Chapter 4, with Appendix A being a listing of laboratories that conduct these
tests. The types of particulate storage and handling equipment, are
described in Appendix B. Chapter 5 is a discussion of the hazards and corre-

1



2

sponding protection methods for the various equipment and operations in
Appendix B. General protection measures applicable to particulate han-
dling/processing equipment and facilities are described in Chapter 6. Chap-
ter 7 discusses how plant operation and maintenance practices can influence
particulate hazards. The final chapter, Chapter 8, describes occupational
health and environmental concerns and regulations pertinent to potentially

Chapter 1 Introduction and Overview

hazardous particulate material processing.

1.2 PARTICULATE HAZARDS

1.2.1 Combustibility Hazards

Combustibility hazards refer to the fire and explosion hazards of particulates
in either bulk form, layer form, or in the form of a suspended dust cloud.
NFPA 704 (2001) has a five-category flammability rating that provides an indi-
cation of the general combustibility hazard. The criteria for placing a particu-

late material in one of the five categories are shown in Table 1-1.

TABLE 1-1
NFPA 704 Flammability Categories for Particulates
NFPA 704
Flammability Hazard
Category Criteria for Particulate Materials

0 Materials will not burn in air when exposed to a temperature of
815.5°C (1500°F) for 5 minutes.

1 Combustible pellets with a representative diameter greater than
2 mm (# 10 mesh).

2 Solid materials in the form of powders or coarse dusts of
representative diameter between 420 microns (# 40 mesh) and
2 mm (# 10 mesh) that burn rapidly but that generally do not
form explosive mixtures with air; or
Solid materials in a fibrous or shredded form that burn rapidly
such as cotton and hemp.

3 Flammable or combustible dusts of representative diameter less
than 420 microns (# 40 mesh); or
Materials that burn with extreme rapidity, usually by reason of
self-contained oxygen e.g., many organic peroxides; or
Materials that on account of their physical form can form
explosive mixtures with air.

4 Materials that ignite spontaneously in air.
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One common particulate fire scenario that is applicable to many materi-
als that are in flammability categories 1, 2, or 3 is the smoldering fire that
develops in silos, bunkers, and hoppers. There have been numerous inci-
dents of this type in grain silos, coal bunkers, and plastics manufacturing
and processing facilities, and many of these fires have been very difficult to
extinguish. Another common fire scenario is the overheating of particulates
in various types of dryers. Both the drier fire scenario and the bulk storage
smoldering are usually examples of particulate self-heating and spontane-
ous combustion. Many agricultural products are prone to self-heating due
initially to microbiological activity, and later to oxidation during bulk stor-
age. Examples include bagasse, compost, hay, pecans, soya beans, and wal-
nuts. Activated carbon, hafnium and zirconium powder are examples of
materials that can undergo oxidative self-heating when they are stored as
fine particles.

A dust explosion hazard exists when flammability category 3 partic-
ulates are suspended in air at a concentration above the Minimum
Explosible Concentration (MEC). As documented in Section 1.3.1, prevalent
sites for particulate explosion scenarios include blenders, pulverizers, hop-
pers, conveyor/elevator transfer stations, and dust collectors. Important fea-
tures of these locations are frequent dust clouds, moving mechanical parts
representing potential ignition sources, and confinement to allow poten-
tially damaging pressures to develop as a result of an accidental ignition.
Descriptions of these and other particulate processing and transport equip-
ment are provided in Chapter 5 along with a discussion of specific hazards
associated with the equipment. Generic dust explosion hazard scenarios are
described in Section 3.7.

Particulate fire and explosion prevention measures for general process-
ing and handling facilities are described in NFPA 654. Preventive measures
for electrical and electrostatic ignition sources are contained in additional
standards such as NFPA 499, NFPA 77, and IEC 61241. Particulate explosion
prevention systems and deflagration venting systems are presented in
NFPA 69 and NFPA 68, respectively. There are also fire protection standards
for specific particulate materials such as pesticides (NFPA 434) and organic
coatings (NFPA 35).

1.2.2 Instability Hazards

Particulate instability is the tendency of certain bulk solids to vigorously
decompose, polymerize, become self-reactive, or oxidize at the temperatures
and other conditions they are subjected to during physical processing, trans-
port and storage. These exothermic reactions can generate potentially dan-
gerous temperatures, pressures, or hazardous gases, or otherwise become
violent.



4 Chapter 1 Introduction and Overview

NFPA 704 (2001) defines five hazard categories for unstable materials,
with the lowest (zero) category for materials that do not have an exotherm at
temperatures at or below 500°C. The four higher categories are defined qual-
itatively in terms of their instability initiation requirements, and quantita-
tively in terms of their instantaneous power density (heat of reaction multi-
plied by reaction rate) at 250°C. The instability category of a material is one
of three factors that must be prominently displayed in industrial and com-
mercial facilities manufacturing, processing, storing, or using hazardous
materials. The U.S. Department of Transportation and the United Nations
regulations for shipping of hazardous materials have generic classifications
for self-reactive solids (UN 3224 and 3234), and specify packaging and test-
ing requirements for these materials (49CFR Parts 172-173). One other
source of instability hazard ratings is the Hazardous Materials Identification
System promulgated by the National Paint and Coatings Association
(NPCA).

Particulate materials that have either high NFPA 704 reactivity ratings,
or are designated by criteria as UN self-reactives, or have been involved in
noteworthy incidents include ammonium perchlorate, azodicarbonamide,
methyl parathion, potassium nitrate, and sodium azide. The latter, which
is designated as a UN Class 6.1 toxic material, has been involved in
several explosion incidents at airbag propellant manufacturing facilities.
Hydroxylamine is a self-reactive particulate material that is so prone to vio-
lent self-decomposition that it is always stored/transported in aqueous solu-
tions, and has been involved in several explosions when the solution became
too concentrated. Other decomposition incidents are described in Section
1.3.3.

Instability hazard scenarios involving external heating, self-heating, and
other initiation modes are discussed in Section 3.1. Laboratory tests to assess
particulate instability hazards are described in Section 4.3. In addition to the
federal and U.N. standards mentioned above and various NFPA standards
for different types of potentially unstable materials, there are general protec-
tion recommendations for unstable materials in the CCPS Guidelines (1995),
and in VDI Guideline 2263 for powders and dusts.

1.2.3 Reactivity Hazards

Particulate reactivity is the tendency of certain bulk solids to react with other
materials that they may contact during bulk storage, transport, or physical
processing. These materials can be the container material itself, contamina-
tion from previous loads or batches, or, in the case of water-reactive materi-
als, water leakage into the container or process vessel. NFPA 704 has a provi-
sion to designate water-reactive materials so that emergency responders will
be aware of the reactivity hazard when they determine appropriate response
measures. Four different NFPA 704 categories of water reactivity are defined
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in terms of the heat of reaction. Some examples of particulate materials with
high water reactivity ratings are calcium carbide and calcium hypochlorite.
The National Paint and Coatings Association’s Hazardous Materials Identi-
fication System® has a similar provision for alerting plant personnel to the
reactivity hazard of chemicals used in paint and coatings.

One well-known example of a reactive incident occurred when water
inadvertently entered a blender containing water reactive materials, and
caused the blender to explode because of an inadequately sized emergency
vent (EPA/OSHA 1997). Another water reaction occurred in 1998 when
steam was deliberately used in an attempt to clear an aluminum and alumi-
num chloride sludge blockage at the bottom of a linear alkylbenzene reactor.
There has also been a series of fire incidents initiated from inadvertent wet-
ting of the chlorinated swimming pool chemicals, calcium hypochlorite and
trichloroisocyanuric acid, while stored in warehouses and building supply
stores.

More complete descriptions of some of these water reactivity hazard
incidents and scenarios are provided in Sections 3.3. Reactivity hazard sce-
narios involving contamination of particulates during transport and storage,
and container/packaging reactivity are also presented in Section 3.3.
Updated information on U.S. government activities on chemical reactivity
hazards can be found in the OSHA Reactivity Web site, http://www.osha.gov/
dep/reactivechemicals/index.html.

1.2.4 Toxicity Hazards

The most common toxicity hazard associated with particulates is the respira-
ble hazard associated with particles in the size range 0.2 to 7 um. Particles in
this size range can flow through the bronchi and penetrate into the alveoli,
where some particles can remain for decades (King, 1990). Submicron parti-
cles are more readily exhaled and therefore represent a lower hazard level
than those in the 1-7 pm range. Once being lodged in the lungs, the chronic
and acute effects of these particles depend on their biological activity and
their solubility. Some examples of dust materials that are particularly haz-
ardous in this regard are silica, coal dust, aluminum, and many heavy
metals, such as beryllium, chromium, and plutonium (Kerfooot et al., 1995).

NFPA 704-2001 has five health hazard categories in its classification
scheme for potentially hazardous materials. The criteria for placing a
powder or dust in one of these categories are based in part on the LCs, con-
centration for acute inhalation toxicity. The specific criteria are given in
Table 1-2.

Besides inhalation, the other pathways for small particles to enter the
body include accidental ingestion, dermal contact, and eye entry. Toxicity
hazards that can be manifested after entry into the body include systemic
toxicity, allergic reaction, mutagenic effects, and carcinogenic reactions
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TABLE 1-2
NFPA 704 Health Hazard Categories for Particulate
Material Inhalation Toxicity

Health Hazard Category LC;, (mg/L)
0 >200
1 <200 and > 10
2 <10and >2
3 <2and>0.5
4 <0.5

(Kerfoot et al., 1995). The NFPA 704 health hazard categorization scheme
includes criteria based on the LD50 values for acute dermal toxicity and for
acute oral toxicity. Specific scenarios associated with both chronic exposures
and acute exposures are discussed in Section 3.8. Asphyxia scenario exam-
ples are presented in Section 1.3.4.

1.3 ACCIDENT DATA AND CASE HISTORIES

As an introduction to the numerous case histories and other incident
accounts described throughout this book, a statistical overview is presented
here along with some representative examples of how the various particu-
late hazards have been manifested in accidents at industrial facilities.

1.3.1 Dust Explosion Data and Case Histories

Tabulations of materials and equipment involved in dust explosions have
been compiled by various organizations. Representative data from organi-
zations in the United States, Germany, and the United Kingdom are pre-
sented here. The data used to represent U.S. dust explosions are taken from
insurance company loss history (Febo and Thornberg, 2001) because the
losses were obtained from a broad cross-section of industrial facilities han-
dling combustible particulates. The data from the U.K. were obtained from
the Health and Safety Executive (HSE) and include particulate fires as well
as explosions in U.K. facilities. The data for Germany were compiled by the
German Institute for Safety at Work of the Trade Unions, as presented by
Eckhoff (1997).

The data cited in Tables 1-3 and 1-4 represent only a small fraction of all
the dust explosion incidents in the U.S., U.K., and Germany. In the U.S., there
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TABLE 1-3
Particulate Materials Involved in Reported Dust Explosions
U.S. (1985-1995)
(FM Global, U.K. (1979-1988)" | Germany (1965-1980)
Febo, 2001) (HSE) (Eckhoff, 1997)
Number Number Number
Material Incidents % Incidents % Incidents %
Wood/Paper 56 37 69 23 120 34
Coal 27 18 24 8 33 9
Metals 19 13 55 18 47 13
Plastics 8 5 10 3 46 13
Food/Grain 2 ?b 94 31 88 25
Pharmaceuticals/Organic 2 2 27 9 ?b ?
Other/Unknown 4 27 24 8 23 6
Total 150 100 303 100 357 100

The U.K. data include particulate fires as well as 140 reported explosions.

YThis material category was not explicitly identified in the cited reference.

is no centralized national database and no requirement to report all explo-
sion incidents. In the U.K., the HSE maintains a centralized national data-
base, but receives reports on only a small fraction of all the incidents. The
British Materials Handling Board (BMHB) conducted a voluntary survey in
1984 to assess the frequency of dust fires and explosions (Abbott, 1988). For
the years 1979-1984, 84 incidents were reported in the BMHB survey, but
only 3 of these were reported to the HSE. Furthermore, the data sources do
not necessarily contain proportionate representation from the various indus-
tries and facilities handling combustible particulates. Therefore, the follow-
ing tabulations are merely indicative of the types of materials and equip-
ment that have been involved in dust explosions, and are not a reflection of
the relative risks of specific materials and equipment.

Both the U.S. (FM) data and the German data in Table 1-3 indicate that
the material most frequently involved in reported dust explosions is some
form of wood or paper dust. In the U.K.,, food/grain particulate matter has
the highest frequency of reported explosions. Food/grain is the second most
frequently involved material in German dust explosions, and is also
involved in a large percentage of U.S. dust explosions despite its absence
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TABLE 1-4
Equipment Involved in Dust Explosions

U.S. (1985-1995)
(FM Global, Febo, U.K. (1979-1988) Germany (1965-1980)
2001) (HSE) (Eckhoff, 1997)
Number Number Number
Material Incidents % Incidents % Incidents %

Dust Collectors 156 42 55 18 73 17
Grinders/Pulverizers 35 9 51 17 56 13
Silos/Bunkers 27 7 19 6 86 20
Conveying System” 32 9 33 11 43 10
Dryer/Oven 22 6 43 14 34 8
Mixers/Blenders >12 >3 7 2 20
Other or Unknown 84 23 95 31 114 27
Total 372 100 303 100 426 100

? Conveying systems include conveyors, ducts, and elevators.

from the FM tabulation in Table 1-3. A tabulation reported by Schoeff (2001)
indicates that there have been 122 U.S. grain dust explosions in the 10-year
period 1991 to 2000.

Metal powders/dusts have been involved in 13-18% of reported dust
explosions in the three compilations shown in Table 1-3. The combined cate-
gory of plastics and pharmaceuticals has been responsible for 37 U.K. explo-
sions (12%) in the 10-year reporting period, and at least 46 explosions (13%)
in Germany. Similar percentages of plastic and pharmaceutical dust explo-
sions are contained in the 222 dust explosion losses reported by Industrial
Risk Insurers (IRI) for the years 1975-2001 (Thornberg, 2001).

Process equipment frequently involved in dust explosions can be ascer-
tained from the compilations in Table 1-4. In both the U.S. and the U.K., dust
collectors have been most frequently involved. Three possible reasons for
the high occurrence of dust collector explosions are (1) they are almost omni-
present in particulate handling facilities, (2) they inherently concentrate the
smaller particles which are easier to ignite than the mostly larger particles in
other equipment, and (3) dust collectors are often structurally weaker than
other process equipment, and therefore more prone to explosion damage. In
Germany, silos and bunkers have been most frequently involved, whereas
they have only been involved in 6% to 7% of the reported dust explosions in
the U.S. and the UK. In all three compilations, grinders/mills and
pulverizers have been involved in between 9% and 17% of all the reported
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TABLE 1-5

Fires Following Dust Explosions (Thornberg, 2001)
Fires after dust explosions? Number %
Yes 156 70.3
No 56 25.2
Unknown 10 4.5

incidents. Particulate conveying systems have been involved to 9 to 11% of
the reported explosions, and dryers/ovens have been involved in 6 to 14% of
the tabulations in Table 1-4. Many of the larger explosions involved multiple
types of equipment, with conveying systems and dust collectors often
receiving damage from explosions initiated in other process equipment.

Most dust explosions are followed by fires as evidenced by the statistics
in Table 1-5 from the IRI database (Thornberg, 2001). The fires are presum-
ably caused by burning particles landing on nearby combustible materials.

The dust explosions reported to the various national safety authorities
have caused numerous injuries and fatalities. For example, there were 103
fatalities and 492 injuries in the 357 dust explosions reported to the German
Institute for Safety at Work of the Trade Unions, as presented by Eckhoff
(1997). There were 100 injuries and 5 fatalities in the 140 dust explosions
reported to the HSE for the period 1979-1988. More recent (1988-1993) HSE
data reported by Owens and Hazeldean (1995) reveal that there were 827
injuries and 30 deaths in the 1273 dust explosions. There were 16 fatalities
and 147 injuries in the 122 U.S. grain dust explosion reports compiled by
Schoeff (2001) and the U.S. Department of Agriculture. The ratio of injuries
per reported dust explosion in these data compilations ranges from 0.65 to
1.38, and the ratio of deaths per dust explosion ranges from 0.024 to 0.289.

A few brief case studies can best illustrate how and why some dust
explosions are relatively inconsequential, while others involve tragic losses
of life, numerous injuries, and major facility destruction.

Yowell (1968) described three minor dust explosions that occurred in a
polycarbonate manufacturing plant in 1966-1967. The first two explosions
occurred during loading of a phenolic intermediate called bisphenol-A into a
storage silo. In both silo explosions, the bisphenol-A was being transferred
from hopper trucks via positive pressure blowers in the trucks. The most
probable ignition source in both incidents was reported to be an electrostatic
discharge in the silo. Apparently, electrostatic charging of the powder
occurred at it was transferred at a relatively high flow rate through an
unbonded rubber hose connection from the truck to the transfer piping, and
then directly into the silos. The transfer system was subsequently changed to
a vacuum transfer from the hopper car by means of a vacuum blower down-
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stream of the filters on top of the silos. The powder enters the silos by first
passing through a rotary air lock valve below the filter.

Both silo explosions caused the explosion venting silo covers to lift and
relieve the deflagration pressure as intended. There was some minor
damage to the covers and piping on top of the silo, but no damage to the silo
itself, and no personnel injuries. After the phenolic transfer system was
changed, Yowell reports there were no further silo explosions but there was
one minor explosion caused by an employee trying to free a plugged transfer
line with a compressed air hose. Compressed air pressure caused the trans-
fer line to separate and a cloud of bisphenol-A formed and was ignited, per-
haps again by an electrostatic discharge. Although the employee was
injured, he managed to extinguish the fire before seeking first aid. Fortu-
nately, the explosion did not propagate away from the vicinity of the site
where the transfer line was blown off.

On February 25,1999, a devastating dust explosion occurred involving a
phenol-formaldehyde resin being used along with sand to make foundry
casting molds. After blending, the sand-resin mixture was conveyed to eight
shell mold fabrication booths. A central dust collection system served all
eight booths, and over a period of time resin dust accumulated in the ducting
and on the various equipment and structural surfaces in and around the
mold fabrication booths. Each booth had gas-fired ovens for curing the
molds. On the day of the explosion, the oven burner flame ignited either a
gas-air mixture formed following a temporary flameout, or a dust cloud
formed from the shaking/striking of a flexible hose dust collection line (often
called an elephant trunk). The initiating event caused flame and a pressure
wave to enter the main dust collection ducting network and propagate the
explosion to all the other mold booths in the building. The secondary dust
explosion that occurred in the building caused extensive burn injuries to
twelve employees, three of whom subsequently died. One entire masonry
wall and portions of two other walls collapsed from the deflagration pres-
sure (Joint Foundry Explosion Investigation Team Report, 2000). This was
one of two similar multifatality secondary dust explosions that occurred that
month (Zalosh, 2000).

The primary difference between the phenolic intermediate dust explo-
sions at the foundry and the phenolic intermediate explosions described by
Yowell (1968) was the propagation of the dust explosion away from the initi-
ating site, and the eventual involvement of dust/powder that had accumu-
lated in the ducting and on structural surfaces. The occurrence of secondary
dust explosions is due in large part to the extended accumulation of dust
layers throughout a large portion of either interconnected process equip-
ment or building surfaces. These secondary explosions can be prevented by
(1) designing and maintaining equipment to prevent particulate accumula-
tions, (2) frequent and thorough cleaning of ducting and surfaces on which
accumulated dust layers have developed, and (3) installing explosion isola-
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tion systems of the type described in NFPA 69 and in Section 6.5.5 of this
book.

1.3.2. Other Particulate Incident Databases

Many organizations maintain accident databases that can be searched for
listings of incidents involving particulates. However, the authors of this
book are not aware of any published general surveys of particulate incidents
besides the dust fire and explosion incident compilations described in Sec-
tion 1.3.1. Moreover, the authors and most readers do not have access to pro-
prietary databases maintained by insurance companies and other private
organizations. On the other hand, there are several public organizations and
professional associations that maintain relevant databases. Table 1-6 is a list-
ing of the salient features of these potentially accessible databases.

Since most process industry and hazardous material incidents often
involve gases and liquids rather than solid particulates, most of the incidents
in each of the Table 1-6 databases do not involve particulates. However, most
of these databases can be either computer-searched or visually perused to
focus on particulate incidents. One example is the OSHA online database,
which contains both powder and dust as keywords for online searching.
Web sites for the various databases are listed in Table 1-6.

1.3.3 Sample Case Histories for Particulate Instability,
and Reactivity Incidents

Thermal decompositions have caused several incidents including the May 8,
1997 fire and subsequent explosion at an agricultural chemical packaging
facility in Arkansas. The facility received bulk shipments of pesticides, insec-
ticides, etc. and repacked them into smaller containers. On the day of the
incident, the facility received a shipment of Flexible Intermediate Bulk Con-
tainers (FIBCs) of a pesticide called Azinphos methyl (AZM 50W). The FIBCs
were loaded into the northwest corner of an approximately 7800 ft* ware-
house. The AZM FIBCs were placed next to (and probably in contact with) a
15-ft-long hot compressor discharge pipe. Tests conducted by the EPA acci-
dent investigation team (EPA/OSHA 1999) indicated that the discharge pipe
temperature was probably in the range 124°C to 149°C (255°F to 301°F )
depending on how much of the FIBC was actually in contact with the pipe.
Thermal stability testing of AZM indicates that it begins decomposing at a
temperature of about 100°C (at least 24°C below the discharge pipe tempera-
ture), with an intense exothermic reaction beginning to occur at 170°C.

A few hours after storing the 26 AZM FIBCs, each containing about 1600
pounds of AZM, several plant employees noticed a large cloud of yellow
smoke and a strong sulfurous odor of decomposing AZM emanating from
the northwest corner of the warehouse. The plant employees evacuated and
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TABLE 1-6
Accessible Incident Databases
Years Types of Locations of Access
Source Covered Incidents Incidents Restrictions Web Site Comments

U.S. Chemical 1998 — Nontransport No limits, None for www.chemsafety.gov/circ/ Database can be searched
Safety Board Present incidents but most are online access. online.
Chemical Incident involving inUS. Approximately 1500
Report Center chenm?al fires, incidents recorded through
(CIRC) exploswns, March 2002.

releases to

environment, and

asphyxiations.
AIChE Unknown  Process safety Unknown Accessible only www.aiche.org/ccps/lldb.htm Data do not include the
Center for incidents with to companies name of the company
Chemical Process potentially that have involved, or the location of
Safety (CCPS) important contributed to the incident.

lessons-to-be- dat.abase with 24 Companies currently

learned. Fhe.lr own participate in database.

incident
accounts.
NFPA 1970 - Explosions and uU.s. Summaries of ~www.nfpa.org The NFPA Research
Present fires in various large-loss fires Division provides a service

properties.

published
annually in

NFPA Journal.

to customers that want to
sort through NFPA
databases for incidents
involving particular
materials.’
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OSHA

ISPRA’ Major
Accident Reporting
System (MARS)

UK Chemical
Reactions Hazards
Forum

United Nations
Environmental
Program (UNEP)

Awareness and
Preparedness on a
Local Level
(APELL)

1972°—
Present

1980 to
date

Not
Specified

1970 - 1998

Incidents involving
employee injuries
and resulting OSHA
investigations.

Major industrial
accidents involving
hazardous
materials.

Mostly unintended
or runaway
reactions.

Hazardous
materials incidents
with >24 dead or
>124 injured or
>10,000 evacuated
or >10,000 people
deprived of water.

None in
principle.”

Public access
only to short
reports with
plant names
and locations
deleted.”

Europe

Europe None.

International None

155.103.6.10/cgi-bin/inv/inv1

mahbsrv jrc.it/mars/Default.html

www.crhf.org.uk/

www.unepie.org/pc/apell/
disasters/lists/disastercat.html

Searchable online
database with brief
narratives and results
of regulatory
investigations.

Short report database
(< 10% of the reports)
can be searched and
sorted over Web site.
Only abbreviated
listings available
online.

Forum members meet
twice a year to review
new incidents and
update the database.

About 14 incidents per
year from 1979 to
1997, and fewer in
other years

Many incidents are
taken from press
reports, and are often
not accurate. Listings
only without any
narrative.

“Many recent OSHA accident reports have not been reviewed yet, and are not available online. Particulate/dust incidents occurring after1996 were not accessible in

March 2002.

b NFPA also processes data in the National Fire Incident Reporting System (NFIRS) maintained by the U.S. Fire Administration.

ISPRA is a European Community Joint Research Center in Italy.

4 The designated U.S. organization for MARS liaison is the EPA Chemical Emergency Preparedness Office.
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called the local fire department, and firefighters arrived at the facility 13
minutes later. Firefighters remained outside the warehouse while deciding
on a plan of attack. Approximately 30 minutes after the smoldering fire was
first observed, the warehouse automatic sprinkler system actuated.

Unfortunately, the water spray discharge from the sprinklers wet some
pallet loads of Maneb (polymeric manganese ethylenebisdithiocarbamate)
stored near the AZM. Maneb reacts with water, releasing a heat of hydration
and volatile decomposition products including carbon disulfide. Several min-
utes after the sprinkler system activated, while an electrical utility service
employee started disconnecting the electrical power feed to the warehouse, an
explosion occurred and blew out a cinder block wall. The collapsing wall
struck four firefighters; three were killed and the fourth was seriously injured.
The EPA/OSHA accident investigation team concluded that the explosion was
probably due to an arc (generated at power disconnect) ignition of the gases
and vapors generated by the decomposing AZM and Maneb.

Shortly after the explosion, a shifting plume of toxic combustion and
decomposition products caused local authorities to initiate a temporary
three-mile radius evacuation. The warehouse materials continued to burn
unabated because firefighters did not want to apply water to the Maneb. On
May 14th (6 days after the start of the fire), the firefighters implemented a
recommendation to spread the Maneb into thin layers and apply a water fog.
This technique was successful in extinguishing the fire. Accounts of other
warehouse storage fire scenarios and firefighting experiences are discussed
in Section 3.5.3.

Although the 1997 Arkansas warehouse fire and explosion was tragic,
costly and disruptive, the explosion itself was far less energetic than several
other bulk particulate explosions. Two of the most energetic explosion events,
as measured in terms of calculated blast wave energy, were the 1988 ammo-
nium perchlorate explosion in Henderson, Nevada (described in Chapter 3),
and the September 21, 2001 ammonium nitrate explosion in Toulouse, France.

The September 21, 2001 ammonium nitrate explosion at the Grande
Paroisse Toulouse Factory in Toulouse, France caused 30 fatalities, approxi-
mately 2500 injuries, and about $2 billion in damage (Financial Times, Febru-
ary 6, 2002). Figure 1-1 shows the destruction in the vicinity of the explosion:
the remains of buildings in the area surrounding a crater approximately 40
m in diameter and 7 m deep. Windows were blown out in the center of
Toulouse, about 3 km from the explosion site. The estimated blast wave
energy required to produce this devastation is equivalent to 20-40 tons of
TNT (Barthelemy et al., 2001).

The explosion occurred in a warehouse in which granular ammonium
nitrate was stored flat, separated by partitions. Between 200 and 400 tonnes
of ammonium nitrate, used for fertilizers and industrial chemical supplies,
were stored in the warehouse. The ammonium nitrate stored in the ware-
house consisted of industrial nitrates that did not meet commercial specifica-
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Figure 1-1. Aftermath of September 21, 2001 ammonium nitrate explosion in
Toulouse (from UNEP APELL web site).

tions in terms of particle size and possibly composition. The day before the
explosion, 15 to 20 tonnes of product containing a new additive/coating at
the qualification stage were placed in the building (Barthelemy et al., 2001).
On the morning of the explosion, other off-specification product was
brought into the building. Approximately 15 minutes prior to the explosion,
a bin of disputed contents was dropped off in the airlock at the entrance to
the warehouse. The worker who transported the bin said it contained
recyclable bags labeled “nitrate,” but French government investigators
found bags of different chlorine-based products and a leaky bag of a fine
white powder consisting of sodium dichloroisocyanuarate (DCCNa)
(http://www.saunalahti.fi/ility/AZF htm#ExMag), which was also manufac-
tured in the plant.

Although the cause of the Toulouse explosion is still in dispute, the gov-
ernment inquiry reached the following preliminary conclusion (Kersten et
al. 2002). Numerous contaminants (oils, organic debris, iron oxides, asphalt,
etc.) had accumulated on the concrete floor of the warehouse, and contami-
nated the ammonium nitrate such that it would decompose and react ener-
getically. The DCCNa, which may have been released just before the explo-
sion, reacts with ammonium nitrate to produce nitrogen chloride (NCl;), a
particularly unstable gas that will explode at ambient temperature. This
reaction is enhanced by high humidity, such as existed on the day of the
explosion. Grand Paroisse argues that this contamination/reaction scenario
is less credible than the explosion being triggered by large electrical faults
that occurred shortly before the explosion.

1.3.4 Sample Case Histories for Asphyxia Incidents

The following accounts are taken from summaries of the OSHA accident
investigations of fatal accidents involving asphyxia due to immersion in par-
ticulate piles.
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On January 11, 1992, Employee #1, the yard foreman, went inside a
cement silo to unclog the pouring spout from the inside. Employee #1
was tied off to a rung of a 16 ft ladder. While he was inside the silo,
cement was being discharged. Employee #2 was outside the silo,
checking on Employee #1, and saw him stuck in the cement powder.
He went down the ladder to try and pull him out. Employee #2 could
not pull Employee #1 out and also became stuck in the cement.
Rescue was called and two fire fighters, who had climbed down into
the silo, became stuck. The discharge pipe was enlarged by firemen
cutting the rubber boot, which was part of the discharge pipe, allow-
ing a free flow of cement from the tank’s center, but the cement fall-
ing from the sides of the tank covered the men. Employee #1 died of
suffocation and Employee #2 was hospitalized (OSHA Accident
000740761).

On October 13, 1990, employee #1 was one of two workers hired to assist in
the installation of two baghouse (dust collector) clogging indicator devices.
Prior to the installation, Employee #1 and a coworker entered the baghouse
through a 19-in. hatch, stood on an 18-in. diameter auger which had been
locked out, and used a pitchfork to loosen a buildup of nuisance dust. The
co-worker in the first baghouse stated that the dust flowed around him up to
his chest when it let loose, but he did not mention this to Employee #1, who
entered the second baghouse to release the clog. Several minutes later, after
not responding to a call, Employee #1 was found lying dead under several
feet of the dust, asphyxiated by dust aspiration. It is possible that he tripped
on the auger as he backed away from the dust mass as it was released (OSHA
Accident 000785931).

Another important asphyxia hazard is associated with nitrogen inerting
of vessels and silos containing certain particulates. Following is one account
of a fatality associated with nitrogen inerting of particulate containers/
vessels.

At approximately 12:55 P.M. on March 15, 1995, Employee #1, a chemical
operator was found slumped in the manway of reactor XR30. According to
the batch sheet, the employee had been dry charging bromoketone powder
into the nitrogen-inerted reactor. The medical examiner determined that the
employee died of cerebral anoxia due to inhaling nitrogen gas (OSHA Acci-
dent 170022818).

1.4 PARTICULATE HANDLING AND STORAGE EQUIPMENT
HAZARD OVERVIEW

Large quantities of bulk particulate at industrial facilities are usually stored
in bins, hoppers, and silos, as described in Section 5.3.15 of this book. Since
silos are larger and more expensive than bins and hoppers, they are usually
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used for longer term storage, and are often grouped together with a common
conveying system for loading and unloading. The common conveying
system is often an avenue for dust explosion propagation between silos, such
as occurred in the damaged grain elevator complex shown in Figure 1-2.
Another important hazard consideration in silo/hopper design is whether to
use a mass flow or core flow design with differences illustrated in Figure 1-3.
There is a greater chance of particulate material being inadvertently retained

Figure 1-3. (a) Mass
flow hopper and (b)
core flow hopper

(from Fan and Zhu,

@ ®) 1998).

stagnant zone



18 Chapter 1 Introduction and Overview

near the silo/hopper walls for a longer duration, and possibly undergoing
spontaneous heating, in the core flow design than in the mass flow design.
Practical problems and solutions associated with silo/bin/hopper design and
operation are discussed in the Silos, Hoppers, & Bins forum on the
Bulk/Online forum Web site: http://www.bulk-online.com/Forum/.

Smaller quantities of particulate are stored in bags, drums, and Flexible
Intermediate Bulk Containers. These smaller, portable storage containers are
described in Sections 5.3.10 to 5.12 of this book. Dust explosion hazards asso-
ciated with these portable containers arise during loading and unloading
because the suspended dust concentration is often between the minimum
and maximum explosible concentrations. Other hazards associated with
these containers include container damage causing product leakage, and
contamination with incompatible materials because of either storage of
incompatible materials, or container recycling/mislabeling, and/or container
breaches. These hazards were apparently manifested in the Toulouse ammo-
nium nitrate explosion described previously. They were also manifested in
the 1992 Allied Colloids Ltd. warehouse fire, which started when two or
three drums of combustible powder ruptured, and the released combustible
reacted with an oxidizing powder that had been stored in bags under the
drums (HSE, 1993). Figure 1-4 is a photograph of the resulting pyrotechnics
caused by the burning of the combustible powder while in intimate contact
with an oxidizer.

Bulk particulate transport at industrial facilities occurs either in various
types of mechanical conveyors and bucket elevators (described in Section

).

Figure 1-4. Allied Colloids warehouse fire due to storage of incompatible
partiulates (from Gary Pilkington).
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5.3.8), or in pneumatic conveying systems (see Section 5.3.9). Negative pneu-
matic conveying systems are operated at negative gage pressures by locating
the exhauster fan or blower at the downstream end of the system. Positive
pneumatic conveying systems are operated at positive gauge pressures by
placing the blower at the upstream end of the system. Negative conveying
systems have an inherent advantage for toxic and combustible particulates
in that minor leakages will not produce releases of material.

Several reported dust explosions have been ignited in the boot or head of
bucket elevators because of the normal presence of explosible dust concen-
trations together with frictional-heating ignition sources associated with
misaligned moving parts and worn out bearings. Five of the fourteen grain
dust explosions investigated by Kauffman through 1982 were ignited in the
bucket elevator (Eckhoff, 1997, p. 172). Figure 1-5 is a photograph of a bucket
elevator damaged from a corn dust explosion that was ignited by a hot spot
due to welding on the elevator casing. Mechanical conveyors usually present
less of an explosion hazard than bucket elevators and pneumatic conveying
systems, but the case history summarized in Section 5.3.9 involved three

Figure 1-5. Bucket elevator
damaged by grain dust
explosion (from Eckhoff,
1997 Figure 2-12).
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fatalities due to an explosion in a screw conveyor. The more common hazard
in mechanical conveyors is a fire ignited by frictional heating at a damaged
roller or bearing.

The particulate handling/processing equipment most often involved in
dust explosions as indicated in Table 1-4 are dust collectors. The breakdown
of the 98 dust collector explosions in the IRI/Thornberg database is as fol-
lows: 60 involved bag type collectors, 13 involved cyclone collectors, and 25
were either other or unspecified collector type. The large bag type collectors
are usually referred to as baghouses, and they are often situated either on the
roof or adjacent to the process building as shown in Figure 1-6, and as recom-
mended in NFPA 654. The outdoor location of the baghouse has a mitigating
effect in that it usually prevents the triggering of a secondary dust explosion
in the process building, providing there is some type of isolation system for
the collector ducting. Personnel entry into the baghouse does present a con-
fined entry and associated asphyxiation hazard as illustrated by one of the
preceding case histories. The various types of dust collectors and their asso-
ciated hazards are discussed in detail in Section 5.3.4 of this book.

Dryers and ovens have been responsible for numerous fires due to over-
heating of combustible or unstable particulate materials. Some of the cited
reasons for the overheating are given in Section 5.3.3 along with a detailed
description of the various types of dryers. The recent Chemical Safety Board
(CSB) investigation into the February 2003 dust explosion at the CTA Acous-
tics plant has indicated that a resin fire in a continuous web oven with mal-
functioning combustion controls preceded the explosion. According to the

Figure 1-6. Baghouse
dust collector
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CSB preliminary findings, flames escaping from an open oven door proba-
bly ignited a dust cloud in the area adjacent to the oven. The preliminary
findings in the CSB investigation of the January, 2003 West Pharmaceuticals
dust explosion also indicate that a drying operation may have been
involved, but the West Pharmaceuticals drying process apparently was not
enclosed and allowed polyethylene powder to be entrained into the air flow
above a suspended ceiling. Other dryer/oven fire scenarios are discussed in
Chapter 3 of this book.

Asindicated in Table 1-4, various types of size reduction equipment, i.e.
grinders, pulverizers, and mills, have been involved in a large number of
dust explosions. Section 5.3.17 provides descriptions of the various types of
particulate size reduction equipment and their associated hazards. The igni-
tion sources for the two grinder/mill explosion case histories in Section 5.3.17
were frictional hot spots caused by tramp metal rubbing against the
grinder/mill wall. This has also occurred in numerous other mill/pulverizer
fires and explosions. Sometimes the tramp metal is due to the breaking of a
mill hammer, ball, or other moving object.

Blenders have also been involved in numerous dust explosions and fires.
Often the blending generates electrostatic charges on the combustible
particulates, and there is a subsequent electrostatic discharge. Besides blend-
ers and the previously cited equipment, other particulate handling and pro-
cessing equipment discussed in Chapter 5 include feeders, samplers,
screens, and granulators.

1.5 HISTORICAL AND REGULATORY PERSPECTIVE

The evolution of particulate handling and processing equipment and facili-
ties has been accompanied by an evolution of consensus guidelines and gov-
ernment safety regulations. U.S. federal government regulations have been
promulgated by the U.S. Occupational Safety and Health Administrartion
(OSHA), the Environmental Protection Agency (EPA), the Food and Drug
Administration (FDA), and the Department of Transportation (DOT). DOT
hazardous material regulations have evolved to incorporate the material/
packaging categorization scheme recommended in the UN Model Regula-
tions (1999). However, there are indications that additional regulations may
be forthcoming. For example, the Chemical Safety Board has recommended
that the OSHA Process Safety Mangement regulation and possibly EPA reg-
ulations be expanded to include coverage of chemical reactivity hazards,
including reactive particulate materials. The three agencies have started
meeting to discuss possible approaches to deal with reactivity hazards.
OSHA Administrator John Henshaw, in a September 2003 speech at the
CCPS Conference, said OSHA prefers a collegial, cooperative approach to
the reactive chemicals issue rather than expanded PSM regulations.
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The CSB is also concerned about the possible need for additional safety
standards for dust explosions, beyond the existing OSHA regulations for
grain elevators (CSB July 8, 2003 announcement). Hence, it is entirely possi-
ble that future editions of this book may describe either new government
regulations for particulate hazards or new joint government-industry safety
initiatives.

Professional organizations and trade associations have also played an
important role in the evolution of particulate hazard control and safety prac-
tices. Many consensus guidelines and standards have been developed under
the aegis of safety organizations such as the National Fire Protection Associ-
ation and the American Conference of Governmental Industrial Hygienists.
Representative professional, trade, and safety organizations are listed in
Tables 1-7 and 1-8, along with particular programs and resources they pro-
vide for safety research, publications, conferences and training. Readers are
urged to stay abreast of current and future developments in this field by con-
tacting the organizations most relevant to their facilities and particulate
materials.

Europe also has several government regulations and professional and
industry initiatives pertinent to particulate material safety. For example, the
European Union Seveso I and II Directives govern siting of hazardous mate-
rials processing and storage facilities, including explosive and toxic materi-
als. High-risk facilities such as the Toulouse ammonium nitrate facility have
to submit safety reports describing accident scenarios potentially involving
the release of large quantities of toxic materials. However, since the ammo-
nium nitrate explosion scenario had not been envisaged as part of the Seveso
directive requirements, Kersten et al. (2002) and others suggest there may be
a need for new requirements that include analyses of “off-spec” materials.
There may also be a need for new interpretations of the calculated risks in
these safety studies, with more attention being paid to injuries as well as pro-
jected fatalities.

One of the pertinent new European Union regulations is the ATEX
Directive, which is intended to provide uniform technical and legal require-
ments for commercial products designed for use in potentially explosive
atmospheres, including those containing combustible dusts. Products cov-
ered include electrical and mechanical equipment and explosion protection
systems. As of July 1, 2003, covered products sold in EU member states need
to comply with the Essential Health and Safety Requirements of the Direc-
tive, and be marked accordingly. Explosion protective systems such as vent
panels, suppression systems and explosion barrier devices will need third
party certification, by a test house based in the EU. The requirements for
other equipment depend on the zone in which it will be installed. All will
be marked with the symbol of explosion protection, CE in a hexagon. Help
for manufacturers on understanding the requirements is set out on
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TABLE 1-7
Professional Organizations with Activities and Resources
in Particulate Safety
Pertinent
Organization Activities/Resources Web Site
AIChE/Center for Chemical ~ Guidelines Series of http://www.aiche.org/ccps/
Process Safety Publications,
CCPS and AIChE Loss

American Chemical Society

American Filtration and
Separations Society

American Society of
Agricultural Engineers

Canadian Centre for
Occupational Health and
Safety

International Society of
Explosive Engineers

International Society for
Pharmaceutical Engineering

National Fire Protection
Association

Society of Plastics Engineers

Society of Fire Protection
Engineers

Society of Toxicology

Prevention Conferences,
Continuing Education
Courses,

Reactivity Mangement
Roundtable

Chemical Health & Safety
Publications, Conferences,
Newsletters

Conferences, Exhibits, Short
Courses

Journal, Conferences, Online
Discussion Forums

IPCS INCHEM

Journal of Explosives
Engineering, Courses,
Symposia

ISPE Pharmaceutical

Engineering Baseline®
Guides Series

Standards, Conferences,
Continuing Education
Courses,

NFPA Handbook
Conferences, Continuing
Education Courses

SFPE Handbook for Fire
Protection Engineering,

Various Symposia and
Professional Development
Courses

Conferences, Continuing
Education Courses

http://www.chemistry.org/
portal/a/c/s/1/home.html

http://www.afssociety.org/

http://www.asae.org/

http://www.ccohs.ca/

http://www.isee.org/

http://www.ispe.org/

www.nfpa.org

http://www.4spe.org/

http://www.sfpe.org

http://www.toxicology.org/
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TABLE 1-8
Trade Associations with Activities and Resources in Particulate Safety
Association Pertinent Activity/Resource Web Site
American Chemistry Chemtrec®, Responsible Care http://www.cmahq.com/

Council

American Crop
Protection Association

American Flock
Association

American Fibers
Manufacturers
Association

American Textile
Manufacturers Institute

The Association of
Powder Process Industry
and Engineering

Bulk-Online, The
Powder/Bulk Portal

European Chemical
Industry Council

INDA: Association of the
Nonwovens Fabrics
Industry

Institute of Makers of
Explosives

National Paint and
Coatings Association

Pharmaceutical Research
and Manufacturers
Association

Synthetic Organic
Chemical Manufacturers
Association

Program

Stewardship Program for the
Crop Protection Industry,

Fire and Spill Emergency Pre-
Plan for Handling Agricultural
Chemicals, Other publications
on safe handling and storage
of pesticides

Publications on Flock Industry
Health and Safety

Publications, Conferences

Safety and Health Committee,
Best Practices Publications for
Textile Dusts

Technical Center of Powder
Technology

Online forums on the handling
of powders and bulk solids

Responsible Care Programme

Conferences and Publications
on Nonwovens Industry
Health and Safety,

Standardized Test Methods

IME Guidelines and
Recommended Practices

HMIS® —Hazardous Materials
Identification System

Special Safety Studies such as
respirable silica study

Publications, Conferences

Conferences, Workshops,
Training, Responsible Care
Program

http://www.acpa.org/

http://www.fibersource.com/

http://www.atmi.org/

http://www iijnet.or.jp/APPIE/
index_e.html

http://www .bulk-online.com/
http://www.cefic.org/

http://www.inda.org/

http://www.ime.org/

http://www.paint.org/

http://www.phrma.org/index.
phtml?mode=web

http://www.socma.org/
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Association Pertinent Activity/Resource Web Site
Society for the Plastics Safety Statistics (Members http://www.socplas.org/
Industry Only)

The Fertilizer Institute Health and Safety Testing, http://www.tfi.org

Publications, and Conferences

Powder Coating Institute =~ Training Manual, Test www.powdercoating.org/
Methods, Health and Safety membership_roster/allist.htm
Technical Briefs

http://europa.eu.int/comm/enterprise/atex/guide.htm, and detailed stan-
dards for mechanical equipment are gradually being produced.

European and Asian professional and trade organizations analogous to
the predominantly U.S. organizations listed in Tables 1-7 and 1-8 also pro-
vide guidance and assistance in safe handling of hazardous particulates.
There are also similar organizations in other continents and regions, and
readers are encouraged to seek the most applicable organizations for their
industry and location. Bulk-Online, which is listed in Table 1-8, is a particu-
larly pertinent source of worldwide guidance and assistance devoted exclu-
sively to powders and bulk solids.
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PARTICULATE
CHARACTERISTICS
AND PROPERTIES

2.1 HOW PARTICULATE CHARACTERISTICS AND
PROPERTIES AFFECT HAZARDS

This chapter discusses particulate physical, chemical, and toxicological
properties that can affect the hazards associated with particulate material
storage, transport, and processing. All four generic hazards (combustibility,
instability, reactivity, and toxicity) generally increase with decreasing par-
ticulate size. Therefore it is important to have an appropriate measurement
and characterization of particle sizes in a heterogeneous sample. Measure-
ment and representation of particle size distributions for different shaped
particles, including evolving advances in pertinent instrumentation, are dis-
cussed in Sections 2.2.1 to 2.2.4 of this chapter. Changes in particle size distri-
bution during handling and transport, and the influences of hardness, fria-
bility, agglomeration, and abrasiveness, are discussed in Sections 2.2.5
through 2.2.8.

Several hazards are also dependent on other fundamental physical and
chemical properties discussed in this chapter. For example, both the dust
explosion hazard and the inhalation hazard depend upon the suspended
dust concentration in air. Dust cloud concentration measurement and
reporting techniques are described in Section 2.2.10. Spontaneous combus-
tion hazards and instability and reactivity hazards depend on particulate
bulk density, which is described in Section 2.2.9. The ignitability and
explosibility of combustible particulate decreases sharply with increasing
moisture content, as summarized in Chapter 4. Moisture measurement
methods are described in Section 2.2.11. The propensity to form hazardous
dust clouds depends to a great extent on the fluidity and dispersability of
particles, as described in Section 2.2.12.

Chemical composition has a strong bearing on all four generic hazards.
Section 2.3 provides a summary of how chemical composition influences

29
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particulate flammability, explosibility, instability, reactivity, and corrosivity.
Toxicological properties of particulate are summarized in Section 2.4 with
regard to respiratory hazards, allergenic hazards, and carcinogenic hazards
for acute single exposures and for systemic repeating exposures.

2.2 PARTICULATE PHYSICAL CHARACTERISTICS

2.2.1 Size Measurement Methods

There is a wide assortment of methods for measuring particle size distribu-
tion. These methods can be divided into two categories: laboratory tests for
sampled materials, and test methods that can also be used for in-situ mea-
surements during particulate transport or processing. In the case of the sam-
pled material test methods, sampling methods can sometimes produce
biased size distributions. Techniques and consensus standards to minimize
biasing for laboratory testing of particulate material are described in Chap-
ter 4. Specific recommendations for sampling bulk materials for particle size
measurements are described in NIST SP 960 (Jillavenskatesa et al., 2001), and
in ISO/WD 14888 (2000). In the case of the in-situ measurements, there are
often limitations on particulate concentrations and flow rates associated
with particular instrumentation as discussed later for some of the optical
(diffraction) devices. Therefore, the instrumentation is sometimes installed
on a small sample line connected to the processing equipment or conveying
line (Bumiller, 2001).

The traditional laboratory test method used for size measurements on
sampled material is sieve analysis. Woven wire sieves are nested together
progressing downward from larger openings to smaller openings, with a
pan on the bottom. After weighing the empty sieves, ASTM D 1921-96, for
example, specifies that 50 grams of particulate plastic sample be placed into
the top sieve (a different size sample may be needed for significantly smaller
or larger particles), and that the sieve stack is covered and placed into a
mechanical shaker. After shaking the sieve stack for 10 minutes, each sieve is
weighed and the net weight retained is determined. Particle size distribution
is reported in terms of weight-percent retained on each sieve.

The relationship between U.S. standard sieve number and nominal sieve
opening is given in ASTM D 1921. Table 2-1 is an abbreviated listing cover-
ing the more commonly used sieve sizes. Particles are segregated such that
their second largest dimension lies between the sieve openings of the sieve
that captures them, and the largest sieve through which they passed.

The particle size corresponding to a particular sieve opening is called the
sieve diameter, defined as the width of the minimum square aperture
through which the particle will pass (Fan and Zhu, 1998). As shown in Figure
2-1, the sieve diameter for an irregular shaped particle is larger than the min-
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TABLE 2-1
ASTM Standard Sieve Sizes
(abbreviated listing)
Nominal Sieve
Sieve Number Opening (um)
40 425
60 250
80 180
100 150
200 75
230 63
325 45
400 38

dimension

T :L— Figure 2-1 Relationship between

sieve diameter, volume diameter,
dy L and surface diameter (from Fan
L and Zhu, 1998, Figure 1.2)

imum dimension and smaller than the maximum dimension of the particle.
The particle surface diameter, which is defined as the diameter of a sphere
having the same surface area as the particle, is generally larger than the sieve
diameter of an irregular shaped particle. The volume diameter, which is
defined as the diameter of a sphere having the same volume of the particle, is
smaller than the sieve diameter, as illustrated in Figure 2-1.

ASTM D 1921 states that the lower size limit for sieving plastic materials
with wire mesh sieves is about 38 um (corresponding to a No. 400 sieve),
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providing the wire cloth is maintained so that it is in accord with ASTM E 11.
The increased uniformity and distortion resistance of electroformed sieves
can extend the range of particle diameters down to 20 pm (No. 635), as rec-
ommended in ASTM Standard D 4513 for catalytic powders, or even down
to 5 um, as indicated in Table 2-2a.

Sieving can be difficult with particulate materials that are susceptible to
electrostatic charging and charge retention because of high resistivity. The
electrostatic attractive forces tend to form agglomerates that are not readily
dispersed during sieve shaking. Some of the techniques that have been used
to sieve these materials include brushing them or adding dispersants. Suit-
able dispersants include silica, aluminum oxide, titanium dioxide, and com-
mercial dispersants such as Daxal 19 (from Hampshire Chemicals). Osman
et al. (2001) report that the optimum addition for breaking up agglomerates
of ceramic powders was about 0.50% added Daxal 19. ASTM D 1921 suggests
adding 1% of an antistat agent to plastic particulate samples, and that the
specific antistatic agent used be reported with the test data.

Good reproducibility can be achieved among laboratories sieving the
same material, providing the laboratories use consistent particulate han-
dling, conditioning (primarily drying), and testing procedures. For example,
round-robin results reported in ASTM D4513-97 for a catalytic material with
an average measured median particle diameter of 64.3 um, produced a
seven-laboratory standard deviation, of 1.9 um (3.0%), with a corresponding
95% expectation that the median diameter for a given material tested by dif-
ferent laboratories should not differ by more than 2.77(1.9 um) = 5.3 pm, or
+8.2%. However, there is a larger uncertainty associated with the gap in
mesh sizes; there was nothing between 44 pm and 74 pm in the ASTM D4513
tests. Jillavenkatesa et al. (2001) report a larger standard deviation of 4.9 um
(7.4%) for a silicon nitride with an average measured median diameter of
66.4 um, but the wider scatter in this case is partly due to one laboratory
reporting skewed data compared to the other six laboratories. ASTM D1921-
96 round-robin test results showed interlaboratory standard deviations of
4.8 um, and 1.8 um, for polyethylene and polyvinyl chloride particulates
with mass-mean diameters of 291 um, and 137 pum, respectively. However,
the 196 um mean diameter acrylic powder used in the ASTM D1921-96
round-robin testing produced a standard deviation of 13 pm, corresponding
to 6.6%. The larger standard deviation of the acrylic powder compared to the
other powders may be due to the fact that the acrylic particle size distribu-
tion was bimodal (two peaks in the density distribution), or perhaps the
acrylic powder was less spherical than the other powders. Sieving data are
inherently less accurate for powders with unusual shapes, with multi-modal
size distributions, and with large fractions of small particles.

Other particle size measurement techniques are needed for smaller par-
ticle sizes, for in-situ measurements during processing and transport, or
when additional data, such as particle velocity, shape, or concentration, are
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TABLE 2-2a
Particle Size Measurement Methods for Sampled Materials or Batch Mode
Size
Range®  Advantages Disadvantages Type of Size Representative
Method (um) of Method of Method Distribution Manufacturers”
Sieve 38-4000 Relatively Low resolution By weight Farleygreene,
Analysis: inexpensive  produces based on Hosokawa
Woven Wire and simple.  uncertainty in  sieve Micron, Laval
Sieve average diameter Lab, Rotex
diameter. Can
erode particles
and reduce
sizes.
Electroformed 5-120 Gilson Co.,
Sieve Topas-
Gmbh,Christis
on Particle
Technologies
Ltd.
Optical 0.8-150 Two- Manual sizing By number = American
Microscope dimensional  is labor Optical,
images. intensive and Bausch &
somewhat Lomb, Leica,
subjective. Leitz, Nikon,
Olympus,
Omicron,
Reichert,
WILD, Zeiss
Scanning 0.001-5 Three- Expensive By number  Amray, Carl
Electron dimensional  equipment. Zeiss, Coulter
Microscope images. Manual sizing Electronics,
Applicable to is labor Electroscan,
sub-micron intensive. Hitachi, Jeol,
particles. LEO,
Electrozone 1.4-1,000  Relatively Requires Volume Coulter
(Electronic depending inexpensive. suspending equivalent  Electronics,
Sensing Zone) on Electronic particles in diameter by ~ Micromeritics
aperture  signal liquid number Instrument
size processing.  electrolyte.
Cascade 0.3-50 Can be Cannot be used By weight California
Impactor integral to with particles  based on Measurements,
sampling larger than 50  aerodynamic Dekati, KNJ
system. um. equivalent Engineering,
diameter MSP, Thermo
Andersen, TSI
Gravitational =~ 5-100 Traditional =~ Requires By weight Laval Lab,
Sedimentation method for suspending based on Micromeritics
paint and particles in Stokes Instrument
ceramics liquid. diameter

industry.
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TABLE 2.2a (continued)

Size
Range” Advantages Disadvantages Type of Size Representative
Method (um) of Method of Method  Distribution Manufacturers’
Ultrasonic 0.1-1,000 Broad size Usually By number Malvern,
Spectroscopy range. requires Sympatec
Provides suspending
velocity also.  particles in
liquid.
Time-of-Flight 0.6-200 High Cannot be Aerodynamic TSI
resolution. used with diameter by
Some particles larger number
versions can  than 200 pum.
be used in
field.

“Data primarily from Table 3.6 of Svarovsky (1990) and Table 1.2 of Fan and Zhu (1998). See also Table 1.1.
of NIST SP 960 (Jillavenskatesa et al., 2001).

b Individual manufacturers equipment may cover size ranges that extend beyond, or fall within, those
listed in this table, and readers are urged to consult individual manufacturer specifications. This list is
only representative of availabilities in 2002.

needed. Tables 2-2a and 2-2b list the particle size ranges for the various mea-
surement techniques, advantages and disadvantages of each method, and
representative instrument manufacturers. In some cases, the sizing data is
collected as number distributions, whereas other techniques inherently pro-
vide weight (mass) distributions. Since the conversion from particle diame-
ter to particle mass involves cubing the diameter, errors are magnified
accordingly. For example, a 20% error in particle diameter measurement
becomes an error of 73% [(1.2° -1)+100] in particle mass calculation, even if
the particle density is known accurately.

Microscopic observations of particle samples allow for direct visualization
of particle morphology and size. Optical microscopes produce a two-dimen-
sional image, while scanning electron microscopes provide three-dimensional
information. The lower limit of resolution for an optical microscope depends on
the ratio of the wavelength of light to the numerical aperture of the objective,
and is typically in the range 0.2 um to 1.0 um (Fan and Zhu, 1998). Maximum
useful magnifications range from 80 to 1250, with the higher magnifications
being achieved at the expense of a very limited depth of focus (0.4 pm at a mag-
nification of 1250).

The scanning electron microscope (SEM) can be used for far smaller par-
ticles than any other method listed in Table 2-2. It is particularly useful for
viewing the particle surface morphology and observing details such as pores
and dendrites. Sizing analysis can be conducted either by manual counting
or by computer interface and image analysis software. Some of the SEM
manufacturers listed in Table 2-2 provide image analysis software options,
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TABLE 2-2b
Particle Sizing Methods Compatible with Continuous In-Situ
Measurements
Size
Range* Advantages Disadvantages Type of Size Representative
Method (um) of Method of Method  Distribution Manufacturers’
Laser Light 0.1-1000 Broad size Need to know Bynumber  CILAS,
Scattering: range, particle Software Horiba, Laval
Fraunhofer including refractive produces Lab, Malvern,
and Mie sub-micron index. Errors  mass and Microtrac,
Theory particles. can occur at other Micromeritics
Diffraction large distributions.  Instrument,
concentrations. Particle Sizing
Systems,
Sci-Tec,
Laser Light 1-10,000 Broad size Expensive By number  Dantec, TSI,
Scattering: depending range. equipment. Software Sympatec
Phase Doppler on lens Produces Need to know  produces
Diffraction size velocity data  particle mass and
also. refractive other
index. Errors  distributions.
can occur at
large
concentrations.
Laser Light 1-9000 Broad size Errors can By number  Particle Sizing
Obscuration range, some  occur atlarge  based on Systems
versions concentrations. projected
produce two- surface area
dimensional
images.
Video 10-100,000 Can produce Errors can By number  Horiba,
Imaging two- occur at large  based on Sci-Tec,
Analysis dimensional  concentrations. software Malvern
or three- Accuracy is defined
dimensional ~ dependenton diameters
images. software
algorithms
used.
Impact Sensor ~ 50-500 Works at Limited By number  CSIRO
large particle experience based on (Australia)
concentrations  with this volumetric
(about 500 method. diameter
g/m’)

“Data primarily from Table 3.6 of Svarovsky (1990) and Table 1.2 of Fan and Zhu (1998). See also Table 1.1.
of NIST SP 960 (Jillavenskatesa et al., 2001).
¥ Individual manufacturers equipment may cover size ranges that extend beyond, or fall within, those
listed in this table, and readers are urged to consult individual manufacturer specifications. This list is
only representative of availabilities in 2001.
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and some provide laboratory measurements for submitted samples. The
electrozone method, also known as the Coulter counter, involves suspend-
ing the particles in an electrolyte with immersed electrodes on both sides of a
small orifice. As the particles flow through the orifice, the displacement of
electrolyte changes the conductivity and induces a voltage pulse with ampli-
tude that is proportional to the particle volume. Although a wide range of
particle diameters is listed for the electrozone method in Table 2-2, the typi-
cal size range is 1 to 50 um (Fan and Zhu). According to ASTM F577, which
describes the use of the electrozone method for sizing toner particles, the
particle size range corresponds to the interval from 2% to 40% of the aperture
diameter. Four different orifice apertures are prescribed in ASTM F577 to
span the particle size range of 1.4 um to 80 um.

Laser light scattering methods have experienced a dramatic increase in
availability and applicability in recent years, as is evident from the large
number of instrument manufacturers. The primary reason for their popularity
is that they are noninvasive and in many processing applications can be used
for in-situ measurements. A stream of particles passes through the laser beam
and the scattered light signal is sensed on one or more photo-detectors situ-
ated at the desired scattering angle(s). If measurements are made on a previ-
ously collected particulate sample, a required accessory is a device for chan-
neling a stream of particles through the laser beam. The particular type of light
scattering phenomenon depends on the particle size in relation to the laser
wavelength. Fraunhofer diffraction is applicable to particle diameters that are
large (at least five times as large) as the wavelength. Mie scattering is applica-
ble to particle diameters that are comparable to the wavelength. Thus, the Mie
scattering instruments can be used for smaller particles (0.2 pm) than the
Fraunhofer diffraction instruments (which have about 3 pum lower limit).

One limitation of laser light scattering methods is the occurrence of coin-
cidence errors at large particle concentrations. The optimum sample size for
dry powders is4-10 g, so as to provide a statistically significant sample with-
out incurring coincidence errors.

Phase Doppler laser diffraction instruments use two intersecting laser
beams, and a detector that measures both the phase shift and the frequency
shift caused by particle diffraction at the beam intersection. The phase shift s
used to calculate the particle diameter, and the frequency shift is used to
determine the particle velocity. The combination allows for the determina-
tion of particle concentrations. Coincidence error concerns usually limit the
maximum allowable concentration to approximately 1000 particles per mm?.
After testing several laser diffraction systems, Neumann and Kramer (2001)
report that they obtain consistently accurate results if the solids concentra-
tion is no greater than about 1.5 vol%, and if they use similar signal process-
ing algorithms. Particle index of refraction must be input to the signal pro-
cessing software to use both phase Doppler diffraction and Mie scattering
sizing instruments.
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Laser light obscuration depends on particle shadowing of laser light
projected onto a photodetector. Rapid electronics counts the number and
intensity of momentary reductions in received light as different size particles
pass through the beam. This technique can be used for online real time
measurements.

Cascade impactors consist of a series of plates interconnected with aero-
dynamic flow channels of progressively decreasing width such that particles
are collected on the plates according to their aerodynamic diameters. The
amount of particulate collected on each plate depends on the air flow rate
passing through the impactor. The particle diameter range collected
depends on the number of plates (4 to 12) and their design. Traditional cas-
cade impactors, which are used for particle diameters in the range 0.5 um to
50 um, require manual weighing of the various stages. Some of the newer
designs allow for online data processing using either real time weight mea-
surements or measurements of electrical current carried by charged parti-
cles. The latter design is applicable to the size range 0.03 pm to 10 pm.

Gravitational sedimentation instruments measure the terminal settling
velocities, which are related to the particle aerodynamic diameter through the
Stokes equation (see Fan and Zhu, or NIST SP 960). The settling medium is
usually a liquid, and the minimum particle diameter measured by gravita-
tional sedimentation is usually 5 pum, although some instruments use centrifu-
gal action to allow measurements with smaller particles. X-ray absorption
measurements of settling velocities of heavier materials, such as metals, can
also extend the minimum particle size down to 0.1 um, as described in ASTM
B761. Light absorption measurements provide an alternative to x-ray absorp-
tion for measuring the velocities and concentrations of the settling particles.

The last two particle size measurement techniques listed in both Table
2-2a and Table 2-2b are new developments associated with emerging tech-
nologies. Ultrasonic spectroscopy entails passing a high frequency acoustic
wave through a suspended aerosol cloud, and analyzing the spectral dis-
tribution of the signal received. In order to have measurable attenua-
tion/modification of the transmitted signal, the particulate volume fraction
usually needs to be greater than 1% (Jillavenskatesa et al., 2001). If these
conditions exist during normal particulate transport, ultrasonic instrumen-
tation can be used for continuous online measurements. Time-of-flight
instruments rapidly accelerate a particulate sample such that particle aero-
dynamic diameters and density determine the arrival times of the individ-
ual particles at the receiving light absorption station. Automated imaging
analysis involves the generation of digitized video or still images, and
allows various rules to be implemented to recognize individual particles of
various shapes, and with small levels of overlapping. The impact sensor
has been developed and patented by Coghill (2001) to determine particle
sizes at high particle loadings (tested up to 500 g/m?) in pneumatic trans-
port systems.
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2.2.2 Particle Size Distribution

The particle size distribution is critical in determining particulate behavior
during transport and handling (Kaye et al., 2001) as well as determining the
type and extent of particulate hazards. What is the best way to characterize
the distribution of measured particle diameters in a sample? The answer
depends on the particular hazard in question and the form of the hazard test
and classification data, as discussed in Chapter 4. For example, the rate of
burning and associated maximum-rate-of-pressure-rise is dependent on the
particulate surface area, whereas the total energy released and the associated
maximum pressure in a dust explosion are dependent on the mass, that is,
the particle diameter weight distribution. Here, diameter distribution func-
tions and various characteristic diameters are defined.

The distribution of particle diameters, x, can be expressed either in terms
of a cumulative distribution F(x), or in terms of the distribution density f(d).
The relationship between these two functions is

_dF
fx)= o [2-1]

The cumulative number distribution, F,(x), represents the fraction of
particles having a diameter less than or equal to x. The number density dis-
tribution, f,(x), is defined such that f,,(x)dx is the fraction of particles having a
diameter between x and x + dx. F,(x) is dimensionless, whereas f,(x) has
dimensions of inverse length (usually pum™). In the case of size distributions
based on mass measurements (e.g., sieve analysis), the corresponding mass
distributions are denoted by F,,(x) and f,,(x). The number density and mass
density distributions are related by

fm(¥)= fn( ) [2-2]

where N is the total number of particles, M is the total sample mass, and
m,(x) is the mass of a particle of diameter x.

Simplification often motivates using a mean diameter to characterize a
particle size distribution. Several different types of mean diameter can be
defined. The number mean, d,, (also called the arithmetic mean) is defined as

d, = j xdF, = T xf,, (x)dx [2-3]

0 0
The volume mean diameter, d, (also called the cubic mean) is defined as

d; =jx3 dF, =Tx3fn(x)dx [2-4]

0
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Other characteristic diameters in a particle size distribution are the
mode, defined as the peak in the density distribution, and the surface mean
diameter (also called the quadratic mean), defined as in Equation 2-4 but
with x? in the integral instead of x°, and with d’ becoming d.’. The relation-
ship between these characteristic diameters is illustrated in Figure 2-2, which
shows two different particle size distributions having the same number
(arithmetic) mean diameter. The volume (cubic) mean and the quadratic
(surface) mean are always larger than the number (arithmetic) mean. In the
top distribution in Figure 2-2, the volume mean is more than twice as large as
the number mean, while in the bottom distribution it is about 30% larger. In a
broad distribution (top distribution in Figure 2-2), the mode is significantly
smaller than the mean diameter (about one-third of the mean in the top dis-
tribution), while in a narrow distribution the mode is closer to the mean
(about 70% of the mean in the bottom distribution). Analogous definitions of
mean diameters are applicable to the particulate mass distribution function,
fm(x), so that d,,, is the mass mean particle diameter. In the case of highly non-
spherical particle shapes, there are several different definitions of equivalent
diameter, as described by Fan and Zhu (1998).
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particle size parameters for
distibutions with the same
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One more type of representative particle size is the Sauter mean diame-
ter, ds,, defined as

[T faydx g

dy =20 &y
IO X2 f (x)dx 4

32

[2-5]

The Sauter mean diameter is conceptually the ratio of the representative
particle volume to the representative surface area, and is a very appropriate
parameter for characterizing the combustion of a suspended dust cloud
because both surface area effects and volumetric effects influence the rate of
burning. One example is the series of correlations for the time for vapor gen-
eration in dust cloud flame propagation (Eckhoff, 1997, p. 291).

In many applications, the particle size distribution has a long tail corre-
sponding to a small number of relatively large particles. This is the case in
the top distribution in Figure 2-2. A lognormal distribution function often
fits the data for this type of distribution. The lognormal density distribution
is given mathematically by

1 _1{Inx-Ind_ ’
fn (x) - mcdlx expl: 2 ( Gdl J ] [2-6]

where d_ 4 is the median particle diameter, and o, is the natural log of the
ratio of the diameter at which the cumulative distribution function is equal
to 0.84 to the median diameter.

Figures 2-3a and 2-3b show the cumulative mass distribution functions
F.(x) for an acrylic powder sample and a sample of polyvinyl chloride par-
ticulate with carbon black antistatic agent. The data for both samples have
been obtained from the sieve size data examples given in ASTM D1921-1996.
After plotting the data, the values of d,.q and 64 were obtained from the
plot. The 50% (median) and 84 % F,,(x) values for the PVC sample are 117 mm
and 152 mm, respectively, and the corresponding values for the acrylic
sample are 130 mm and 395 mm. The lognormal cumulative distribution
function values corresponding to the particular values of d,.q and o4, were
obtained from the MS Excel spreadsheet used to develop the plots shown in
Figures 2-3a and b. The acrylic powder size distribution is much broader
than the PVC sample. However, in both cases the lognormal distribution
provides an excellent fit to the data. Thus lognormal distribution curve fits
provide an attractive method for interpolating or even extrapolating particle
size data in many, but not all, applications. According to the NIST Recom-
mended Practice for Particle Size Characterization (2001), the lognormal dis-
tribution is applicable to granulated powders produced by spray-drying and
milling of fine-grained materials.
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Figure 2-3 (a) Lognormal curvefit to PVC particle size distribution. (b) Lognormal
curvefit to acrylic powder particle size distribution.

Another distribution function that is sometimes used for particulate
samples is the Rosin-Rammler distribution, which has the following density
function:

fm(x) = afxe~ exp(-Bx) (2-7]

where o and f are the two parameters that characterize the distribution. The
Rosin-Rammler cumulative distribution function is:

F(x) = — exp(-Bx%) [2-8]
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Large values of f denote small characteristic particle size, and vice versa.
For example, Fan and Zhu (1998) report that a finely ground coal sample had
a B value of 0.021 um™, whereas two different coarsely ground coals had
values of 6.7 x 10™ um™ and 15 x 10° um™. Large values of o also imply
small particle sizes, since from Equation 2-8 we know that 63.2% of the parti-
cles are smaller than (1/B)"/*. In many cases, . is in the range 0.70 to 1.20. By
knowing the fraction of particles smaller than a certain critical diameter, one
can determine the fraction of particles that represent certain hazards, such as
being respirable or being capable of producing a dust explosion when sus-
pended in air. The NIST SP 960 Recommended Practice (Jullavenkatesa et al.,
2001) states that the Rosin-Rammler distribution is applicable to “some
milled, coarse-grained materials.”

Commonly used distribution functions such as the lognormal distribu-
tion are included in most spreadsheet software, such as Microsoft Excel.
These and the less commonly used distribution functions are also available
in the statistical software that comes packaged with many of the size distri-
bution instruments listed in Table 2-2b, and in the software that has been
developed for use with the microscopy methods for particulate sizing listed
in Table 2-2a.

ASTM E1617 prescribes three different levels of reporting particle size
distribution data, with different levels of detail on the instrumentation and
data analysis provided at each level. All three levels require reporting the
modal diameter and median diameter. The Level Il and IIl reporting require-
ments include detailed statistical information on the particle size distribu-
tion and software used. ISO 9276 — Part 1 is an international standard for par-
ticle distribution graphs and nomenclature, both for the density function,
f(x), and the cumulative distribution, F(x). Other parts of the standard, which
are still in draft stages, describe the calculations of the various average diam-
eters, and the use of the lognormal particle size distribution function.

Highly asymmetric shaped particles cannot readily be characterized in
terms of any of the diameters defined in Section 2.2.2. Two examples are
fibers and flakes, as discussed in Sections 2.2.3 and 2.2.4, respectively.

2.2.3 Fiber Characteristics

Fibers are defined as particles with length-to-diameter ratio of 3 or greater.
In many cases, the fiber length is at least an order of magnitude larger than
its diameter. Fibers can either be straight as shown in Figure 2-4, or curved as
shown in Figure 2-5.

Airborne clouds of particulate fibers are often generated during fiber
cutting and handling/conveying operations, particularly when friable mate-
rials such as asbestosis are being handled. The fiber dimensions that render
them potentially respirable are discussed below following a brief descrip-
tion of particulate fiber size measurement methods.
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Figure 2-5 Friable asbestos fibers (from Fuller.com).
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The high length-to-diameter (L/d) ratio renders many particle-sizing
methods inapplicable to fibers. For example, standard sieves can be used to
provide some qualitative sizing segregation of fibers, but there is no clear
relationship between the sieve opening and the fiber diameter. Straight
fibers are more amenable to sieving than curved fibers.

The most widely used fiber sizing method is optical or SEM microscopy.
There are automated digital imaging systems that are specifically designed
to recognize and measure the sizes of individual fibers. In some cases, the
fiber recognition is entirely in the software, but in other cases the fibers are
dispersed in a flowing liquid carrier so that the fibers will tend to be oriented
parallel to the flow direction.

NIOSH defines respirable fibers as having a mass median aerodynamic
diameter of 3.5 um or less. The aerodynamic diameter is the diameter of a
sphere of the same particle density having the same terminal velocity in air
or some other relevant fluid. (The terminal velocity of a 3.5-um sphere with a
density of 1 g/cm® is about 2 cm/s in air.) Therefore, NIOSH has exposure air-
borne concentration limits for many materials if they have a median diame-
ter of 3.5 um or less and a length of 10 pm or greater.

The World Health Organization, as reported by Sagehorn et al. (2001)
classifies fibers as hazardous if they have lengths greater than 5 um, diame-
ters less than 3 pm, and L/d ratios greater than 3:1. These fibers are not only
respirable, but are capable of being retained deep in the respiratory tract.
Sagehorn et al. describe the development of a light scattering probe intended
to automatically detect and monitor the concentration of fibers in this size
and L/d range.

Certain types of asbestos fibers are notorious for easily forming respira-
ble debris with diameters on the order of 1 pum and lengths in the range 10 to
20 pm. These are the fibers that seem to be associated with many occurrences
of asbestosis and other dangerous pulmonary ailments. Airborne silica
fibers also pose a significant respiratory hazard potentially leading to the
development of silicosis.

In the textile industry, a parameter called the denier is used to character-
ize the effective diameter or fineness of a fiber. The denier is defined as the
fiber weight in grams /per 9000 m length. Thus, the diameter in microns is
equal to 12(denier/sg)'/?, where sg is the fiber specific gravity. In Switzerland
and Germany, the equlvalent parameter is the titer measured in dtex and
defined as weight in grams per 10 km fiber length. The diameter in microns
is equal to 11.3(dtex/sg)"2.

Flock fibers are cut to a length that allows them to be attached at one end
to a textile substrate such that the fibers provide a desired surface texture.
The typical flock fiber length is on the order of 1 mm, and the typical range of
deniers is 0.5 to 10 (corresponding to a diameter range of about 7 to 30 pm for
a representative sg of 1.4. Flock fiber explosibility tests reported by
Bartknecht (1989) suggest that the data for a variety of materials can be corre-
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lated in terms of the product of dtex and fiber length. The smaller the value
of [dtex - length], the easier it was to ignite the flock, and the more rapid was
the rate of combustion. Since the dtex (or denier) varies as the square of the
diameter, it seems that the rate of combustion is dependent on [(diame-
ter)?- length], that is, to the volume of the flock fiber. Details of this relation-
ship and data are presented in Section 4.3.6.

2.2.4 Flake Characteristics and Specific Surface Area

Flake shaped particles are produced commercially for a variety of applica-
tions including additives for thin films, paints, lubricants, and adhesives.
Their inherently high surface area per unit mass also makes them attractive
for use as catalysts and as vapor/liquid adsorbents. Polyethylene flakes are
often produced in the first stage of the polymerization of ethylene monomer.
Many grinding and milling operations also produce flakes even if they are
not the desired end product.

Figure 2-6 is a scanning electron micrograph of commercially produced
copper flakes. According to the manufacturer’s specifications, the volume
median diameter of the flakes in Figure 2-6 is 4.5 um, and the 90% volume
diameter is 9.7 um, and their specific surface area is 1.1 m?/g.

Figure 2-6 Copper flakes SEM (from Umicore, Cu Flake U9-240a, November 2001).
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The specific surface area of a collection of particles is defined as the total
particle surface area divided by the total mass of particles. Flakes have a spe-
cific surface area, S,,, given by

_24 2
TP At Pt
where t is the flake thickness, and A; is the one-side surface area of a flake,

and p,, is the particle density. Since copper has a particulate density, p, of
8.95 g/cm?, the average thickness of the flakes in Figure 2-6 must be

2
(8.95 g/cm®)(1.1x10* em?/g)

[2-9]

=0.2x10* ecm =0.2 pum.

Since the specific surface area of uniformly sized spherical particles is equal
to 6/p,D (Arakawa, 1999), spherical copper particles would require a diame-
ter of 0.6 um to have the same specific surface area as the 0.2-pum-thick flakes.

Internal surfaces can also contribute to the total surface area of flakes
and other shaped particles. These internal surfaces arise from cracks, holes,
cavities, and pores in the particle. They can add appreciably to the external
surface areas calculated on the basis of the external surface area alone.

Eckhoff (2003) has shown that the maximum rate-of-pressure-rise in a
closed vessel dust explosion is linearly proportional to the specific surface
area for a given combustible material. This relationship is shown in Figure
2-7a for potato/corn starch dusts and fish protein dusts, and in Figure 2-7b
for aluminum particles. Since the data in Figure 2-7a were obtained in a 1.2-
liter Hartmann cylinder, and the data in Figure 2-7b were obtained in a 1-m>
sphere, the results are not compatible. The rates-of-pressure-rise for metal
flakes with specific surface areas in excess of 1 m?/g are often sufficiently
high to create difficulties in establishing effective explosion protection mea-
sures. This is discussed further in Chapter 4 and 6.

Measurements of specific surface area are usually conducted using gas
adsorption instruments. The most commonly used method involves measur-
ing the decrease in gas volume due to adsorption by a sample of powder in a
tube. Commercial devices using nitrogen or helium or other adsorbate gases
are available (Arakawa, 1991). The specific surface area is linearly propor-
tional to the adsorbed molar volume multiplied by the cross-sectional area of
adsorbate gas, which is a function of temperature. Pertinent equations and
representative values of cross-sectional area for different gases are reported
by Arakawa (1991).

2.2.5 Abrasiveness

Many particulate solids are abrasive in nature and as they travel through
piping and process equipment can erode the inner surfaces. If the erosion
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Figure 2-7 (a) Rates-of-pres-
sure-rise in starch and pro-
tein dust explosions ver-
sions versus specific surface
area. (b) Rates-of-pressure-
rise in aluminum dust
explosions versus specific
surface area. (From Eckhoff,
R., Dust Explosions in the
Process Industries, 3rd ed.
Amsterdam: Elsevier, 2003.)

becomes severe enough a hole can be produced in the piping or process
equipment and the particulate solids will be discharged into the atmosphere.

This should be avoided for the following reasons:

1. The emitted solids can deposit as a dust layer and, if they are combus-
tible, they could be ignited, resulting in a fire or a secondary dust

explosion.

2. If the emitted solids are toxic, or respirable or eye irritants, they could
pose a serious hazard to personnel in the area.
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3. The loss of product from the processing stream can pose a significant
business/monetary loss.

Particulate abrasiveness is the combination of the particle’s physical
characteristics that enables it to erode surfaces with which it comes in con-
tact. The physical properties that affect abrasiveness include:

* particle hardness
* particle shape
* particle size

Particle hardness is discussed in Section 2.2.6. Berns and Koch (1999)
have shown that the room temperature wear resistance of a surface increases
as the ratio of the surface hardness, H, to the particle hardness, H,, increases,
with particularly good wear resistance occurring at ratios greater than 1.2.
The situation is more complicated at high temperatures because the abrasive
particles can become imbedded in the opposing surface.

Particle shape abrasiveness effects include the overall length/width
aspect ratio, and various measures of particle surface irregularity and angu-
larity. One measure of surface irregularity is the ratio perimeter®/area.
Stachowiak and Stachowiak (2001) note that erosion rates increase with
increasing values of both the length/width ratio and the perimeter?/area
ratio. Various measures of particle angularity have been proposed by
researchers based on image processing techniques (Leavers, 2000;
Stachowiak, 2000). These techniques quantify the extent and sharpness of
protrusions from the particle surface. Stachowiak and Stachowiak (2001)
have shown that wear rates in many cases are linearly proportional to an
angularity parameter called the spike parameter quadratic fit.

The effect of particle size on abrasiveness is more complicated and less
apparent than particle hardness and angularity. For example, Kelley and
Hutchings (2001) studied abrasivity using a micro-scale abrasive wear test,
and found no significant effect of particle size. They explain this observation
by the breaking of larger particles into small fragments. Additional work on
particle fragmentation is described in Section 2.2.8.

A much less scientific measure of particle relative abrasiveness was
developed by the Conveyor Equipment Manufacturers Association (CEMA)
for the purpose of selecting abrasive resistant conveying equipment. The
method presented in CEMA Book 550 (1980) assigns a factor to each of the
above three characteristics and, together with particulate bulk density, these
factors are multiplied together to give the CEMA Abrasive Index. If the cal-
culated Abrasive Index indicates that the particulate solid is highly abrasive,
then extra heavy wall piping is recommended, as is process equipment with
extra thick walls or a wear plate at the entry point. Fayed and Skocir (1997)
also present recommendations on how to minimize abrasion problems for
different types of mechanical conveyors.

(b~

=7
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2.2.6 Hardness and Friability

Material hardness is loosely defined as resistance to deformation while
being subjected to an applied force (Okuyama and Kousaka, 1991). There are
several different types of hardness ratings and measures. The Mohs Hard-
ness rating is a relative rating in which talc has a rating of 1 and diamond has
arating of 10. Eight other materials have defined integer ratings of 2 through
9. Ratings of 1 through 4 are considered soft, while ratings of 5 (glass)
through 10 represent increasing degrees of hardness for nominally hard
materials.

Vickers hardness is a quantitative measure of hardness based on a mate-
rials resistance to being indented by a pyramid shaped diamond device
applied with a known force, typically corresponding to a weight in the range
10 kgf to 120 kgf. The Vickers hardness value is proportional to the applied
force divided by the indented area (actually square of the diagonal) pro-
duced in the test material. Talc has a Vickers hardness in the range 40-56,
glass has a Vickers hardness of 500, tantalum carbide has a Vickers hardness
of 1800 (Okuyama and Kousaka, 1991), and silicon carbide has a Vickers
hardness of 2350. Diamond has a Vickers Hardness that often ranges from
6000 to 9400, with the latter value being representative of bulk natural dia-
mond. ASTM E384 describes the test procedures for measuring Vickers
hardness.

There are several other quantitative measures of hardness, including
Knoop hardness and Rockwell hardness. ASTM E140 provides conversion
tables and equations for correlating the various hardness values.

Friable particulate solids are those that may be easily broken mechani-
cally and reduced in size as a result of impact, agitation, or attrition. The
resulting material will therefore have a different size distribution from the
original material, as discussed in Section 2.2.8. The reduced particle size
resulting from the handling or processing of friable particulate solids may
cause operating problems and represent increased hazards of inhalation and
possibly dust explosions.

Friabilility is usually measured in terms of fracture toughness. ASTM
E1820 describes the standardized test procedure for measuring various frac-
ture toughness parameters.

If friable particulates are being handled, process equipment that gently
handles friable particulate solids should be used, for example, dense-phase
(low velocity) conveyors versus dilute-phase (high velocity) conveyors.

2.2.7 Agglomeration

Agglomeration is the adherence of particles to each other such that they form
a substantially larger particle, called an agglomerate. Agglomerations of
individual particles can form from a variety of interparticle attraction forces
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including van der Waals’ force (important primarily for particles smaller 0.1
mm), surface adhesion, electrostatic attraction, and liquid surface tension.
An example of surface adhesion is the smooth rubbery surface of ethylene
vinyl acetate copolymer (Kendall and Stainton, 2001). Stirring beads of the
copolymer in a beaker results in the formation of a large aggregate held
together via tacky surface adhesion. If the particles do not have naturally soft
sticky surfaces, adhesives can be used to achieve surface adhesion. Electro-
static attractive forces are important for many plastics with low electrical
conductivities. Liquid surface tension forces are important when moisture
levels are sufficiently high to form liquid bridges as shown in Figure 2-8a.
The other diagrams in Figure 2-8 illustrate increasing moisture contents,
such that in Figure 2-8d the particles become a suspension rather than a
cohesive aggregate.

The liquid bridge agglomeration regime occurs when the liquid filled
fraction of powder void space is in the range of about 0.02 to 0.25. At a void
space fraction of 0.4 and a particle density of 1 g/cm?, a liquid fraction of 0.25
corresponds to moisture content of 14%. In this regime, the interparticle
attractive forces increase with increasing moisture content. Sample data are
provided by Eckhoff (2003). This regime is applicable to particles that adsorb
moisture rather than absorb it. The liquid does not have to be water, and the

Figure 2-8 Liquid in particulate interstitial spaces (from Schubert, 1973).
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grain industry sometimes uses soybean oil as dust control measure based on
this phenomenon.

Dry adhesive forces between spherical particles can be represented by
the following equation derived by Kendall and Stainton (2001).

R
c= 15.6(p4g [2-10]

where ¢ is the theoretical tensile strength of the agglomerate, ¢ is the particu-
late packing fraction (1 — void fraction), R is the nonequilibrium adhesion
energy per unit surface contact area, and d is the particle diameter. Equation
2-10 implies that stable agglomerates of a given material are more likely for
small particles with large packing fractions (small void spaces). Figure 2-9 is
a SEM micrograph of such agglomerates formed from 10 mm spherical corn
starch particles. Eckhoff notes that the presence of such agglomerates during
dust explosibility testing can cause misleadingly low explosibility values
because larger particles ignite and burn more slowly than small particles.

Figure 2-9 Corn starch agglomerates. (From Eckhoff, R., Dust Explosions in the Pro-
cess Industries, 3rd ed. Amsterdam: Elsevier, 2003.)
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2.2.8 Particle Size Changes due to Friability and Agglomeration

As particulates are processed and transported, there are competing forces
promoting size reduction by attrition, and size increase via agglomeration.
Although some unit operations are specifically designed for size reduction
or size enlargement, the types of attrition and agglomeration phenomena
discussed here are those that are an unintended result of solids processing
and transport. Operations that incur unintended attrition include pneumatic
transport, cyclone dust collection, flow through narrow clearances such as in
star valves, and catalyzed reactors, particularly in fluidized bed reactors.
Operations that promote agglomeration include compaction, moisture addi-
tion (often from condensation), and heating to incipient melting or
polymerization.

Particulate attrition occurs by four different mechanisms as listed in
Table 2-3. Thermal attrition occurs when certain materials are heated rapidly
or become sufficiently hot to produce devolatization, or phase change, or
chemical decomposition. The most common example of particulate
devolatization occurs with coal heating. Abrasion is the gradual surface ero-
sion due to the relative tangential motion of particles with each other and
with the walls of the conveying or confining equipment. Chipping, also
called secondary fragmentation, occurs when brittle or semi-brittle particles
collide at a sufficiently high velocity perpendicular to the particle surface.
Primary fragmentation occurs when the impact velocity exceeds a threshold
that depends on the particle’s mechanical properties.

Figure 2-10 shows SEM micrographs obtained by Scala et al. (2000) for
limestone particles after impact fragmentation at a velocity of 15 m/s, that is,
at a velocity sufficiently high to cause primary fragmentation. The four
micrographs on the left show fresh (F) limestone particles with a characteris-
tic size in the range 600 to 850 um, and limestone subjected to calcination (C)

TABLE 2-3
Attrition Mechanisms

Particle Relative

Mechanism Description Velocity
Thermal Attrition ~ Particulate mass loss or breakup due to thermal Not applicable
stresses, devolatization, phase change, or chemical
reaction.
Abrasion Wearing and rounding of particle surface due to Low

frictional contact with walls or other particles.

Chipping Material removal at corners and edges via surface ~ Moderate
(secondary) fragmentation

Fragmentation Breaking and/or disintegration due to (primary) High
fragmentation cracking
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Figure 2-10 Original and fragmented limestone particles. (From Scala et al, “Attri-
tion of Sorbents during Fluidized Bed Calcination and Sulphation,” Powder Technol-
ogy, 107:153-167, 2000.)
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and/or sulfatization (S) in fluidized beds. In most cases, the particles are
angular with rounded edges (the exception being the CS particles which
have sharper edges and some surface cracks). After impact, in all cases the
fragmented debris is significantly smaller than the original limestone. The
fresh limestone debris shows evidence of brittle disintegration such that
many of the fines are smaller than 100 mm. The calcined limestone and sul-
fated limestone debris consists of larger fragments with the sulfated frag-
ments having sharp edges.

Figure 2-11 is a pair of SEM micrographs obtained by Repenhagen and
Werther (2000) showing the result of abrasion (a) and of chipping (b) of cata-
lyst particles after flowing through a cyclone at inlet velocities of 20 m/s and
24 m/s, respectively. The abrasion regime produces a more spherical shape
than the original particle shape, whereas the chipping regime produces dis-
tinctive surface fragmentation leaving the particle with a rougher, more
irregular surface than the original particle. The fines produced from the
abrasive attrition of these catalyst particles are shown in Figure 2-12. All of
the fines are on the order of 1 pm or smaller, whereas the original catalyst
particles were in the range 30pm to 200 pm.

(b)

Figure 2-11 Catalyst particles after abrasion (a) and chipping (b). (From Repenhagen
and Werther, “Catalyst Attrition in Cyclones,” Powder Technology, 113:55-69, 2000.)

- "

Figure 2-12 Abrasion-generated debris particles (From Repenhagen and Werther,
“Catalyst Attrition in Cyclones,” Powder Technology, 113:55-69, 2000.)
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Single particle impact tests have shown that the fractional loss of mate-
rial by chipping can be represented as (Taylor, 1998)

G

2-11
K_K? [2-11]

where C is the fractional weight loss upon impact of a particle of density p,,
(kg/m®), diameter d (m), hardness H (Pa), and fracture toughness, K.
(Nm~/2), impacting at a velocity, v, (m/s). K; is a constraint factor (often
taken as 1), and a is proportionality constant, approximately equal to 0.87.
Calculations by Taylor (1998) for a particle with a density of 1300 kg/m?, a
diameter of 300 pum, a hardness of 2 x 10°® Pa, and a fracture toughness of 4 x
10° N/m??, indicate that the chipping attrition is negligible at impact veloci-
ties less than 5 m/s, but increases to about 10% at an impact velocity of 10
m/s. This is roughly consistent with Taylor’s observation that there is 5-15%
increase in small particles (under 180 pm) at a pneumatic conveying velocity
of about 20 m/s, if we assume that the particle impact velocity is approxi-
mately half the conveying velocity.

Taylor also reports that attrition via fragmentation begins to occur at

impact velocities greater than a critical velocity, v, given by

(kY E
Upe = E pH1/2d2 [2-12]

where E is Young’s modulus of elasticity (Pa). Based on Equation 2-12,
Taylor suggests that particles with the characteristics cited above start expe-
riencing fragmentation attrition at impact velocities of about 30 m/s. Attri-
tion tests for individual particles and for bulk particulates are described by
Bemrose and Bridgewater (1987).

Repenhagen and Werther (2000) have conducted extensive testing of the
abrasive attrition rates during flow through cyclone dust collectors. The
cyclones are intended to separate and remove large particulates from the
stream, and allow most of the smaller particles to flow out with the exiting
airflow. However, the efficiency of cyclone particulate removal is degraded
by the attrition of particles via wall impact. Repenhagen and Werther have
determined that the fractional rate of attrition, r., can be correlated as

7 U,
m cin
r .mes Cc ds

where

1M;,.s= Mass generation rate of fines by attrition (kg/s),

m, =mass flow of particulate entering the cyclone (kg/s),
C. =material dependent attrition rate constant (s’m=2),
ds = particle surface mean diameter (m),

Uu.in= cyclone inlet velocity (m/s),

m, =mass airflow through cyclone (kg/s).

a
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Figure 2-13 is a plot of . versus u;, /(m, / m, )2, that s, the inlet velocity
divided by the square root of the solids load fraction. As suggested by Equa-
tion 2-13, the data for each catalyst material is linear in these coordinates.
The fact that the attrition rate varies inversely as the square root of the load
ratio suggests that the chipping is due to impact against the cyclone wall, as
opposed to interparticle collisions. This was confirmed by Repenhagen and
Werther’s observations of significant erosion of the cyclone inlet wall
surface.

The material-specific attrition rate constant, C., depends on the particu-
late morphology as well as its mechanical strength. Angular, irregular
shaped particles were found to have a value of C. twice as high as the value
for spherical shaped particles of the same size and material. Thus, it appears
that the steps to minimize particle attrition during processing and transport
include using small rounded particles at a large solids load ratio and a rela-
tively small velocity.

Agglomeration without adhesives is most likely to alter particulate size
distribution in applications involving small particles at a high packing frac-
tion (small void fraction). It occurs most frequently with submicron particles
flowing at concentrations of at least 1 g/m? (Koizumi et al., 1995). Larger par-
ticles (up to 100 mm) also experience electrostatic induced agglomeration in
pharmaceutical coating operations because of the high binding strength of
the coating materials (Jono et al., 2000). Chemical reaction induced agglom-
eration occurs in fluidized bed olefin polymerization reactors (Yiannoulakis
etal., 2001) at temperatures above the polymer softening or sticking temper-
ature, which have been measured for several materials by Tardos and Pfeffer
(1995). Agglomeration caused by the addition of liquid binders is designed
to occur in granulators, which are described in Chapter 5. Agglomeration
rates in high shear and low shear mixers/granulators are dependent on the
binder viscosity as well as particle size (Mills et al., 2000). Agglomeration can
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also affect particulate flow characteristics, bulk density measurements, and
dust cloud concentration measurements as explained in the following
sections.

2.2.9 Bulk Density Measurements and Characterizations

The bulk density, p,, of a powder—air mixture is defined as (Fan and Zhu,
1998)

Po=0p, + (1 = 9)p, = (1 - 0,)p, + O,p, [2-14]

where p, is the air density (1.2 kg/m? at standard temperature and pressure),
P, is the particle density, and o, is the void fraction in the mixture. In the
overwhelming majority of cases, the second term is negligible compared to
the first term in Equation 2-14,that is, the particle mass fraction is virtually
equal to one. From the standpoint of practical bulk density measurements,

Pp=M/V, [2-15]

where M is the mixture mass and V/, is its bulk volume. Thus, the determina-
tion of bulk density merely requires the collection of a mixture sample in a
known volume, and weighing the sample after taring the container volume.

The complication associated with this seemingly simple determination
is that the filling of a container can sometimes entail an arbitrary degree of
packing the particulates. As the particles packing fraction increases, the bulk
density increases proportionally, as indicated by Equation 2-14. Further-
more, as the particles settle toward the bottom of the container, the particu-
late fraction also increases. Hence, there is a need for a standardized mea-
surement method to determine bulk density.

ASTM D6393 describes methods for determining the loose bulk density
and the packed bulk density. Since the methods described in ASTM D6393
were developed by Carr (1965), they are called Carr indices. (Other Carr
indices described in ASTM D6393 pertain to cohesion, angle of repose, angle
of spatula, compressibility and dispersability.) The Carr loose bulk density
measurement involves passing the particulate through a sieve with a 710-
mm opening into a 100-cm® cup. The Carr packed bulk density measurement
involves placing the filled cup onto a tapping device and subjecting it to 180
seconds of tapping, while adding more powder to the cup so that the final
level will coincide with the top of the cup. The 180-second tapping duration
is presumably sufficient to allow the settled particles to reach a limiting equi-
librium packing fraction. Both the loose bulk density and the packed bulk
density depend to a great extent on the nature of the electrostatic forces that
can either attract or repel adjacent particles. Tapping can increase the electro-
static charging of the particles.
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Once the bulk density has been determined, particulate volume
fraction and/or the void fraction can be calculated from Equation 2-14, as

_(py/p)-1

(P,/p.)-1 [2-16]

Similarly, the particulate mass fraction, Y, can be calculated from,
y P 0p,/Pa)
TPy 1roy[(eypa)-1]

[2-17]

For example, suppose powder with a particle density of 2000 kg/m> has
a bulk density of 400 kg/m>. The particulate volume fraction is equal to
(332/1666) = 0.1995 (void fraction = 0.80), and the particulate mass fraction is
equal to (0.1995 * 2000)/400 = 0.998. Although the simplifying approximation
of assuming the mass fraction to be unity should be perfectly acceptable for
powder deposits and piles, the full equations should be used in the case of
flowing or air-suspended powders; in the flowing situation the bulk density
becomes the mixture density.

2.2.10 Dust Cloud Concentration Measurements

The mass concentration, C, of airborne particulates is related to the par-
ticulate volume fraction, ¢, by

C=o0p, [2-18]

and is usually easier to measure than the volume fraction. The concentration
is a critical parameter for explosibility hazards in particulate process and
transport equipment. Concentrations in occupied areas are of great concern
for toxicology considerations. There is also a need to measure and control
concentrations in stacks and other emission paths to satisfy environmental
regulations.

Traditional measurements of airborne concentrations entail air sam-
pling at a known flow rate on filters and weighing the collected samples. If
the sample is obtained from within a duct, pipe, or stack, it is necessary to do
isokinetic sampling (so that the collected sample will be representative of the
suspended stream) and measurements of the air/gas flow rate as well as the
sampling duration. This usually entails a sampling system or probe with air
flow instrumentation and possibly air drying provisions. Air sampling in
open areas entails using a sampling probe equipped with a calibrated air
pump for sample collection at a known flow rate. The samples can be col-
lected manually or automatically at periodic intervals, and there are many
commercial devices for doing both the sampling and concentration determi-
nations. Standards on gravimetric concentration measurements and sam-
pling include ASTM D6331 and ISO 9096. Air sampling with gravimetric
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concentration determinations are not suitable for reactive, unstable, or very
volatile materials.

Modern instrumentation now makes continuous in-situ concentration
measurements possible in process equipment and in pneumatic transport
systems, as well as in laboratory and large-scale testing. Table 2-4 lists differ-
ent methods that have been used for in-situ concentration online measure-
ments. In most cases, commercial instruments are available based on the
indicated measuring methods, and one or more commercial manufacturers
or developers are indicated.

Light attenuation, the first listed method, is based on the Beer-Lambert
law, which for a cloud of mono-sized spheres of diameter d, can be expressed
as (Louge, 1996)

1, = expl~(xg¥/d)] [2-19]

where [ is the light intensity transmitted through a cloud of length x and par-
ticulate volume fraction, ¢. [ is the light intensity entering the cloud, and «kis
a material dependent constant approximately equal to 2 for many materials.
In one version of the light attenuation concentration probe, the light source
and sensor are situated on opposite walls of a duct (Figure 2-14), and the
attenuation path length, x, is equal to the duct diameter. The other version of
the light attenuation probe has the emitter and sensor immersed in the flow,
and the path length, X, is approximately 3 cm, as shown in Figure 2-15. Both
versions use an air purge to prevent deposits on the light- receiving window.
Calibration of these probes entails generating a semi-log scale plot of I/Ias a
function of ¢ or C for a given particulate sample. Eckhoff (1995) shows cali-
bration curves for both types of light attenuation curves over the ranges of
concentrations shown in Table 2-4.

One drawback of the light attenuation probes reported by Eckhoff is that
each configuration has a limited concentration range. The local concentra-
tion probe shown in Figure 2-15 has a second drawback in that it is suffi-

Figure 2-14 Light attenuation
dust concentration probe in
duct. (From Eckhoff, R., Dust
Explosions in the Process Indus-
tries, 3rd ed. Amsterdam:
Elsevier, 2003.)
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TABLE 2-4
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In-Situ Dust Cloud Concentration Measurement Devices

Sensing Concentration
Method Length (g/m®) or ¢ Range
Light attenuation 15 cm C=10-90 Eckhoff (1994)
3cm C=100-600 Conti et al. (1982)
Eckhoff (1994)
20-360 cm <10 Afriso
Optical fiber — Zhang et al. (1998)
backscattering =1 cm
0.07<9<0.4 Bellino et al. (2001)
0.2-0.38 C=10*10° Meili et al. (1995, 1998)
MSE Meili
1-15cm C=0.1-10,000
Digital video o=1 Grasa and Abanades (2001)
imaging —
0.05<9<0.3 Lasentec
Laser Doppler =1cm C=1-1000 Dantec, TSI
scattering
Capacitance probe ~15cm ? Louge (1996)
Yan and Reed (1999)
Ultrasonic ¢>0.01 Harker et al. (1991)
attenuation
5 Capacitance probe | Malvern Ultrasizer
~5 cm
Ultrasonic and Moss et al. (1999)
acoustic attenuation
Triboelectric - C=10"°-1000 Yokogawa
(electrodynamic
effect)
Beta radiation NA C=5x10"%2x10? | Andersen
attenuation Thermo Environmental
through
particulate layers
on filters
Oscillating NA C=10%5 Ruprecht and Pataschnick
microbalance Co.
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Figure 2-15 Local dust concentration probe. (From Eckhoff, R., Dust Explosions in the
Process Industries, 3rd ed. Amsterdam: Elsevier, 2003.)

ciently large that it can disturb the particulate flow and possibly alter the
local concentration.

The optical fiber back scattering probe is currently the most widely used
concentration probe for laboratory testing, and at least one rugged design
has recently been commercialized for use in industrial facilities as shown in
Figure 2-16. The single fiber version of an optical fiber probe measures the
back-scattered light through the same fiber as the source. Louge (1994) has
shown that the return signal should be a function of ¢xDy/d, where Dy is the

Figure 2-16 Fiber optic measuring instrument: “Labasys® Control Ex” for inline
monitoring of dust concentration, velocity and flow rate. (From MSE Meili, Zurich,
www.msemeili.ch, with permission.)
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fiber diameter. Other versions of the probe employ either one emitter fiber
and one receiver fiber, or multiple fibers for emission and signal reception.
Bellino et al. (2001) did extensive calibration tests on the multi-fiber version
(one emitting fiber and two crowns of receiving fibers) of the probe using
polydisperse particle distributions, and found that the signal varied as ¢/ds,
for both spherical and aspherical particles. Thus, general use of the optical
fiber concentration probe requires either sufficiently accurate knowledge of
the particle size distribution to determine the Sauter mean diameter, ds,, or
calibration data with a representative sample of the specific dust/powder
being used.

Meili (1998) has developed a laser backscatter system with pneumatic
cleaning that can measure both concentrations and velocities in spray driers
and other particulate processing equipment. By using different optical con-
figurations, his commercial instrument is reported to cover a remarkably
wide concentration range as indicated in Table 2-4. The other fiber optic
backscatter probe listed in Table 2-4 is the two-fiber in a small diameter tube
device developed by Zhang et al. (1998), which also measures particle veloci-
ties as well as mass concentrations.

Video digital imaging systems measure concentrations either by associ-
ating the pixel fraction of an image with the particulate volume fraction, or
by calibrating the grayscale of the image. At least one company (Lasentec)
has developed an explosion-proof system consisting of a purged probe,
cable in conduit connection to power supply/controller, and fiber optic com-
munication to a computer with video image analysis software. Figure 2-17 is
a schematic diagram of this system. Grasa and Abanedes (2001) have devel-
oped and tested another video imaging system for determining mixing frac-
tions of blended bulk powder.

Figure 2-17 Digital

video image dust con-
; centration system

(from Lasentec).
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The laser Doppler scattering systems listed in Table 2-4 are virtually
identical to the systems mentioned earlier for particulate size measurement.
They are accurate sophisticated systems, but require precise focusing and
near spherical shaped particles. Therefore, they may be difficult to adapt for
general process applications.

The capacitance probe listed in Table 2-4 has one or more sensor elec-
trodes that can measure the local capacitance of the airborne particle cloud
and relate it to concentration. The ultrasonic probe measures the sound
speed in a particulate cloud or flow, and uses a mathematical relationship
between sound speed and particle volume fraction in the solids-air mixture.
The acoustic frequency version of this technique utilizes the attenuation of
sound waves by the airborne particles. The triboelectric effect probe utilizes
the electrostatic charging associated with inter-particle collisions and colli-
sions of the charged particles with the electrostatic probe. According to the
manufacturer (Yokogawa), it can sense a wide range of particulate concen-
trations flowing in an air or gas stream with a velocity in the range 4 m/s to 30
m/s.

The last two methods listed in Table 2.4 are intended for significantly
lower particulate concentrations than the other methods. The beta radiation
attenuation method uses a low flow rate sampling pump to capture particles
on a continuously moving filter tape, and pass low-energy beta rays through
the exposed and unexposed portions of the tape. The beam attenuation is a
calibrated function of the accumulated concentration of particulate. The
oscillating microbalance method involves the capturing of particles on a
filter cartridge mounted on the tip of a tapered hollow glass element that
oscillates in an applied electric field. A patented microbalance is used to
monitor the rate of accumulation of particulate. The EPA has approved sev-
eral of these beta ray attenuation instruments and one oscillating
microbalance instrument for the monitoring of ambient air quality for con-
centrations of particulate with a aerodynamic diameters less than 10 um
(EPA, 1999). These instruments are well suited for monitoring for respira-
tory hazards, but their upper limits of measurable concentrations are far too
small for them to be used to monitor for Minimum Explosible Concentra-
tions of combustible dusts.

In the case of steady flow of particulate through a duct or pipeline of
cross-sectional area, A, the solids mass flow rate, M, is related to the average
concentration, C, by

M, = A5,C [2-20]

where v, is the average velocity of the solid particulates. Therefore, another
method of determining the particulate concentration in these applications is
to measure the mass flow rate and velocity, and use Equation 2-20 to calcu-
late C.
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The UK. Institute of Management and Control (2001) has recently pub-
lished a guide to measuring particulate flow rates, velocities, and concentra-
tions. Besides the measurement methods described above and listed in Table
2-4, the IMC guide included several other methods. These include measur-
ing flow rates using office plates, turbine rotors, and impact plates, all of
which are considered restrictive in that they cause pressure drops and
reduced flow rates, and they can also cause abrasion of the flowing particles.
One of the nonrestrictive measurement methods not previously discussed is
the use of microwave transmitters and receivers that either measure the back
scattering from the moving particulates, or else measure the microwave
absorption resonant frequency associated with the flowing particulates.
Another noninvasive technique is the recording and analysis of particle gen-
erated sound waves (due to wall collisions and aerodynamic turbulence) by
attaching a microphone or piezoelectric transducer to the duct/pipe wall.
Table 2-5, reproduced from the IMC guide, lists various manufacturers of
particulate flow measurement instrumentation. The tabulation includes
manufacturers of both invasive and noninvasive instrumentation.

2.2.11 Bulk Powder Moisture Measurements

Many powders may contain moisture, the amount depending on the pres-
ence of moisture from previous processing steps, the hydrophilic nature of
the powder (hygroscopicity), and the relative humidity of the surrounding
atmosphere. The moisture content of a particulate layer or aggregate can sig-
nificantly affect its dispersability, its combustibility, and in certain cases, its
thermal stability, and reactivity. The presence of moisture may be beneficial,
as it tends to decrease both the dispersability and combustibility of a dust.

As the moisture content increases, the dust particles generally become
more cohesive and form agglomerates (as described in Section 2.2.7) that are
more difficult to disperse in the air. Second, any heat applied to a suspension
of moist dust will first be used to vaporize the moisture (water and/or sol-
vent) and will delay or even possibly prevent the dust from being heated to
its ignition temperature.

When a powder becomes too moist it may become sticky, and this
increases the propensity for the particulate solids to adhere to the inner sur-
face of piping and process equipment. As time progresses, the piping or pro-
cess equipment may become plugged, and an overpressure situation may
occur.

Moisture effects on chemical reactivity and thermal instability are more
complicated, and depend on the particular material. For example, moisture
is detrimental to the thermal stability of many water reactive particulate
materials (for example, calcium hypochlorite) and to materials that are sub-
ject to microbiological heating when wet (for example, agricultural
feedstocks).
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TABLE 2-5
Particle Flow Instrumentation: Mass Flow Rate and Concentration
Mode of
Company Country Principle Parameters Sensing
ABB Automation UK Electrostatic ~ Velocity Nonrestrictive
Concentration
Acoustica Norway Ultrasonic Concentration? Nonrestrictive
CalmpOn Finland Ultrasonic Concentration?  Nonrestrictive
CSIRO Minerals Australia Acoustic Concentration ~ Nonrestrictive
Velocity
Flow Force Technology  Australia Impact plate ~ Mass flow rate  Restrictive
Flumesys ? Orifice plate?  Mass flow Restrictive
rate?
GE (EER) USA Rotorprobe Mass flow rate  Restrictive
Inerco Spain Rotorprobe Mass flow rate  Restrictive
M&W Denmark Rotorprobe Mass flow rate  Restrictive
Milltronics UK Impact plate  Mass flow rate  Restrictive
Mission Instruments USA Rotorprobe Mass flow rate  Restrictive
PCME UK Electrostatic ~ Mass flow rate  Restrictive and
Optical Velocity nonrestrictive
Concentration
Oxford Instruments UK Capacitance?  Mass flow rate  Nonrestrictive
Electrostatic? ~ Concentration
Velocity
Physel Finland Radiological ~ Concentration = Nonrestrictive
Velocity
Promecon Germany Microwave Mass flow rate  Nonrestrictive
Concentration
Velocity
Ramsey USA Capacitance ~ Mass flow rate  Nonrestrictive
Microwave Concentration
Velocity
Rospen Industries UK Mechanical Mass flow rate  Restrictive
Schench ? Orifice plate?  Mass flow Restrictive
rate?
S-E-G UK Coriolis Mass flow rate  Restrictive
SWR Engineering Germany Microwave Concentration ~ Nonrestrictive
TR-Tech Int. Oy Finland Electrostatic =~ Mass flow rate  Restrictive
Truscott UK Impact plate  Mass flow rate  Restrictive
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Therefore, it is important to have an accurate and convenient method to
determine moisture content. Oven heating with sample weighing before and
after the heating to drive off the water does represent an accurate method,
but it lacks convenience and speed, and usually requires sampling and labo-
ratory submittal. Semiautomatic drying and weighing ovens are now avail-
able to minimize the labor and time involved. Although drying via heating is
a suitable technique for most materials, it is problematic for materials that
either pyrolyze or oxidize at temperatures around 100°C.

Commercially available moisture meters are based on a variety of
physiochemical phenomena as listed in Table 2-6. Electrical conductivity
based moisture probes have been developed for materials that have a direct
correlation between resistance and moisture content. These materials
include many textiles, wood, grain, and paper. For most of these materials,
the correlation between resistance and moisture content is linear up to the
saturation point, which varies from 12% to 25% moisture, depending on the
materials (Eckhoff, 1997). Commercial devices are available with both sur-
face probes, and with long needle probes for measurements in the interior of
bulk materials (e.g. Strandberg Engineering Laboratories, Inc.).

In many materials, the addition of moisture sharply increases its dielec-
tric constant. Capacitance type moisture probes typically use a radio fre-
quency power supply in a capacitance bridge circuit containing a sample of
the moist material. Either a bridge imbalance or a frequency change is mea-
sured and correlated against moisture content. The microwave attenuation
meters are reportedly suitable for the full range of moisture contents from
dry to fully saturated.

Karl Fischer titration methods for moisture determination are based on
the chemical reaction between an iodine bearing reagent and water, such
that the determination of the iodine content of the product is tantamount to

TABLE 2-6

Types of Moisture Meters (from Iinoya et al., 1988)
Physiochemical Principle Measurement Method
Electrical resistance decrease Conductivity meter
Electrical capacitance increase Capacitance meter
microwave attenuation Microwave moisture meter
Infrared reflection and absorption three color infrared moisture meter
Nuclear magnetic resonance NMR moisture meter
Neutron reflection and absorption High-energy neutron absorption
Cobalt chloride reaction Color change due to reaction
Equilibrium relative humidity Saturated temperature difference
Karl Fischer titration pH meter or coulometer
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the determination of the water content. Various reagents have been used
since the original pyridine based reagent discovered by Karl Fischer. The
volumetric method (often involving a pH meter) is used for high moisture
contents, while the coulometric measurement is used for samples with lower
moisture levels.

Description of most of these and the other types of moisture probes
listed in Table 2-6 are provided by linoya et al. (1988).

2.2.12 Fluidity and Dispersibility

Particulate fluidity is the property that represents the particles tendency to
flow when subjected to sufficiently large stresses, that is, when the forces
acting on the powder/dust produce stresses in excess of the solid strength. The
appropriate measure of fluidity depends on the flow context and application.
For example, in the context of hopper flow, particulate fluidity is best charac-
terized by the particulate unconfined yield strength, consolidating strength,
angle of internal friction, and angle of wall friction. These and other pertinent
properties for hopper flow can be measured by laboratory tests developed by
Jenike, Johanson (1981), and others. Fan and Zhu (1998) provide a good sum-
mary of the use of those tests and properties for hopper flow.

In the context of unconfined solid piles, the angle of repose is the most
common measure of particulate fluidity. It is the angle formed between a
horizontal plane and the slope line extending along the face of a pile of mate-
rial. The angle of repose for a given material may vary, however, depending
on how the pile is created and the density, particle shape, moisture, and par-
ticle size distribution of the material. The angle of repose can be measured by
several methods (Woodcock and Mason, 1987, pp. 31-32), perhaps the one
most commonly used yields a value of “poured” angle of repose, which is
the angle between the horizontal and the sloping side of the material poured
gently from a funnel onto a flat surface. The angle of repose test method
involving the use of a vibrating sieve is described in ASTM D6393, and is
called the Carr angle of repose test.

The angle of repose may be used as a rough guide to the flow behavior of
particulate solids, as shown below (Woodcock and Mason 1987, pp. 31-32):

Angle of Repose Qualitative Fluidity
25-30° Very Free-Flowing
30-38° Free-flowing
38-45° Fair-flowing
45-55° Cohesive

>55° Very Cohesive
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The fluidity of powders in rotating process equipment such as mixers
can be characterized using a new instrument developed by TSI called an
AeroFlow. The test entails rotating a sample of powder in a disc with trans-
parent end walls so that powder displacement and avalanche formation can
be recorded by a light source and an array of photocells. Time intervals
between avalanche flows and the time-averaged centroid of the powder
image are used to characterize the powder fluidity. Kaye et al (2001)
reported preliminary results using the AeroFlow to determine the affect of
flow enhancing agents (silica and magnesium stearate) on the fluidity of lac-
tose powders.

Dispersibility is the tendency of a powder or dust to form a suspended
dust cloud during either routine handling or accidental upset conditions.
The dispersibility test developed for routine discharge of particulates from a
hopper or bin or conveyor transfer station is called the Carr dispersibility
test (ASTM D6393, Test ]). It involves discharging 10 g of powder from a 5-
cm diameter cylinder with a bottom shutter. When the shutter is opened, the
powder falls through a 10-cm diameter, 33-cm-high open cylindrical tube
(Item A) shown in Figure 2-18. A 10-cm diameter watch glass (Item B) placed
under the tube collects the powder that has not been dispersed during the
discharge. The powder dispersibility in this test is the percentage of the 10-g
powder charge that is not recovered in the watch glass.

50 £ 5.0 mm I.D.

170 £ 10.0 mm
100+ 50mm 1Df| 7™ > [~

Figure 2-18 Carr dispersability test
apparatus (reproduced with per-
mission from ASTM D6393).

100 £ 5.0 mm DIA



2.2 Particulate Physical Characteristics 69

Eckhoff (1997) and Ural (1989) have described test methods to determine
the dispersibility of dust in the context of dust cloud formation by an aerody-
namic disturbance to a deposited dust layer. This property is particularly
important in the occurrence of secondary dust explosions. The most com-
monly reported parameter for this application is the minimum air velocity
required to entrain a specified fraction of dust from the dust layer. In the case
of 50% entrainment from corn starch dust layers, Ural measured minimum
air velocities in the range 10 to 35 m/s, depending on the deposited dust layer
mass density (in g/m?) and its method of deposition. The minimum required
air velocity for entrainment decreased slightly as the dust layer mass density
increased. More recently, Scherpa (2002) has found that the minimum
required air velocity for dispersal is lower for transient air blasts than for
steady air flows.

2.2.13 Electrical Resistivity

Dust layer electrical resistivity is pertinent to the accumulation of electro-
static charges generated during particulate transport and processing. It is
also pertinent to the accidental occurrence of electrical shorts in electrical
equipment that may contain deposited dust layers. Both phenomena can
lead to dust layer or dust cloud ignition. It is therefore important to have
standardized tests to measure dust layer resistivity.

IEC 61241-2-2 describes a test apparatus and method for measuring dust
layer resistivity. The standard defines layer resistivity as the minimum value
of electrical resistance measured between electrodes spaced a unit distance
apart, and with each electrode having a unit area in contact with the dust
layer. Figure 2-19 shows the apparatus consisting of two stainless steel elec-
trodes of height, H, of 1 cm, and Length, W, of 10 cm, and separated by a gap
of 1 cm in which the dust layer is placed. The dust layer resistivity, pg, is cal-
culated from:

pgr =0001R,(HW/L)=0.01R, [2-21]

where R, is the resistance of the dust-filled test cell. Dusts with resistivity
values under 10° Q-m are considered conductive, and dusts with resistivity
values greater than 10° Q-m are considered nonconductive. Resistivities
above 10° Q-m are indicative of the potential for significant electrostatic
charging (IEC 61241-2-2).

NFPA 77 (2000) has the following three-category classification scheme
for powder volume resistivity:

Low-resistivity powders have resistivities of up to 10* Q-m. These pow-
ders can become charged during flow, but the charge rapidly dissipates
when the powder is collected in a grounded container. Medium-resistivity
powders have resistivities in the range 10° to 10’ Q-m. When medium resis-
tivity powders are collected in a grounded container, the charge retention
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Figure 2-19 IEC apparatus for measuring dust resistivity.

time of the bulk powder is governed by the powder resistivity multiplied by
its dielectric constant. High-resistivity powders have resistivities greater
than 10'° W-m. According to NFPA 77-2000 (paragraph 8.4.2.2), high resis-
tivity powders can produce corona, brush, bulking brush, and propagating
brush discharges.

Resistivity tests conducted by Probst and Grivei (2002) on various types
of carbon black powder show that the particulate resistivity decreases with
increasing specific surface area and with increasing layer bulk density. The
lowest resistivities (about 5 x 10° Q-m) were measured with activated
carbon, which had a specific surface area of 1600 mz/g, that is, at least twice
the value for the next smallest form (next largest specific surface area) of
carbon black.

Additional descriptions of particulate layer resistivity testing are pro-
vided in Chapter 4.
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2.3 OVERVIEW OF PARTICULATE CHEMICAL
CHARACTERISTICS

2.3.1 Flammability and Explosibility

Flammability and explosibility refer to a material’s ease of ignition, and to its
rate of burning and associated energy release rate after ignition. Increasing
chemical reactivity of particulate solids, similar to gases and vapors, leads to
increasing flammability and explosibility. Examples of highly reactive pow-
ders are metals (e.g., Al, Mg, Ti, Zr) that possess very high heats of oxidation,
and correspondingly high flame temperatures. The maximum premixed
flame temperature of some small diameter metal powders may approach or
exceed 3000°K. For example, Eckhoff (1997) reports that the flame tempera-
ture for 6 mm aluminum particles at a concentration of 300 g/m3 is about
2900°K, and it is greater than 3000°K at a concentration of 500 g/m3. The cor-
responding flame temperature for most organic powders will usually be
2000°K to 2700°K (about the same as a gas explosion). Likewise, the maxi-
mum closed vessel explosion pressures listed by Eckhoff (1997) for alumi-
num powder (11-12 bar(g)) and magnesium powder (17 bar(g)) are substan-
tially higher than those for most organic dusts (typically 7-10 bar(g)).

The presence of specific chemical groups in an organic molecule can give
an indication of the relative flammability and explosibility. For example,
Abbott (1990) provides the following list of chemical groups as being indica-
tive of potentially deflagrating or detonating particulate explosives: -NO, or
—-ONO,; N=N or N-N; NX; (e.g. NCL,); C=N; OCIO,; O-O or O-O-O (e.g,.
peroxides); C=C; and a metal atom connected by an unstable bond to C or
certain organic radicals. According to Field (1982), COOH, OH, NH,, C=N,
C=N, and N=N tend to increase the explosion hazard, while molecules which
have the halogens Cl, Br, and F generally exhibit reduced flammability and
explosibility. The CCPS book on chemical reactivity hazards (Johnson et al.,
2003) and the NOAA Chemical Reactivity Worksheet provide additional
guidance on identifying potent oxidizing agents and other chemical groups
that can exacerbate flammability and explosibility hazards.

The most widely used measure of a material’s fire severity potential is
the heat release rate per unit fuel surface area. Tewarson (1995) has shown
that the chemical heat release rate per unit surface area, Q7 , is proportional
to the ratio of the heat of combustion, AH,, to the heat of vaporization, AH,,.
Representative values of heats of combustion, heats of vaporization, and the
ratio are shown in Table 2-7. Based on the ratio values, it is clear that the
polyolefins are significantly more flammable than polyamides, PMMA, and
partcularly PVC.

Data of the type shown in Table 2-7 can be sensitive to the presence of
additives and fillers in these polymers. If the fillers used are nonreactive,
such as silica, or a fire retardant, the flammability hazard is usually reduced.
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TABLE 2-7
Representative Chemical Flammability Properties®
Granular Material AH, (k]/g) AH, (k]/g) AH_/AH,

Polyethylene (high density) 43.6 2.32 18.8
Polyethylene (low density) 43.6 1.75 24.9
Polypropylene 43.4 2.03 21.3
Polystyrene 39.2 1.70 23.1
Nylon 6/6 30.8 2.35 13.1
Polymethylmethacrylate 25.2 1.63 155
PVC (rigid) 16.4 2.47 6.6

“Based on data reported by Tewarson (1995).

In the case of PVC, plasticizers are often added to provide flexibility, and
these often increase the effective heat of combustion and flammability
hazard.

Chapter 4 contains a comprehensive discussion of particulate flam-
mability and explosibility tests. In the case of dust layers, ignitability tests
include the IEC 61241-1 hot plate ignition test, the DIN glow coil ignition
temperature test, and dust layer flame spread time. Data from the glow coil
ignition temperature test are listed by Eckhoff (1997). However, the test is
not useful for thermoplastic materials because melting occurs before the
material is ignited. The U.N. dust pile flame spread test is used to determine
the combustibility classification of particulate materials within Category 4.1
(UN, 1999).

In the case of combustible dust clouds, relevant explosibility tests
include dust cloud Minimum Ignition Temperature, Minimum Ignition
Energy, Minimum Explosive Concentration, Maximum Explosion Pressure
and maximum rate-of-pressure-rise (ASTM E1226). Results of these tests,
which are described in Chapter 4, depend on chemical composition as well
as particle size, concentration, moisture level, and the details of the test
apparatus. As for composition, copolymer test results are directly related to
the explosibility of the component monomers.

One other important chemical consideration in flammability and
explosibility testing is the oxidant composition and concentration. Limiting
oxygen concentration (LOC) test data are presented in NFPA 69 for numer-
ous particulate materials inerted with nitrogen and with carbon dioxide. In
most cases, the LOC test data are in the range 12-17 volume%, but can be sig-
nificantly lower for certain organic materials. LOC values of 2% and lower
are listed for following metal dusts: aluminum, magnesium, thorium, tita-
nium, and zirconium. Data presented in a wide assortment of publications
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have shown that combustible dust flammability and explosibility increase
substantially at oxygen concentrations above 21 volume%. The LOC varies
with initial pressure such that it increases with pressure for some materials,
and decreases with pressure for other materials (Siwek, 1996).

2.3.2 Thermal Degradation and Instability

Particulate thermal decomposition and instability properties can be
described either in terms of fundamental chemical and physical properties,
or in terms of the laboratory self-heating test parameters that are intended to
determine safe storage and handling temperatures for actual particle size,
composition, oxygen availability, and storage pile or container size. Two
fundamental thermochemical equilibrium properties that govern thermal
instability and self-reactivity are the thermochemical heat of self-reaction,
AH,, and the adiabatic reaction temperature, T,.. Murphy et al (2003) have
recently shown how these parameters can be calculated from chemical heats
of formation, AHfO, and how the results can be used to obtain relative rank-
ings and categorizations of the instability hazard. The calculations entail
using readily available thermochemical software such as the ASTM
CHETAH code (2002). Example calculations for nitrate particulate com-
pounds given by Murphy et al., are ammonium nitrate (AH, =-2.44 kJ/g, and
T,.=1723°K), and TNT (AH, = -5.87 kJ/g, and T, = 2090°K). Based on these
values, Murphy et al. (2003) put TNT in a higher hazard category than
ammonium nitrate.

Chemical kinetics parameters that account for the expected reaction rate
are also useful for a more comprehensive analysis of a material’s instability
propensity. Probably the most important chemical kinetics parameter is the
activation energy, E,, for each significant decomposition reaction. The most
unstable chemicals from the standpoint of self-reactivity are those with a
combination of a high AH,, and low value of E,, as described in CCPS Guide-
lines for Storage and Handling of Reactive Chemicals (1995). Activation energies,
heats of formation, and adiabatic reaction temperatures for unstable materi-
als can be determined experimentally using laboratory reactivity testing
described in Section 4.3.2 of this book.

In the case of particulate materials prone to self-heating and possible
spontaneous ignition, tests listed in Table 2-8 have been used for parameter
and hazard evaluations. Most of the tests entail placing the sample in an
instrumented wire mesh basket or other container, and then placing the
sample (in some cases alongside an inert sample) in an oven, furnace, or spe-
cial apparatus to slowly heat the sample while its temperature remains near-
uniform. The tests continue for either a designated duration, or until the
exotherm is initiated. Further elaboration is provided in Section 4.3.4 of
Chapter 4.
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TABLE 2-8
Standard Tests for Spontaneous Heating/Ignition
Test
Designation Sample Test Duration
(Reference) Test Name Size Heating Apparatus (hr)
ASTM E771 Spontaneous >210ml  Insulated vessel with air 24
(withdrawn heating supplied to sample well
2001) tendency
ASTM D3523 Differential 10g Open top double 4-72
Mackey test chamber for test sample
and inert sample
BAMSADT  Self-accelerating 400 ml 0.5 liter dewar in oven 168
decomposition
temperature
VDI 2263 Relative self- 8 ml Grewer oven with Up to 5.5 hr
ignition preheated air flow (1°C/min to
temperature 350°C)
Bureau Mines Coal dust 100 g Oven with preheated air Varies
Adiabatic adiabatic flow
Heating Oven heating
(RI 8473)
JRIIS SIT - 05-3¢g Open or closed cell Varies
(Kotoyori, 1989) adiabatic heating
apparatus
UN SIT Self-ignition test 400-3000  Oven with heated air 72 hr
ml flow

Data from the self-ignition test in varying size mesh baskets can be used
with Bowes-Cameron self-ignition theory (Bowes, 1984) to scale up the data
to industrial size storage containers. The theory is summarized in Section
4.3.4. Application of the theory for hazard evaluation entails either deter-
mining fundamental chemical and thermal property data, or analysis of the
self-heating data to provide a basis for scaling.

Some of the particulate materials that have been evaluated for self-heat-
ing hazards are listed in Table 2-9 along with some of the corresponding ref-
erences describing the evaluations.

2.3.3 Chemical Reactivity: Incompatible Chemical Groups

Chemical Groupings

Several reactivity hazard evaluations are presented in the form of chemical
groupings rather than individual materials. The premise is that there are
generic hazards inherent with certain groups, and generic hazards caused by
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TABLE 2-9
Examples of Spontaneous Heating Evaluations for Particulate Materials
Material Reference
ABS and MBS Powders Babrauskas (2003, p. 909)
Activated Carbon Bowes (1984)
Benzoyl Peroxide Bowes (1984)
Coal Babrauskas (2003)
Cotton, Cottonseed Babrauskas (2003), Gray (2002)
Milk Powder Babrauskas (2003), Beever (1995), Gray (2002)
Nylon Babrauskas (2003)
Sawdust (with oil contamination) Bowes (1984)
Sodium Dithionite (sodium hydrosulfite) =~ Babrauskas (2003)

mixing of incompatible reactive groups. These generic hazards include gen-
eration of heat and gaseous reaction products that can lead to fires and/or
pressurize inadequately vented vessels.

One of the limitations inherent in classifying hazards in terms of chemi-
cal compatibility is that it is very difficult to quantify the degree of hazard.
Therefore, the tabulations of incompatible chemical groupings often do not
indicate the severity of the hazards.

EPA/NOAA Reactivity Worksheet Reactivity Groupings

The EPA/NOAA Reactivity Worksheet defines 47 chemical groupings for
reactivity hazard considerations. Representative groupings and combina-
tions of groupings are shown in Table 2-10. Some of the generic reactivity
hazards associated with mixing chemicals from different groupings are also
shown in Table 2-10. Many other combinations of groupings can result in
temperature and pressure increase, but not necessarily at a dangerous rate.
For example, the Reactivity Worksheet has numerous examples of acid-base
reactions, most of which probably occur sufficiently slowly that they would
not usually represent a serious hazard. Table 2-10 is meant to be illustrative
rather than comprehensive.

Coast Guard Chemical Compatibility Chart

The Coast Guard (2001) chemical grouping compatibility chart has 22 pri-
mary reactive groupings, and another 14 groups that may potentially react
with some of the primary groups. An X in a particular cell of the chart indi-
cates that the corresponding combination of groupings should be avoided
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because of reactivity problems. The Coast Guard regulations include provi-
sions to prevent contamination of bulk cargo containers from incompatible
cargo carried either in connected containers or on previous voyages.

Chemical-Specific Compatibility Charts

Chemical-specific compatibility charts are matrices that provide summary
descriptions or hazard ratings for pairs of specific chemicals, as opposed to
chemical groupings. The hazards of the individual materials are indicated in
the cells along the diagonal, while the hazards of binary combinations are
indicated in the cells below the diagonal. These charts are very useful for
applications in which there are a manageable number of individual chemi-
cals to be included in the chart. Gay and Leggett (1993) have described an
approach for developing compatibility charts with a mixing hazard rating
from 0 to 4 that is analogous to the NFPA rating scheme for self-reacting

chemicals.

TABLE 2-10

Representative Reactive Groupings in NOAA/EPA Reactivity Worksheet

Chemical Group”

Generic Reactivity Hazards

Acid Halides

Inorganic Acids
Alcohols and polyols

Aldehydes

Anhydrides

Azo, Diazo, and Azido
Compounds

Bases

Chlorosilanes
Epoxides

Esters

Ethers

Halogenated Organic
Compounds

Hydrocarbons, Aliphatic
Saturated

Water reactive, often violently.

React with metals to form hydrogen; catalyze
polymerization.

React with alkali metals and reducing agents to form
flammable/toxic gases.

Subject to polymerization when in contact with acid
catalyst. Phenol-aldehyde reactions are highly exothermic,
and the cause of several incidents.

React exothermally with water, sometimes violently.

Can detonate when sensitized by metal salts or acids.

Can initiate polymerization; react with aluminum or zinc to
form hydrogen

Exothermic reactions with water, acids and bases.
Violent polymerization reactions in presence of catalysts.

Vigorous reactions with oxidizers can ignite reaction
products.

Form unstable peroxides when exposed to oxygen.

Low molecular weight haloalkenes react violently with
aluminum and are subject to violent polymerization and
peroxide formation.

Although usually unreactive, they are incompatible with
strong oxidizing agents.
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Chemical Group” Generic Reactivity Hazards
Hydrocarbons, Aliphatic In the presence of certain acids, vigorous polymerization
Unsaturated reactions can occur. React exothermally with reducing

agents to form hydrogen.
Hydrocarbons, Aromatic Explosive reactions with strong oxidizing agents.

Inorganic Oxidizing Agents ~ Can undergo explosive reaction with reducing agents if
initiated by a spark, heat, or catalyst.

Inorganic Reducing Agents May undergo explosive reactions with oxidizing agents.

Metals, Alkali React vigorously with alcohols, acids, and water.

Metals, Powdered These are reducing agents that react vigorously with
oxidizing agents.

Metal Hydrides These are reducing agents that react dangerously with
oxygen.

Nitrates and Nitrites Range from slight to strong oxidizing agents; some
reactions with hydrides and sulfides result in a detonation.

Organometallics Strongly reactive with most other groups and reacts
violently with water.

Organic Peroxides Can ignite on contact with various organics and reducing
agents.

Phosphates React with reducing agents such as hydrides to form
phosphine gas.

Salts Although not usually reactive, acidic salts can catalyze

organic reactions.

Sulfides React vigorously with oxidizing agents and with acids.

“Some groups have been combined, and others omitted for brevity.

2.3.4 Corrosivity

Corrosion is an electrochemical process in which metal atoms are oxidized to
form positive ions while other chemical species are reduced. If severe corro-
sion occurs in piping or process equipment, it can cause failure and result in
release of potentially hazardous particulates. Therefore, it is advisable to
determine by tests if a particulate material, which one might think is not nor-
mally corrosive, can become corrosive due to contact with water, acids, or
alkaline solutions.

For this electrochemical process to occur there must be an anode (site
where oxidation occurs), a cathode (site where reduction occurs), and an
electrolyte (fluid which allows the movement of electrical charge from the
anode to the cathode). There are many factors which influence the rate of cor-
rosion including the type of metal involved, the presence of other metals
having a different Redox Potential, the availability of an oxidizer (usually
oxygen), the pH (acidity or alkalinity), the ion concentration of the electro-
lyte, the localized concentration of ions, the system temperature, and the
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ability of the metal to maintain a protective film. The presence of particulate
solids in contact with metallic surfaces can affect the corrosion process in a
variety of ways. In many cases particulate solids can promote corrosion, but
in some cases a coating of solids can actually inhibit corrosion.

Often, particulate solids promote corrosion because of their ability to
attract and hold moisture against the metallic surface. The moisture, along
with any ions present, acts as an electrolyte connecting anodic and cathodic
areas of the metal surface. Neutral salts (e.g. sodium chloride, calcium chlo-
ride, or potassium nitrate) combine with water to form strong electrolytes
which allow the flow of electrical charge from the anodic to the cathodic
areas of the metal surface. Sometimes granular or powdery materials may
contain residual acid solutions. In addition to providing a strong electrolyte,
the presence of acids contribute excess H+ ions which are reduced to hydro-
gen gas in the cathodic areas of the metal surface resulting in a correspond-
ing increase in the oxidation of the metal in the anodic areas.

Biological action within accumulations of damp particulate solids on
metal surfaces can sometimes contribute to corrosion. Under certain condi-
tions, bacteria and other organisms can grow in accumulations of damp
materials producing acidic compounds. These acidic compounds can con-
centrate on the metal surface and cause severe localized corrosion.

In some cases an accumulation of powder on a metal surface can inhibit
the corrosion process by preventing oxygen or moisture from reaching the
surface. In fact, the way some metals naturally resist corrosion is by the for-
mation of a protective oxide film which inhibits any further corrosion.

There are many ways of preventing or minimizing the effects of corro-
sion. These methods include the use of compatible materials, the use of pro-
tective coatings, the minimization of cracks and crevices, the exclusion of
moisture or oxygen, the control of pH, and the use of cathodic protection
devices.

Some particulate solids are corrosive to metallic materials of construc-
tion because of their acidity or alkalinity (pH). For example, acid fertilizers,
caustic soda, sodium chloride, and many other chemical salts may be corro-
sive to some metals. Many “inert” granular or powdery materials that are
wet with solutions of various acids (e.g., sulfuric, hydrochloric, nitric, etc.)
and alkalis (e.g., ammonium, potassium, and sodium hydroxides) become
corrosive. Also, some powders that contain chlorine in the molecule become
corrosive when the dry powder is contacted with atmospheric air and the
chlorine reacts with the water in air to form hydrochloric acid.

Although there are apparently no specific corrosivity tests for particu-
late chemicals, there are several ASTM tests for characterizing soil
corrosivity and soil-induced corrosion rates that may also be applicable to
some other particulate materials. Chaker and Palmer (1989)have provided a
good review of soil corrosivity including the ASTM tests and the applicable
corrosivity mechanisms. An example of the latter is the particulate deposit



2.4 Overview of Particulate Toxicity 79

TUBERICLE HYDROGEN 10N
(PIT)
-

T~ o (HYDROGEN FiLM

-

eavoeyevss)

IRON ION Coeneratey whime Figure 2-20 Pitting on
WHEN ACTIVE .

pipe wall due to corro-

sive particulate. (Repro-

duced with permission

from ASTM STP 1013.)

PIPE

induced pitting corrosion on steel pipes as illustrated in Figure 2-20. This pit-
ting occurs when the soil has relatively high concentrations of chloride, sul-
fate, or nitrate. These ionic components can set up an electrochemical cell in
which the pit is the anode. A localized high current density at the pit polar-
izes the surrounding metal surface. Ferrous ions at the soil-steel interface are
converted to hydrous ferrous oxide, which acts as an adhesive attaching the
particulate to the surface of the pipe. The pit grows rapidly following this
adhesion and the corrosion process is accelerated to eventually form a hole
in the pipe. If this phenomena occurs from deposits on the inside of a pipe
carrying hazardous particulates, the particulates will be emitted into the sur-
rounding atmosphere. Chaker and Palmer (1989) list various corrosion pre-
vention and control standards developed by the National Association of
Corrosion Engineers to deal with this and other corrosive mechanisms.

2.4 OVERVIEW OF PARTICULATE TOXICITY

2.4.1 Particulate Properties Pertinent to Respiratory Hazards

The depth of penetration of airborne particles into the respiratory tract is
dependent primarily on particle size shape, density, and its electrostatic
charge. The variation of percent deposition with particle size for high-den-
sity particles is shown in Figure 2-21 for three respiratory tract locations. The
majority of particles with aerodynamic diameters larger than 4 pm are
deposited in the nose. Less than 10% of the particles are deposited in the tra-
chea and bronchi. Deep penetration into the lung peaks at about 35% for 2-
um-diameter particles, and remains above about 20% for diameters between
0.5 um and 4 pm.

Since fiber particles tend to orient themselves parallel to the airways,
their depth of penetration is dependent primarily on diameter, rather than
length (Craighead, 1993). Therefore, Figure 2-21 should represent a first
approximation to fiber penetration based on fiber diameter. However, fiber
curvature and surface configuration can also be important. For example,
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Figure 2-21 Deposition of particulates in respiratory tract. (From W. Keith et al.,
Occupational Lung Diseases, W.B. Saunders, 1984.)

flexible irregular shaped chrysotile asbestos fibers are deposited predomi-
nantly in the larger respiratory passages, while sleek rigid amphibole asbes-
tos fibers penetrate deeper at lower airflow rates (Craighead, 1993). Fiber
length plays a more important role in its resistance to being expelled by
normal physiological functions in the respiratory tract, such that is very dif-
ficult to expel durable fibers longer than 10 pm.

Although airborne dust concentrations are usually sufficiently low to
allow the lung to expel most nonfibrous low pathogenic particulate, there is
a threshold concentration above which the normal physiological clearance
capacity is overwhelmed. Craighead (1993) notes that this threshold concen-
tration must have been exceeded at Chinese clay and talc handling facilities
because workers in these facilities had accumulated massive amounts of par-
ticulate material leading to pneumoconiosis, i.e. lung disease resulting from
inhalation and retention of organic or inorganic dust. The primary manifes-
tation of pneumoconiosis (other than breathing difficulty) is fibrosis, which
is the production of increased collagen in the lymph glands adjacent to the
alveoli.

Frequent and prolonged exposures to some particulates can also lead to
emphysema. Textile industry workers have experienced a form of emphy-
sema called bysinosis.

2.4.2 Allergenic and Irritant Materials

Normally innocuous particulates can produce severe allergenic or irritant
reactions in sensitized people. Common allergenic and irritant reactions
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include hay fever, asthma, dermatitis, and eczema. A broad array of organic
materials including some pesticides and powdered enzymes are known
allergens. Several metal powders are also known to produce allergenic and
irritant reactions. Some allergic reactions, such as anaphylactic shock, can be
fatal.

2.4.3 Systemic and Single Exposure Toxicity

Maximum allowable airborne concentrations have been established for
many toxic and other particulates that are known health hazards. The expo-
sure concentration limits depend in part on the expected exposure duration,
and in part of the organizational objectives and criteria in establishing these
limits. Commonly used terms are defined here.

* Threshold Limit Value (TLV) is the maximum exposure concentration
recommended by the American Conference of Government Industrial
Hygienists (ACGIH) for long term exposures.

* Permissible Exposure Limit (PEL) is the maximum permissible expo-
sure limit for systemic workplace 8-hour time-weighted average
exposures as established by OSHA.

* Immediately Dangerous to Life and Health (IDLH) is the concentra-
tion that poses a threat of either death, adverse health effects, or inabil-
ity to escape danger without respiratory protective equipment. IDLH
values are determined from animal toxicity data either as the lowest
lethal concentration, or as one-tenth the median lethal concentration.

 Short Term Exposure Limit (STEL) is the limiting exposure concentra-

tion for exposure durations up to 15 minutes, as developed by the
ACGIH.

Some sample TLV®, PEL, and STEL values for particulate materials are
listed in Table 2-11.

TABLE 2-11
Examples of TLV®, PEL, and STEL Values
Source of
Substance TLV® PEL STEL information
Acrylamide 0.03 mg/m* 0.3 mg/m’ 2
Arsenic 0.0l mg/m®> 0.5 mg/m? 1,2
Asbestos (all forms) 0.1 fiber/cc 1.0 fiber/cc 3
Calcium Chromate 0.001 mg/m® 0.1 mg/m®(C) 1
Calcium Silicate 10 mg/m® 15 mg/m° total 1
total 5 mg/m? respirable

Table continues on next page
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Source of
Substance TLV® PEL STEL information
Cellulose 15 mg/m’ total 2
5 mg/m? respirable
Chlorinated Camphene ~ 0.5mg/m® 0.5 mg/m’ 1.0 mg/m?® 1
Chromium II 0.5 mg/m® 0.5 mg/m® 1
Coal Dust (> 5% SiO,) 0.1 mg/m? = (10 mg/m°) 1
/ (% SiO, +2)
Coal Dust (< 5% SiO,) 2 mg/m? 2.4 mg/m? 1
Cyanamide 2 mg/m? 1
2,4-D 10 mg/m® 10 mg/m® 1
(Dichlorophenoxyacetic
acid)
p-Dichlorobenzene 60 mg/m? 450 mg/m? 1
Dinitrobenzene (all 1 mg/m? 1 mg/m? 1
isomers)
Fiberglass 10 mg/m? 15 mg/m? 2,4
5 mg/m?® respirable
Heptachlor 0.5mg/m* 0.5 mg/m’ 1
Hexachloroethane 9.7 mg/m? 10 mg/m? 1
Hexachloronaphthalene 0.2 mg/m® 0.2 mg/m? 1
Lead 0.05mg/m*®  0.05 mg/m® 5
Methyl Acrylate 2 ppm 35 mg/m? 2
4,4’-Methylene bis (2- 0.11 mg/m?® 1
chloroaniline)
4-Methoxyphenol 5 mg/m? 1
Nickel soluble 0.1mg/m*  1mg/m? 1
compounds
Phenol 19 mg/m® 19 mg/m® 1
Silica (Crystalline 0.05 mg/m® 2
Cristobalite) respirable
Silicon 10 mg/m® 2
total
Temephos 10 mg/m?® 15 mg/m’ total 1
5 mg/m® respirable
Tetrasodium 5 mg/m? 1
pyrophosphate
Tetryl 1.5mg/m® 1.5 mg/m’ 1
Thiram 1 mg/m? 5 mg/m? 1
Trichloroacetic acid 6.7 mg/m?® 1
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Source of
Substance TLV® PEL STEL information
Trimellitic anhydrid 0.04 mg/m’® 1
©
Triphenyl amine 5 mg/m? 1
Vanadium pentoxide 0.05mg/m*® 0.5 mg/m’ (C) 1
dust Respirable
Vinyl chloride 1 ppm 1 ppm 5 ppm 2
Warfarin 0.1 mg/m* 0.1 mg/m® 0.3 mg/m® 1
Wood Dust, All Soft & 1mg/m? for 15 mg/m? total 10 mg/m® 1
Hardwoods Except certain for soft
Western Red Cedar hardwoods, wood
such as
beech 1and
oak
5 mg/m® for 5 mg/m? respirable
soft wood
Western red cedar dust 5 mg/m® 15 mg/m® total 10 mg/m® 1
5 mg respirable
Zinc chromate 0.01 mg/m* 0.1 mg/m®(C) 1
Zinc oxide 10 mg/m® 15 mg/m?® total 1
total
5 mg/m? respirable
Zinc stearate 10 total 15 mg/m?® total 1
5 mg/m? respirable

(C) : Ceiling Limit

Sources of information:
1. OSHA/NIOSH/EPA Health Guidelines (OSHA web)
2. Chemical Sampling Information (OSHA web)
3. ASBESTOS IN AIR - (Inorganic Method #160) (OSHA web)
4.11/19/1991 —Fiberglass and the HCS Standard (OSHA web)
5. Safety and Health Regulations for Construction (OSHA web)

2.4.4. Carcinogenic Classifications

Various organizations have established carcinogenic classifications based on
laboratory test data with animals and, where available, epidemiological
studies with humans. Table 2-12 shows the category definitions of the Inter-
national Agency for Research on Cancer (IARC) and the American Confer-
ence of Government Industrial Hygienists (ACGIH). Examples of particulate
materials in each category are also listed.
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TABLE 2-12

Carcinogenic Categories”
Criterion IARC Category
Confirmed Human Carcinogen Group 1
Probable/Suspected Human Carcinogen Group 2A
Possible Human Carcinogen Group 2B

(ACGIH: via unlikely or uncommon routes)

Not Classifiable as Human Carcinogen Group 3

Probably not Carcinogenic in Humans Group 4

7 Source: www.hc-sc.gc.ca/whmis
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PARTICULATE HAZARD
SCENARIOS AND EXAMPLES

This chapter describes accident scenarios and examples pertinent to the vari-
ous particulate hazards described in Chapter 1. The discussion is divided
into the hazard categories: instability (thermal and shock), chemical reactiv-
ity, particulate fires, dust explosions, and toxic material exposures.

3.1 THERMAL AND SHOCK INSTABILITY SCENARIOS

3.1.1 Exothermic Decomposition Explosions

Certain chemical groups are either unstable or metastable with exothermic
decomposition energies. Examples include azides, azo compounds,
epoxides, nitrates, perchlorates, and peroxides. These and other materials
that are prone to exothermic self-reactive decomposition can explode when
heated to temperatures above their autodecomposition temperature. Labo-
ratory tests to determine a material’s nominal decomposition temperature
and its related self-accelerating decomposition temperature (SADT) or its
self-ignition temperaure (SIT) (Kotoyori, 1989), which are applicable to
packaged materials, and combustible materials, respectively, are described
in Chapter 4. However, the results can be sensitive to particle size and the
presence of minor additives and contaminants (Kotoyori, 2003). Further-
more, the applicability of an effective SADT or SIT can be ambiguous when
applied to large-scale, nonuniform heating scenarios such as exposure fires.
Laboratory tests to determine the speeds of exothermic decompositions
have shown that the decomposition rate and corresponding hazard level
depends on the presence of stable and unstable intermediates during the
decomposition. Mohan and Tang (1983) found that the lifetimes of the inter-
mediates determined whether explosions or controlled decomposition
would occur in five different self-decomposing powders, including picryl
azide (an azido trinitrobenzene). In practice, the lifetimes of these intermedi-
ates depend on the presence of contaminants, substrates, and material pack-
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aging. For example, Haberman and Castorina (1972) have shown that vari-
ous adsorbates can significantly affect the initiation times for the thermal
decomposition of lead azide, and that these times were influenced by the
fraction of the azide surface covered by these adsorbates and associated
intermediates. Thus, the nominal SADT or SIT or critical temperature, T, for
exothermic decomposition should serve as a guide rather than an absolute
determinant of exothermic decomposition hazards.

The consequences of maintaining an unstable material at a temperature
aboveits SADT or SIT depend on whether or not the reaction is autocatalytic,
i.e. whether a reaction product also acts as a catalyst. Autocatalytic reactions
often are explosive because the decomposition occurs very rapidly after a
delay in which decomposition product accumulates. Bou-Diab and Fierz
(2002), Fierz et al. (1994), Keller et al. (1997), and Kotoyori (1989) provide
guidance on how the results of laboratory thermal testing can be used to
determine whether the decomposition is autocatalytic. Kotoyori (1999) fur-
ther differentiates between solids that are truly autocatalytic and those that
are quasi-autocatalytic. The latter have exothermic decomposition reactions
that occur almost simultaneously with endothermic melting.

In transportation applications, the UN/DOT SADT value is determined
via tests with packaged material, and these tests account for reaction initia-
tion times up to seven days at a given ambient temperature. If the UN/DOT
test data indicate that the SADT value of a 50 kg is less than 75°C, the mate-
rial is classified as self-reactive (Division 4.1) for transportation purposes
(UN, 1999). Depending on the SADT value, the UN regulations require that
self-reactives be maintained at a temperature of at least 10°C to 20°C below
its SADT. Kotoyori (2003) recommends that materials should be stored and
maintained at a temperature at least 30°C below their SADT or SIT values.
The 30°C safety margin is suggested to account for possible SADT or SIT or
T, value lowering due to contaminants and freshness, i.e. newly produced
materials sometimes are more reactive because passivating oxidation layers
have not yet formed.

One scenario that has led to particulate thermal decomposition incidents
is prolonged overheating in a dryer or oven. In one such incident (CSB CIRC
Incident Number 2000-4968), an organic peroxide was inadvertently left in a
hot oven overnight. Noxious gaseous decomposition products emitted from
the oven filled the building and the surrounding neighborhood. Sixteen
people, including ten firefighters, were treated for eye and throat irritations
at a nearby hospital.

The CCPS Guidelines for Chemical Reactivity Evaluation and Application to
Process Design (1995a, p. 153) cites an example of the self-accelerating exo-
thermic decomposition of 3,5-dinitro-o-toluamide (dinitrolmide) remaining
indryer at a temperature of about 125°C for 27 hours after the drying process
was completed. This decomposition, which caused a detonation in the dryer,
was subsequently found to be autocatalytic and therefore to occur at temper-
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atures much lower than had been indicated previously from Differential
Scanning Calorimetry (DSC) test data. The use and interpretation of differ-
ent modes of DSC testing and other thermal stability screening tests is dis-
cussed in Chapter 4.

Another overheating scenario is hot-work on a pipe or container with a
residue of the unstable material. This occurred in an air bag factory when a
cutting torch was applied to pipes that had been used to transport sodium
azide (NaNj). The resulting explosion blew out walls and injured three
workers (CSB CIRC Incident Number 2001-5086). Laboratory testing
reviewed by Pegg et al. (1997) indicate that the SIT for sodium azide is 450°C
and its heat of decomposition is 21.3 kJ/mol.

The most frequently reported scenario for thermal decomposition explo-
sions has been stored material exposed to a fire. Considerations of additives,
packaging etc. have played an important role in the evolution of the current
understanding of fire exposure scenarios that may or may not lead to the
explosive decomposition of common oxidizers such as ammonium nitrate
and ammonium perchlorate. This understanding is summarized here with
references to key explosion incidents initiated by fire exposures.

Ammonium Nitrate Explosions Due to Fire Exposure

The combination of a strong reducing group (NH,") and a powerful oxidant
group (NO;") in the same molecule causes ammonium nitrate to be
metastable. It decomposes spontaneously in the following oxidation-reduc-
tion reaction (Guiochon, 2002):

NH,NO, — N,O +2H,0

This reaction probably takes place in the molten salt, above its melting
point of 169.6°C (for the anhydrous product). The exothermic heat of this
reaction is 36 k]/mole. SADT values have been reported to be between 160°C
and 200°C.

The other decomposition reaction, which occurs simultaneously with
the preceding reaction, is

NH,NO, - NH, + HNO,

which has an endothermic reaction energy of 176 kJ/mole. This endo-
thermic dissociation reaction can stabilize the exothermic oxidation-reduc-
tion reaction providing that the nitric acid dissociation product does not
itself decompose into a mixture of nitrogen oxides. The possible presence of
chloride ions (from a contaminant) near the reaction zone catalyzes a vapor
phase ammonia reaction with nitric acid such that the preferred ammonium
nitrate decomposition reaction is

5NH,NO, — 4N, + 2HNO; + 9H,0



92 Chapter 3 Particulate Hazard Scenarios and Examples

which is the most energetic of the preceding decomposition reactions,
but is less energetic than the following detonative decomposition reaction:

NH,NO, — N, + 2H,0 + %0,

According to Guiochon (2002), the detonation decomposition is more
likely to occur in the intimate presence of a molten or particulate reducing
agent, such as hydrocarbon.

The following account of the 1947 Texas City ammonium nitrate explo-
sion is based primarily on the information from the Houston Chronicle Web
site: www.chron.com/content/chronicle/metropolitan/txcity/main.html, and
the Société Francaise de Chemie Web site: www.sfc.fr/Guiochon%20VO/
exincendieVO.htm.

A fire started in a hold of the Grandcamp ship shortly after 8 A.M. April 16,
1947. There has been much speculation over the years as to what caused the
initial fire on the Grandcamp but over 50 years later there has been no defini-
tive answer. According to the insurance claim report, a discarded cigarette
ignited its cargo of 2200 tons of ammonium nitrate fertilizer. This particular
fertilizer had 4% mineral additives and 1% wax coating as an anticaking
agent.

When the small fire inside the Grandcamp could not be doused with jugs
of drinking water and a portable extinguisher, an order was given to batten
down the ship’s hatches and cover them with tarpaulins. The Grandcamp’s
fire-smothering steam system was activated to keep the cargo from being
damaged by water. Butinstead of killing the fire, the heat and pressure accel-
erated decomposition of the ammonium nitrate fertilizer and produced suf-
ficient gas to blow off the ship’s hatch covers, sending the red smoke (from
the N,O) skyward. Burning continued for a few minutes in the open hold
and then a devastating explosion occurred at 9:12 A.M.

Pieces of the Grandcamp were hurled several thousand feet in the air.
Some of the heavy debris landed on pipelines and storage tanks, igniting sec-
ondary explosions. Other pieces landed on houses and people. The
Grandcamp’s 1.5-ton anchor was flung 2 miles and was embedded 10 feet into
the ground at the Pan American refinery.

A second explosion, 16 hours after the Grandcamp blew up, came from
another ship loaded with the same fertilizer bags as were on the Grandcamp.
The High Flyer had been loaded with 961 tons of ammonium nitrate, slightly
more than what exploded on the Grandcamp. The vessel had been torn from
its moorings by the first explosion and had drifted across its slip and come to
rest in the ship channel.

The Grandcamp explosion had blown the hatches off the High Flyer, but
no fire aboard the vessel had been detected. The only damage appeared to be
a hole in the deck the size of a dinner plate. Despite the absence of fire, the
ship’s crew was ordered off the vessel after fumes of sulfur from its cargo
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proved too powerful. When flames were later spotted aboard the High Flyer,
an alarm was sounded and the waterfront was cleared just before the ship
blew up. The High Flyer ignited a string of secondary explosions equal to the
Grandcamp catastrophe. Crude oil tanks were ignited, a grain elevator was
destroyed, warehouses on the piers were set ablaze. Although the shock-
wave caused a displacement of the water in the harbor and created a small
tidal wave that washed inland over 150 feet, it did little to save the people
from the fires.

The Texas City disaster killed at least 581 and injured about 3500,
making it the most catastrophic industrial accident in U.S. history. Figure 3-1
is an aerial view of the physical devastation.

Coincidently, another multifatality, fire-induced ammonium nitrate
decomposition explosion occurred in a cargo ship in Brest, France, 3 months
after the Texas City disaster. The ship was carrying 3300 tons of ammonium
nitrate and an abundant cargo of mixed, combustible goods (fuels, paints,
lubricants, polystyrene, tires). When a fire started for unknown reasons
about 12:30 P.M,, the ship captain ordered the hold to be closed and high-
pressure steam to be released in the hold. As the fire continued burning for
about 90 minutes, the ship was towed into the outside harbor. Abundant bil-
lows of red and black smoke were flowing from the hold and the fire turned

Figure 3-1
tional ( reproduced with permission).
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violent around 5:00 P.M.; witnesses reported that barrels of petroleum prod-
ucts or solvents caught fire at that time. The cargo exploded at 5:25 P.M., caus-
ing 29 deaths and extensive damage to the city of Brest.

There have also been numerous documented accounts of large ammo-
nium nitrate storage fires that did not result in any explosion. The explana-
tions usually provided for detonations occurring in some ammonium nitrate
fires and not in other fires are: (1) the amount of combustible material in inti-
mate contact with the nitrate, and (2) confinement of the burning nitrate. In
the case of the Texas City disaster, the pertinent combustible is said to be the
1% wax coating, and the cargo hold provided confinement. In the case of the
Brest explosion, the combustibles were the fuels, paints, and lubricants. The
scarcity of combustibles and the unconfined burning in the other fires pre-
vented the development of explosions.

Based on the cited fire exposure incidents and associated laboratory test-
ing, ammonium nitrate containing less than 0.2 percent combustible is classi-
fied as an oxidizer, whereas a higher combustible content brings ammonium
nitrate into the UN/DOT explosive category. NPFA 490 requires that ammo-
nium nitrate storage be separated from combustible materials by either
approved fire partitions or a spacing of at least 30 ft (9.1 m).

Ammonium nitrate explosions have also occurred in several manufac-
turing processes described in the 1997 EPA alert on ammonium nitrate
explosion hazards. EPA guidance for preventing ammonium nitrate explo-
sions include avoiding specified contaminants that can catalyze the decom-
position reaction.

Ammonium Perchlorate Incidents

Ammonium perchlorate (AP) is another powerful oxidizer subject to detona-
tions during some fire exposures. It undergoes exothermic decomposition at
a minimum temperature of 440°C (834°F), probably via the following
reaction

2NH,CIO, — 2NH, + Cl, + H,0+ 3.5 O,

If the decomposition occurs in the presence of certain combustible mate-
rials, an intense fire or explosion will result. This happened in the May 4,
1988 fire/explosion at the Pepcon manufacturing facility in Henderson,
Nevada. The Pepcon AP had a characteristic diameter in the range 100 pm to
200 um, and was sold for use as a solid rocket propellant. According to
Mniszewski’s account (1994), a small fire started in a polyethylene drum of
contaminated ammonium perchlorate. The fire spread to other drums and to
fiberglass wall panels in the building. Some of the drums rocketed and
spread the fire to other areas of the plant and to asphalt ground covering that
melted from the flame radiation. Two major detonations occurred after
about 25 minutes of fire development. Two people were killed, and 372
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people were injured by the detonations. A video news crew situated on a
nearby mountaintop recorded the spreading fire and detonations on video-
tape. The detonations probably involved large aluminum tote bins, each con-
taining approximately 5000 lb of ammonium perchlorate. Blast damage
analyses and calculations of shock velocity recorded on videotape indicate
that the blast wave energy was equivalent to approximately 250 tons of TNT
(Mniszewski, 1994). However, later tests with fires of ammonium perchlor-
ate filled aluminum shipping containers were unable to replicate these deto-
nations (Rockett, 2001).

Other ammonium perchlorate explosion incidents have been triggered
by friction and impacts as described in Section 3.1.2.

The gaseous decomposition products shown in the reactions for both
ammonium nitrate and ammonium perchlorate can significantly increase
the pressure in a closed container, such as the drums of ammonium perchlor-
ate. The more general pressurization hazard associated with self-reactive
chemicals is illustrated in the flow chart in Figure 3.2. The right side of the
flow chart pertains to multiple chemical reaction hazards discussed in Sec-
tions 3.3 and 3.4.

3.1.2 Shock/Friction Sensitive Instability Scenarios

Frictional heating, impact loads, or shock waves can sometimes trigger
explosive reactions in sensitive particulate materials. Numerous explosions
of this type have occurred at fireworks manufacturing plants and at some
chemical processing facilities, as summarized in the following four represen-
tative accounts.

Mniszewski’s (1994) analysis of the Pepcon explosion states that bins,
drums, and bags of ammonium perchlorate were involved in sympathetic
detonations initiated by shock waves from the first major explosion, which
was caused by prolonged fire exposure as described above. The detonations
produced row craters where the bins and drums were stored. Mniszewski
estimates the critical distance is 8.5 ft for the propagation of sympathetic det-
onations in 550 Ib drums of ammonium perchlorate. This critical distance
increases to about 17 ft for 4500 1b bins of ammonium perchlorate.

A fireworks plant in Oklahoma suffered a devastating explosion trig-
gered by employees dragging a galvanized metal container of explosive
powder over a surface contaminated with some previously spilled powder.
According to the NFPA incident report (Kyte, 1986), the powder was a mix-
ture of potassium perchlorate and sulfur that has an ignition temperature of
560 °C but can explode when subjected to friction generated sparks. The
explosion and resulting fire killed 21 people and injured five others.

According to OSHA Accident Report 170150924, a chemist at a pyrotech-
nics and ordinance manufacturing facility accidentally exploded two spoon-
fuls of zirconium potassium perchlorate in 1973 when he started to sieve the
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CHEMICAL REACTIONS

(2) formation of gas products, or both (1) and (2)

Reactions are dangerous as a result of pressure increase due to gas formation caused by:
(1) liberation or reaction heat and expansion of existing gases or from evaporation to form gas
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Figure 3-2 Chemical Reactivity Hazard Flow Chart.
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powder. The chemist was doing this by inserting his hands through open-
ings in a blast resistant steel wall. The chemist’s injured hand/arm required

amputation.

Sodium azide has been involved in several fatal accidents caused by fric-
tional or impact ignitions. One accident occurred when employees were
trying to clear a plugged dust collector. A more recent accident (CSB CIRC
Incident number 2002-5549) occurred at the same facility as an employee
was cleaning a filter drum used in the azide production process. Both acci-
dents resulted in single fatalities, with four other employees also being

injured in the first incident.
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CSB Incident number 2001-5271 also describes an ammonium perchlor-
ate incident that started from a friction spark. Apparently, a saw blade was
inadvertently started and hit a metal brush used for cleaning the cutting
machine. Sparks ignited the ammonium perchlorate particles in the area of
the saw. The resulting fire activated the building sprinkler system, and water
apparently penetrated into a barrel of magnesium powder. This incident,
which killed one employee and severely injured two others, is discussed fur-
ther under water reactive material accident scenarios (Section 3.3.2).

Dibenzoyl peroxide is a notoriously shock and friction sensitive powder.
The CCPS (1995b) Guidelines for Safe Storage and Handling of Reactive Materials
includes an account of a serious fire ignited by sweeping a dibenzoyl perox-
ide floor deposit or spill with a broom. One specific preventive measure
given is to avoid using containers with screw covers or other tight fitting clo-
sures because the frictional heat developed in closing the container may ini-
tiate decomposition of any powder residue in the closure.

MARS Incident DE/1998/005-[02] describes the explosive decomposition
of about 2 kg of diazonium salt particulate upon falling to the ground during
inspection of a clarification press. The explosion resulted in one fatality, six
injuries, and almost $3 million in damages. Following the accident, a new
hazard analysis was conducted of all azo compounds and clarification filtra-
tion of diazonium salts and similar shock sensitive materials was eliminated.

The UK Chemical Reaction Hazards Forum collection of incidents
(CRHF, 2003) includes a decomposition explosion triggered by friction
and/or impact of a wetted residue of tribromphenyl diazonium bromide.
Plant operators were not aware of this particular hazard because the
diazonium bromide was usually mixed with a diazonium hydrogen sulfate
such that the mixture was stable and invulnerable to mechanically induced
decomposition.

According to the Societe Francaise de Chemie Web site, pure ammonium
nitrate and high concentration ammonium nitrates are not sensitive to
mechanical shocks. They have never been reported to detonate merely
because they had been exposed to any shock or vibrations. When these fertil-
izers have turned into large solid masses because they are hygroscopic, they
can be broken down into pieces sufficiently small to be handled and repro-
cessed by bulldozers. Under the impact of a 200-kg hammer, ammonium
nitrates do not detonate. They do not detonate when struck by high velocity
bullets. The only reported exception is for low-density pellets of pure ammo-
nium nitrate at 140°C, when hit by 1200-m/s bullets. Sensitivity of ammo-
nium nitrates to mechanical and explosive shocks increases with increasing
temperature and with decreasing density, and with chloride and hydrocar-
bon contamination as discussed in Section 3.3.1.

One possible mechanical impact scenario for very sensitive unstable
materials is the collapse of a cavity formed at the bottom of a storage pile.
During storage of a granulated material, an internal cavity can develop
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when some material is withdrawn from the bottom of the storage. This hap-
pens frequently in silo storage, and can happen in other storage configura-
tions with bottom withdrawal or large drain openings. Although the authors
are not aware of any confirmed, documented instability incidents of this
nature, it has been suggested as one of the least plausible initiating events for
the contaminated ammonium nitrate storage explosion at Toulouse.

3.1.3 Self-Heating Hazard Scenarios

Particulate self-heating occurs when heat generation from an exothermic
chemical or biochemical reaction is not adequately balanced and dissipated
by heat transfer through the particulate bed and from the surface of the par-
ticulate bed to the surroundings. In some cases, the chemical/biochemical
reactions are initiated at slightly elevated temperatures caused by physical
processes such as process heating, friction, or moisture absorption. If the
temperature in the heated region within the interior of the particulate bed
exceeds some critical temperature, a thermal runaway reaction or spontane-
ous combustion can result.

Following Bowes (1984), with later elaboration by Gray (2002), the vari-
ous types of self-heating processes can be identified as shown in Table 3-1.
Sometimes, there can be multiple processes such that it is not clear which
process is dominant.

Self-heating fire scenarios tend to fall into the following four categories:
(1) excessively large piles of particulates stored at ambient temperature for
extended durations; (2) heated particulate stored or stacked without ade-
quate cooling; (3) particulate remaining in heated process equipment for
unusually long periods of time, and (4) oil-saturated particulate. Examples
follow.

TABLE 3-1
Self-Heating Processes

Self-Heating Category

Initiating Process

Examples

Oxidative self-heating of
organic materials

Biologically initiated self-
heating

Moisture absorption/reaction
initiated self-heating

Chemically reactive /unstable
materials

Oxidation

Microbiological activity

Heat of water vapor
condensation or exothermic
hydrolysis

Exothermic reaction, often a
decomposition reaction

Activated carbon, coal,
polyolefin pellets,
various food products

Haystacks, compost and
mulch piles

Freshly manufactured/
dried wood chips,
anhydrous calcium
hypochlorite

Hydrated calcium
hypochlorite
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Excessive Storage Pile Spontaneous Combustion Fires

Large coal piles are often involved in spontaneous heating fire incidents.
These incidents occur both in large outdoor (often wet) piles, and in coal
bunker storage. High volatility, low-rank bituminous coals are more prone
to self-heating than higher rank, low volatility coals The DOE Primer on Spon-
taneous Heating and Pyrophoricity describes one coal bunker fire in which the
hot spot was discovered while it was still quite small, but fire grew over a
period of 21 hours to eventually involve most of the bunker. The fire spread
was due to a reluctance to apply water because of fear that a steam explosion
might occur. When water was applied, the fire was extinguished. Moisture
either from rain or condensed from humid air exacerbates the spontaneous
heating propensity for most coals, but application of massive amounts of
water is often effective in extinguishing these fires.

Moisture content is known to be a critical factor in the spontaneous heat-
ing tendency of storage piles of certain materials, such as bagasse (sugar
cane residue after sugar extraction). Gray (2002) has offered an explanation
for the complicated effect of moisture in terms of an exothermic reaction that
occurs at a relatively rapid rate at a temperature of 55-60°C. Similar reac-
tions are suspected in outdoor storage piles of other materials prone to spon-
taneous heating.

Self-heating of activated carbon storage has also been responsible for
many fires such as the six reported (Bowes, 1984, p. 316) shipboard fires of
bagged carbon that occurred within one year. Bowes described the use of iso-
thermal self-heating tests to derive the following equation between the criti-
cal storage pile radius (half-thickness), r (in mm), and the ambient tempera-
ture, Ta (°K), of storage:

2
lnSC% =35.9—@ [3-1]
r T

a

where §_ is a nondimensional parameter that is geometry dependent, and
has the value of 0.88 for a large slab, and 2.52 for a cube. Bowes suggests that
average temperature for an extended voyage could be as high as 38°C =
311°K. Using that temperature and values of §_between 1 and 2 in Equation
3-1, the calculated values of r are in the range 700 mm to 988 mm, suggesting
that the maximum allowable storage pile size (2r) for activated carbon
should be between 1.4 m and 2 m. This is significantly smaller than many
cargo holds on large ships, and therefore explains the occurrence of the
many reported fires.

Other particulate materials that have been involved in spontaneous
heating initiated storage pile fires include fertilizer pellets, nitrocellulose
filter media, cottonseed meal, and a wide variety of agricultural products
including grains, nuts, and animal feed.
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Heated Particulate Storage Self-Heating Fires

Inadequate cooling and stacking of heated product has caused numerous
fires due to spontaneous combustion. Black (1981/82) and Bowes (1984)
describe how this occurs in ligno-cellulosic materials such as wood fiber-
board and wood shavings. Black notes that there have been many spontane-
ous ignitions of dry wood shavings placed in storage bins soon after being
dried in particle-board plants. After some discussion and analysis, he con-
cludes that the spontaneous ignition is due in large part from the heat of con-
densation of water absorbed from the humid atmosphere onto the dry wood
chips and shavings. Other authors have reached similar conclusions about
spontaneous ignitions in the storage of dried wool and other hygroscopic
textile fabrics. Black recommends remoistening these materials to a moisture
content of 8-10% before storage.

Composting facilities are also prone to spontaneous heating fires. Micro-
biological activity in the normal compost process raises the compost pile
temperature to about 60°C. However, large piles can sometimes (depending
on composition, moisture content, and porosity) reach temperatures of 80°C
before all biological activity ceases. At this temperature oxidation can gener-
ate sufficient heat to continue to heat the center of a large pile. If the pile is left
intact for a sufficiently long period of time, fires can result. A fire of this
nature destroyed a $27 million composting facility in Hartford (Block and
Rynk, 2000). The Hartford facility had cubical composting cells 26 ft on a
side, and tried to limit storage in the composting vessels to 28 days. How-
ever, product delivery problems significantly delayed the normal turnover
at the time the fire broke out. Similar problems have been responsible for
spontaneous combustion silo fires at other composting facilities.

Bulk storage of direct-reduced iron has also caused some self-heating
and smoldering pile fires. Eckhoff (1997) has a brief review of some studies
that suggest the critical pile size is sensitive to the ambient humidity level
because the iron oxidation reaction is moisture dependent, as is well known
from iron corrosion studies.

Sometimes the self-heating can occur even when the reactive material is
mixed with a large quantity of inert material. For example, CRHF (2003) Inci-
dent 5 involves pharmaceutical tablets containing a small amount of a self-
heating-prone active ingredient. The tablets were dried at a temperature of
90°C, which is only about 10°C below the self-heating initiation temperature
of the active ingredient. On one occasion, fumes filled a room containing
fresh kegs of tablets that had been dried several hours earlier. Later examina-
tion revealed that tablets in the center of at least one keg had decomposed.
This incident demonstrates the importance both of testing the particulate
formulation actually being used in the process and allowing an adequate
margin of safety between dryer temperatures and the measured critical tem-
perature for self-heating.
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Prolonged Process Heating Spontaneous Combustion Fires

Prolonged heating of materials that have accumulated in driers has led to
spontaneous combustion fires at various processing facilities. The following
incidents provide examples.

Beever (1982) described a fire caused by the accumulation of animal feed
in a rotary disc drier operating at a temperature of 174°C. Laboratory tests
showed that the critical thickness of a feedstock layer at that temperature is
about 2 cm; that is, layers thicker than 2 cm could undergo spontaneous com-
bustion if allowed to remain at 174°C. In order to prevent future accumula-
tions, the drier outlet had to be redesigned.

Beever (1995) also investigated a spontaneous combustion fire resulting
from the accumulation of milk powder in a spray drier. A test data correla-
tion similar to Equation 3-1 showed that milk powder layers thicker than 1.7
cm could undergo spontaneous combustion at the drier operating tempera-
ture of 200°C. Accumulations were more likely in a region of the drier at a
temperature of 80°C, and these accumulations were found to undergo spon-
taneous combustion at a layer thickness greater than 4 cm.

Accumulations of pecan husks and pecan dust on the 165°C steam coils
of a pecan drier over a period of several weeks led to a spontaneous combus-
tion fire. The drier and the surrounding area were supposed to be cleaned on
a weekly basis, with accumulations limited to a % in. thickness, but appar-
ently these instructions were not always implemented. The fire spread to
accumulations on beams and ledges and opened 40 sprinkler heads before it
was contained.

Spontaneous combustion of carbon black deposits caused a fire in the
preheater section of a carbon fiber composite production plant. The deposits
had formed on screens that were inaccessible because of an obstruction in the
preheater. The fire spread to deposits on the ductwork leading from the pre-
heater to the heated rolls on which the composite was formed.

Oil/Vapor Adsorption Self-Heating Fires

Carbon bed adsorbers have had a long history of spontaneous combustion
fires caused by the cumulative heat of adsorption. One such fire occurred at a
vapor adsorber in a plastic resin manufacturing facility. An investigation
revealed that carbon deposits had formed on the inside wall of the adsorber
vessel, and these deposits did not go through the vapor desorption cycle that
was conducted periodically by removing the carbon baskets from the
adsorber and placing them in a special desorber. Many other carbon bed
adsorber fires have occurred in vapor recovery systems at flammable liquid
tank farms, and at solvent recovery facilities.

Wood shavings with deposits of lacquer and other liquid sealants have
been responsible for spontaneous combustion fires at furniture manufactur-
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ing plants. Similar fires have developed on discarded particulate debris
resulting from sanding painted surfaces.

3.2 DECISION TREES FOR ASSESSING THERMAL
INSTABILITY HAZARD SCENARIOS

A variety of flow charts and decision trees have been developed for assess-
ing instability hazards, classifying self-reactive materials, and making
appropriate protection determinations. For example, Figure 3-3a is a flow
chart that begins by screening powders for explosive behavior, and if the
results are negative, going on to test for thermal instability and ignitability
and dust explosibility characteristics. Figure 3-3b indicates that the type of
thermal instability hazard evaluation depends on the anticipated storage or
residence time, the scale (size) of the storage container or material handling
equipment, air access to the powder, and any suspected contaminants.
Depending on these conditions, one or more of the five possible laboratory
tests are suggested. For example, a heated air over powder deposits test is
suggested for drier hazard evaluations, whereas either a small basket test
series or a larger bulk storage simulation is suggested. Test methods and
equipment for most of these tests are described in Chapter 4. Other thermal
instability test methods described in Chapter 4 include fundamental thermal
analysis testing, the Reactive System Screening Test, and various versions of
the Vent Sizing Package (VSP). Preliminary evaluations that do not require
testing, are also discussed in Section 4.3.

Figure 3-4 is a material characterization logic diagram developed by
Markowski and Mujumdar (1995) for dealing with materials that are to be
thermally dried during processing. Besides considering explosiveness based
on chemical composition, their characterization includes considerations of
thermal decomposition and self-heating, dust combustibility, and possible
dust-vapor hybrid explosibility. The chart includes the specific test labora-
tory test parameters needed to evaluate these hazards for a particular
powder or dust.

The CCPS Guidelines for Safe Storage and Handling of Reactive Materials
also has a reactivity evaluation flow chart. The first consideration in the
CCPS (1995b) chart is a review of prior experience, and this is an essential
step for materials that have been evaluated or used previously. There is a
provision for theoretical evaluations via unstable chemical groups, oxygen
balance, and thermodynamic calculations as described in the CCPS Guide-
lines for Safe Storage and Handling of Reactive Materials, which includes a com-
plete tabulation of unstable chemical bonds and groups. There is a recom-
mendation for expert evaluation in organizations that have ready access to
such reactive chemical experts. The last step on screening tests includes con-
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siderations of pyrophoricity, water reactivity, peroxide formation, and
chemical compatibility, as well as thermal stability.

Figure 3-5 is a pair of reactivity evaluation flow charts taken from the
CCPS (1995a) Guidelines for Chemical Reactivity Evaluation and Application to
Process Design. It starts with a consideration of chemical structure, thermo-
dynamic calculations and a literature search. It then divides into laboratory
screening tests for thermal stability and reactivity. It specifically lists run-
away reactivity and gas evolution tests to determine sensitivity of heating
under confinement. This is an important consideration because accident his-
tories summarized above have demonstrated that materials like ammonium
nitrate are much more prone to explosive decomposition when heated under
confinement such as storage in a ship cargo hold.

Figures 3-6a and 3-6b are flow charts to determine suitable package sizes
and labels for transporting self-reactive materials per the UN/DOT regula-
tions for hazardous materials. The decision points in the flow charts involve
whether or not the instability can result in detonation propagation or defla-
gration propagation, and the effects of heating the material/package under
confinement. Similar charts and corresponding test methods are shown in
Chapter 4 for the determination of packaging and shipping requirements
that may be sufficiently energetic and sensitive to be classified as an explo-
sive for transportation purposes.

3.3 CHEMICAL INCOMPATIBILITY HAZARD SCENARIOS

A variety of scenarios can cause incompatible materials to come into contact
with particulates and thereby initiate chemical reactions that result in the
development of a fire or explosion. One obvious scenario not discussed here
is the use of incompatible chemicals in a product formulation. The scenarios
that are reviewed here are grouped into the categories of contamination,
inadvertent water entry, container/packaging incompatibilities, and air
access to pyrophoric particulates.

3.3.1 Contamination Hazard Scenarios

The most frequently occurring contamination scenarios involve inadvertent
mixing of a strong oxidizer with a combustible or unstable material. Oxidiz-
ers involved in these incidents include peroxides, nitrates, and chlorinated
oxidizers of the type used in swimming pool chemical biocides and disinfec-
tants. Contamination scenarios include: (1) incomplete cleaning of an incom-
patible material previously used in either process equipment or a storage
container; (2) use of an incompatible cleaner for processing equipment or
storage containers; (3) storing incompatible reactive chemicals near the par-
ticulate material; (4) collecting and/or disposing of particulate in a manner
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that allows it to become contaminated with an incompatible material; and (5)
transportation accidents involving both the oxidant and a reducing agent.

The chlorinated swimming

pool chemicals

(primarily calcium

hypochlorite [CaCIOH] and trichloroisocyanuric acid [C3Cl3N3;O;]) have
been involved in a number of storage incompatibility incidents. These mate-
rials are distributed as either powders or tablets in either burlap bags or high
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of figure 2.1 (&)

Box 11
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Substance or organic peroxide
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What is its
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12.1 Not IOWW1 2.3 None

¥12.2 Low

13.1 Low

Box 13

What
is the effect of
heating it under defined
confinement

ACCEPTED FOR TRANSPORT
IN PACKAGES OF NOT MORE THAN
400 KG/450 LITRES

Exit F L4 Exit G v
MAY BE CONSIDERED SHOULD BE CONSIDERED
FOR TRANSPORT FOR EXEMPTION
IN IBCs OR TANKS

Figure 3-6b UN/DOT decision tree for transportation of self-reactive materials and

organic peroxides.

density polyethylene containers. Retail warehouse stores sometimes store
containers of the powdered or tablet CaCIOH or C3CI3N3;0; near flammable
liquids such as lighter fluids, or near charcoal bags, and the proximity
enhances the chances of contamination. Several large fires in these stores
have started because of this contamination. Waste disposal fires due to con-
tamination of these products have also occurred.

Ammonium nitrate (AN) has been involved in numerous fires and
explosions associated with contamination. Heather (2002) described several
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of these incidents in his review of ammonium nitrate accidents. They
include: a 1972 fire in the UK involving the storage of wooden furniture near
AN fertilizer; a 1997 Brazilian highway accident in which a gasoline tank
truck caught fire while attempting to pass a burning truck of AN, causing
both the tank truck and the AN to explode; a 2000 Florida fire due to a colli-
sion between a gasoline tanker and a AN truck. Although the precise cause
of the September 21, 2001 ammonium nitrate explosion in Toulouse, France
has not been established publicly, it is clear (Kersten et al., 2002) that the
explosion involved about 300 tons of off-specification ammonium nitrate in
terms of particle size and possibly composition. Furthermore, the French
government findings summarized by Kersten et al.,, indicate that “sub-
stances of all sorts (oils, organic debris, iron oxides, sulfur, bitumen, etc) had
accumulated on the ground mixing with the ammonium nitrates, contami-
nating them as they decomposed, predisposing them to react with an ener-
getic tendency. Just before the explosion, a chlorine compound (sodium
dichloroisocyanurate) may have been tipped in the storage. This compound
reacts with ammonium nitrate to produce nitrogen chloride (NCl;), a partic-
ularly unstable gas that will explode at ambient temperature.” Chlorine ions
are also known to catalyze the decomposition of ammonium nitrate. How-
ever, Grand Paroisse denies that the ammonium nitrate was mixed with
sodium dichloroisocyanurate, and believes the explosion was initiated by an
energetic electrical fault. Both hypothesized initiation scenarios are still
being studied.

Contamination incidents often arise when filters are used to collect
incompatible materials without replacing the filter cartridge or bags and
thoroughly cleaning the filter discharge container before the second material
is processed. The CRHF (2003) incident descriptions (Incident # 2) included a
near-miss incident in which there was charring of incompatible materials in
a filter discharge container, and another incident caused by the recycling of
fines from a plant primary dust collection system.

3.3.2 Water Entry Scenarios

Many particulate materials are water reactive and have been involved in
fires and explosions caused by inadvertent water entry. Table 3.3-2 is a tabu-
lation of some chemical groups that are known to be water reactive. A few
examples are listed for each chemical group. Most of the example materials
are frequently encountered particulate materials.

Since the water reactivity of these and other materials is well known, it
may be helpful to describe pathways and scenarios for inadvertent water
entry. The following three incident summaries obtained from the DOE
Primer on Spontaneous Heating (1994) illustrate incidents that have occurred
with water reactive metal particulates.
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TABLE 3-2
Some Chemical Categories Susceptible to Water Reactivity (CCPS 1995b)
Category Examples
Alkali and alkaline-earth metals ~ Calcium, potassium, sodium, lithium
Anhydrous metal halides Aluminum tribromide, germanium tetrachloride,
titanium tetrachloride
Anhydrous metal oxdes Calcium oxide
Grignard reagents Ethylmagnesium chloride, methylmagnesium bromide
Metal alkyls Aluminum alkyls, lithium alkyls
Metal amides Lead amide, potassium amide, silver amide, sodium
amide
Metal hydrides Calcium hydride, lithium aluminum hydride, sodium
borohydride, sodium hydride
Nonmetal hydrides Boron trifluoride, phosphorus trichloride, sodium
tetrachloride
Nonmetal halide oxides Phosphoryl chloride, sulfuryl chloride, chlorosulfuric
(inorganic acid halides) acid
Nonmetal oxides Phosphorus pentoxide, sulfur trioxide

Low-molecular-weight organic ~ Acetic anhydride, acetyl chloride
acid halides and anhydrides

Other Calcium carbide

Prior to 1955, zirconium shavings were stored outside in open-top bins.
Several days after a heavy rain, fires erupted in a few of those bins, with
flames reaching heights of more than 100 ft. The fire spread to the other bins
and eventually burned 159,000 pounds of zirconium.

In January 1956, water contaminated zirconium powder was repack-
aged in steel drums. Four months later, one of those drums exploded and
produced 100-ft-long streaks of red flame and black smoke. Two employees
were killed and a third had an arm amputated as a result of the explosion.

When some Vs-in.-thick pieces of a magnesium-zirconium alloy were
submerged in water for washing, there was a slight generation of gas (pre-
sumably hydrogen). The next day, several more pieces of the alloy were
washed, and shortly later a violent explosion occurred. Residual pieces of
the alloy were burning on the floor.

A devastating water—-magnesium powder explosion also occurred in the
previously reported ammonium perchlorate fire that was initiated by a fric-
tion spark (Section 3.1.2). Besides the water flowing from the opened several
sprinkler heads, responding firefighters tried to cool the barrel/drum of
magnesium powder with hose stream application. When the barrel lid
became dislodged, water contacted the magnesium powder and caused a
devastating explosion. The municipal fire department and the company are
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disputing how the lid opened and whether the water penetration came from
the hose stream or the sprinkler heads.

Water contamination of water-reactive powders has also occurred from
leaky water coolant lines on process equipment. One such 1995 incident
involved the contamination of a blend of aluminum powder and sodium
hydrosulfite, triggering a self-accelerating decomposition of the sodium
hydrosulfite and a reaction with aluminum. The resulting explosion and fire
killed five employees (EPA/OSHA Joint Chemical Accident Investigation
Report, 1997).

Discarded pellets of an aluminum phosphide pesticide mixed with rain
water in a trash container and the resulting chemical reaction caused a series
of explosions (CSB Incident Number 2002-5492). One police officer was
injured, and a vapor cloud disrupted activities in neighboring buildings.

Rain water penetration through a leaky roof wet fiberboard drums of
trichloroisocyanuric acid stored in a Springfield, Massachusetts, warehouse
in 1988, and the resulting exothermic reaction started a persistent fire that
eventually resulted in 60,000 people being evacuated from the warehouse
neighborhood (Zalosh, 2003). Similar reactions of chlorinated pool treatment
particulates with water have occurred in many other facilities, including the
2001 explosion and fire at a Manchester, Connecticut, pool supply company
(CSB Incident Number 2001-5178).

3.3.3 Container/Packaging Incompatibility Scenarios

Chemically incompatible packaging/containers for particulate products
have caused several fire and toxic fume incidents. One example occurred
with the same type of chlorinated water treatment product described in the
water entry and contamination scenarios. In this case (CSB Incident Number
1999-2223), the pellets spilled from a drum in a government warehouse. The
spilled product was cleaned up and placed in a container with an incompati-
ble packing material. Reaction with the packing material started a small fire
in the warehouse. Incidents such as the Henderson, Nevada, ammonium
perchlorate (AP) fire and explosions involved strong oxidizers being stored
in polyethylene containers.

Other incidents have occurred as a result of metal container corrosion
and rust formation. For example, CRHF (2003) Incident Number 48 notes
that incidents have been caused by rust contamination induced decomposi-
tion of 4-nitrophenyl chloroformate and other nitro compounds.

3.3.4 Air Access to Pyrophoric Particulates

Pyrophoric particulates involved in fire incidents include the following
materials: iron sulfide, metal hydrides, platinum catalysts, plutonium, white
phosphorus, Rainey nickel, uranium, finely divided sodium and potassium,
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and possibly thorium, titanium, tungsten, and zirconium. The latter four
materials were involved in fires without an apparent ignition source, but
their chemical treatments (acid baths) may have been a factor in their ignita-
bility. Likewise, very fine barium, cobalt and magnesium are sometimes
listed as pyrophoric.

According to the DOE Primer on Spontaneous Heating and Pyrophoricity,
white (or yellow) phosphorus ignites spontaneously on contact with air at a
minimum temperature of 30°C (86°F). The primary combustion product is
phosphorus pentoxide, such that dense, white, irritating fumes are pro-
duced. When moisture is present, H;PO, is also generated from phosphorus
fires. The recommended preventive measure is to store phosphorus under
water in either drums or hermetically sealed cans. However, there has been
at least one reported fire (MARS Incident Number GB/1990/003) in which a
drum seal failed due to an extreme diurnal temperature variation and associ-
ated pressure changes causing drum “breathing.” The accident report states
that the air entering the drum oxidized the white phosphorus and produced
phosphoricacid, which then corroded the drum and allowed the white phos-
phorus to be released. The released white phosphorus ignited and a large
fire erupted in the storage building.

The iron sulfide ignition incidents primarily occur in refineries and in
hydrocarbon liquid tanks. The iron sulfide is a reaction product of the tank
wall or roof with the sulfur components in the hydrocarbon. One scenario is
the formation of iron sulfide under a layer of iron oxide or some other cover-
ing, and then some disturbance exposes the iron sulfide to the air in the tank.
Burning iron sulfide then ignites the flammable vapor—air mixture in the
tank and causes an explosion. In the case of finely divided iron particles, only
a small percentage as iron sulfides may be sufficient to trigger the ignition of
the iron itself.

One reason for the ambiguity about the pyrophoricity of many particu-
late materials is that they may ignite long after they are first exposed to air.
This has occurred with some of the transuranic metals. The 1969 fire at the
DOE Rocky Flats plant started with the ignition of pyrophoric plutonium
scrap in a metal can in a glovebox. The fire spread through several intercon-
nected gloveboxes, and then to rows of machining boxes and inspection
boxes. Radioactive contamination was extensive, and property damage was
in the range $26 million to $50 million (DOE Primer).

CRHEF (2003) Incident Number 8 is a fire in a charge pot used to mix cata-
lyst with the feed to a batch hydrogenator. Three days prior to the incident
some partially spent catalyst was inadvertently added to the charge pot
along with partially reacted materials. Later investigation revealed that the
finely divided, partially oxidized catalyst is pyrophoric even though the
purchased fresh catalyst is not pyrophoric.

Another CRHF incident (Number 41) involved spontaneous combustion
of sodium hydride when it was loaded from a 5-kg bag into a supposedly
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nitrogen inerted vessel. The discharge of some type of powdered fire extin-
guishing agent into the vessel put the fire out temporarily, but apparently
additional air entered the vessel during extinguishment and the fire re-
ignited. The secondary fires were eventually extinguished with dry sand.

3.4 CHEMICAL COMPATIBILITY CHARTS FOR
ASSESSING HAZARDS

One method for anticipating possible adverse interactions between pairs of
incompatible materials is the development of compatibility charts, also
called interaction matrices. These charts/matrices list all the pertinent mate-
rials in a process or storage facility on both the horizontal and vertical axes.
At a cell representing the combination of two particular materials, there is
either some summarizing description of the type of interaction anticipated,
or some symbolic designation of the hazard associated with this particular
interaction. ASTM E 2012 provides guidance on the construction of chemical
compatibility charts. The CCPS publication on managing chemical reactivity
hazards (CCPS, 2003) provides guidance on the use of these charts in the
overall evaluation of reactivity hazards.

The NOAA Chemical Reactivity Worksheet (NOAA, 2002) software
package is a convenient tool for constructing compatibility charts. The
NOAA Worksheet groups chemicals into 40 groups based on their chemical
composition and chemical reaction propensity. Charts can be drawn to indi-
cate reactions between binary combinations of these chemical groupings, or
between pairs of individual chemicals. For example, Table 3-3, which was
constructed using the NOAA Reactivity Worksheet, shows the interactions
between six groups of chemicals. Three of the groups in Table 3-3 are inor-
ganic materials, and the other three groups are various types of metals. The
reaction hazard designations in each cell of the matrix are explained in the
notes below the matrix. As indicated in the matrix, explosive interactions can
occur between inorganic oxidizing agents and reactive alkali and powdered
metals, and between oxidizing agents and reducing agents. The other reac-
tions are less hazardous.

Table 3-4, which was also produced using the NOAA Reactivity
Worksheet, is an example of a compatibility chart showing interactions
between binary combinations of three particular generic chemicals: soda
lime (sodium hydroxide mixed with calcium hydroxide), a solid organic per-
oxide, and coated aluminum powder. Reactions between soda lime and alu-
minum powder, and between organic peroxide and aluminum powder are
considered sufficiently violent to possibly result in a detonation, that is,. the
reaction front propagates at a supersonic speed in the reacting medium.
Although the other reactions are less violent, they can be sufficiently
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TABLE 3-3
Chemical Groupings Compatibility Chart

Chemical Reactivity Worksheet

COMPATIBILITY CHART for metals and inorganic compounds
1) Inorganic 3) Inorganic 6) Metals,
‘Compounds/Neither 2) Inorganic Reducing 4) Metals, Alkali, 5) Metals, Elemental Less

Chemical Name Reducing nor Oxidizing  Oxidizing Agents Agents Very Active & Powder, Active Reactive

1) Inorganic

Compounds/Neither Reducing

nor Oxidizing o C1 C1 No reaction No

2) Inorganic Oxidizing Agents  C1 _ A9,B1,C1 AB,A9,B1,C1 A7

3) Inorganic Reducing Agents C1 A9,B1,C1 - C1 No

4) Metals, Alkali, Very Active No reaction A8,A9,B1,C1 C1 o No

5) Metals, Elemental & Powder,

Active No reaction A7,B4,C1 No reaction No reaction .

6) Metals, Less Reactive No reaction B1,C1 No reaction No reaction No

HAZARD STATEMENTS

AT - Explosive when mixed with oxidizing substances

A8 - Explosive when mixed with combustible material

A9 - Heat generated from chemical reaction may initiate explosion

B1 - May cause fire

B2 - Contact with combustible material may cause fire

B4 - Fire from exothermic reaction-ignition of products or reactants
C1 - Heat generation by chemical reaction, may cause pressurization
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TABLE 3-4
Sample Chemical Compatibility Chart for Individual Chemicals

Chemical Reactivity Worksheet Ver. 1.5 4/4/2003

SAMPLE COMPATIBILITY CHART

1) SODA LIME,
WITH MORE
THAN 4% 2) ORGANIC 3) ALUMINUM
SODIUM PEROXIDE TYPE B, POWDER,
Chemical Name HYDROXIDE  SOLID COATED
THAN 4% SODIUM
HYDROXIDE . C1,D3 A6,B5,C1
2) ORGANIC PEROXIDE TYPE
B, SOLID Cc1,03 101,102,104 AB,C1,D3
3) ALUMINUM POWDER,
COATED A6,B5,C1 A6,C1,D3 101,105,107,108
HAZARD STATEMENTS

AB - Explosive due to vigorous reaction or reaction products may produce detonation
B5 - Flammable gas generation

C1 - Heat generation by chemical reaction, may cause pressurization

D3 - Contact with substance liberates toxic gas; causes pressurization

101 - Highly Flammable

102 - Explosive

104 - Strong Oxidizing Agent
105 - Strong Reducing Agent
107 - Water-Reactive

108 - Air-Reactive

exothermic to cause pressurization of closed containers, or they can generate
toxic gaseous reaction products.

Frurip et al. (1997) have described the ASTM E27 Committee’s approach
and guidance in generating compatibility charts. They emphasize a scenario-
based definition of incompatibility, and a numerical hazard rating scheme to
delineate different hazard levels associated with various incompatibilities.
They also suggest that the chart be utilized in conjunction with laboratory
test data such that possible needs for additional data are identified. The
CHEMPAT software package developed by Dow Chemical and distributed
by AIChE is designed to generate compatibility charts along the lines recom-
mended by Frurip et al.

One limitation of these compatibility/interaction matrices is that they
only account for binary interactions. In constructing such charts, it would be
prudent to somehow account for possible three-way interactions or for cata-
lytic effects of a third material. For example, the combination of iron and
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sulfur particulates can result in the formation of iron sulfides, and the subse-
quent exposure to oxygen/air can result in a fire. Similarly, the presence of
traces of iron sulfide or of a peroxide can ignite a cloud of combustible partic-
ulate in air.

The main value of compatibility charts is their use in hazard identifica-
tion exercises such as a HAZOP. The hazard identification method serves to
determine if/how the combination of materials occurs, and the compatibility
chart facilitates the determination of the result of that combination. If the
combination is hazardous, the HAZOP can be used to determine potential
preventive/control measures.

3.5 PARTICULATE FIRE SCENARIOS

3.5.1 Smoldering Fires in Storage Piles and Dust Collectors

The most frequent cause of smoldering particulate storage pile fires is self-
heating —spontaneous combustion. As discussed in Section 3.1.3, the self-
heating is a consequence of either excessively large piles or being allowed to
remain without turnover for an excessively long period of time. Critical pile
sizes and expected times to ignition can be calculated using the data from
laboratory tests described in Section 4.3.2.3, together with the scaling meth-
ods described by Bowes (1984), Beever (1995), and Gray (2002).

A frequent cause of smoldering fires in dust collectors is the transport of
a burning ember generated during particulate processing on some equip-
ment serviced by the dust collector. Some examples include grinders and
pulverizers in which either some tramp metal or some misaligned moving
part can heat a few particles to a temperature at which they oxidize rapidly
enough to begin glowing or burning. The burning ember, which sometimes
forms a larger smoldering nest, then travels through the ducting on its way
to the dust collector, where it is then covered by a large quantity of combusti-
ble particulate. The heat generated by the smoldering nest can produce a
smolder region propagating slowly outward toward the exposed surface of
the collected dust. If the collected dust is then discharged into a bin or other
container, the smoldering particles can come in contact with enough air to
suddenly flare up and rapidly enlarge the burning region.

Eckhoff (1997) has reviewed and summarized the results of studies of
the conditions required for the smoldering nest to continue burning as it
travels through ductwork. The tests indicated that a 10-g smoldering nest
would rapidly self-extinguish at a dust loading concentration in the duct
greater than or equal to 1 kg/m®. Smaller dust loading concentrations
allowed the smoldering nest to travel appreciable distances without self-
extinguishing, with smaller particle nests burning over significantly longer
distances than larger particles. Rather than rely on self-extinguishment it is
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prudent to use certified spark/ember detection and extinguishing systems as
described in Appendix C of NFPA 654, as well as in Chapter 6 of this book.

Itis often possible to intervene in the smoldering process while the smol-
dering is still limited to a small portion of the pile interior. Intervention
requires first recognizing that the smoldering is occurring, and then either
breaking the pile up to get at the burning region, or applying a fire suppres-
sion agent to an inaccessible pile as in a large silo or bunker. Automatic
detection of smoldering within outdoor stockpiles entails use of thermal
monitoring devices. There are two options: monitoring the pile surface with
an infrared system or installing some type of temperature monitor (usually
thermistors) within the pile interior. Interior monitoring can detect smolder-
ing at a significantly earlier stage than infrared monitoring, but requires an
extensive preinstalled array of thermal sensors.

Automatic detection of smoldering fires in bunkers, silos, and enclosed
dust collectors can be achieved with either a CO or hydrocarbon vapor detec-
tor, or with infrared monitoring of the silo/collector wall temperature. In the
case of coal bunkers, NPFA 850 recommends alarming at a CO concentration
of 1.25%.

The most success in extinguishing silo/bunker fires has been achieved
with carbon dioxide, and to a lesser extent with nitrogen. For example,
Tuomisaari et al. (1998) conducted approximately 50 laboratory tests with
carbon dioxide or nitrogen applied to barrels of smoldering wood chips or
peat. The gaseous agents were applied to the top of the barrel in some tests
and to the bottom in other tests. Better results (i.e., earlier suppressions),
were achieved with bottom application because the gases flowed up through
the smoldering material and gradually extinguished the fire.

3.5.2 Dust Layer Fires

Dust layer fires most often occur on heated surfaces such as exist in dryers
and on space heaters, bearings, and motors. Prolonged heating on these sur-
faces (often due to upset conditions or inadequate cleaning) can initiate
either combustion or exothermic decomposition. Standardized tests to deter-
mine the hot surface ignition temperature of combustible dust layers are
described in Section 4.3. Unstable material decomposition on hot surfaces
has been discussed in Section 3.1.1.

If not detected and suppressed rapidly, the fire can spread throughout
the dust layer, and possibly ignite the dried product exiting the dryer. One
such incident (CRHF Incident Number 2, Case 1) occurred in a dryer that
developed a blockage in the discharge of dried material from the bottom of
the dryer. A 5-hour delay in the arrival of the maintenance crew allowed the
particulate layer in the dryer to be heated for a much longer time than in
normal operation. Furthermore, a small leak in the slide valves at the bottom
of the dryer allowed air entry into the normally nitrogen inerted dryer. The
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combination of air access and prolonged heating caused a charring of the
particulate material, which was eventually discharged into a drum under
the dryer. In this case, the charring was observed in time to prevent a large
fire.

There have been several reported fires in which the fire destroyed the
dryer and continued to spread to accumulated dust layers in the surround-
ing area. Some of the particulate materials involved in these fires include
ammonium nitrate based fertilizers, various pharmaceutical products, and
various polymers and copolymers. One particular incident in a plastics and
rubber manufacturing facility involved overheating during the drying of a
copolymer of acrylonitrile and vinyl acetate, downstream of the polymeriza-
tion reactor. The dryer and adjacent equipment were destroyed such that
there was a complete loss of production capability as a result of this 1997 fire
(MARS Incident IT/1997/001).

Prevention of dust layer fires primarily entails minimizing dust layer
accumulations via equipment design and cleaning up any accumulations
soon after they occur. The example of the pecan dryer fire cited in Section 3.1
occurred because the weekly cleaning of the steam coils was put off to the
extent that dust layer grew far deeper than the %-in. limit established by
plant management.

Another dust layer fire scenario that can be readily prevented is cutting
or welding hot work on ducting or piping containing internal accumulations
of particulates. Prevention of this fire scenario entails verifying that the
ducting or piping is free of combustible particulate accumulations before
issuing the hot work permit.

Dust layer fires are often easily extinguished with either automatic
sprinklers or fixed water spray nozzles, unless the particulate material is
water reactive. Metal dust fires require use of certified Class D extinguishing
agents. Manual application of a hose stream or a portable extinguisher to
non water reactive materials should proceed very cautiously so that the force
of the discharge stream will not generate a dust cloud and thereby cause
either a large flash fire or even a dust explosion.

3.5.3 Warehouse Storage Fires

There have been a wide variety of ignition scenarios for particulate ware-
house storage fires. The 1997 fire at the Bartlo Packaging Incorporated (BPS)
warehouse in West Helena, Arkansas was reportedly started when a bulk
sack of a thermally unstable pesticide (Azinphos methyl 50W) was stored
too close to a hot compressor discharge pipe (EPA/OSHA Joint Report, 1999).
The storage arrangement and proximity to the compressor room are shown
in Figure 3-7. Flammable decomposition products (possibly a hybrid
dust/vapor mixture) accumulated and later exploded killing three fire-
fighters.
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3.5 Particulate Fire Scenarios

The 1986 fire in the Sandoz warehouse in Basel, Switzerland reportedly
started when a sack of a thermally unstable pigment was shrink wrapped in
a manner such that the heat source initiated the subsequent thermal decom-
position of the pigment (Zalosh, 2003). The 1995 chemical warehouse fire in
Tonawanda, New York was reportedly started because a production prob-
lem initiated exothermic decomposition of ammonium persulfate, and the
decomposing persulfate was packaged and stored without noticing the
incipient decomposition (Isner, 1995). Closely stacked bags of the ammo-
nium persulfate and the adjacent drums and FIBCs containing sodium per-
sulfate and potassium persulfate, shown in Figure 3-8, allowed the fire to
overwhelm the sprinkler system and destroy the warehouse.

Area of Fire Origin A
Tonawanda, NY :
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canthoard_»| | 1B 8 18 15 €16 € E1E 5 1B B 51618\ 8 i

xes “ile

H H H
Misc. AP 18Cs

. Drums PP Bags S — e
Fork i AP Bogs C by JH Oy

Pl ) AP Bags OQ

0508 AP Bogs - AP Bags AP Drums
T AP Bags "4
West] - AP Bags AP Bags
harser  Door[ ™ aAPiag: @ [ oves ] ]
Office I—I |—~|
AP Bags
AP Bags Women's
AP Bags Locker Room
AP Bags —
AP Bags -1 T 7
AP Bags
Lunch
Room

AP = Ammonium Persulfate
SP = Sodium Persullate
PP = Patassium Persulfate

Figure 3-8 Chemical storage layout and location of fire origin in 1995 Tonawanda,
NY, warehouse fire. (Reprinted with permission from Persulfate Warehouse Fire,
Tonawanda, NY, August 18, 1995, Copyright © 1996, National Fire Protection
Association.)
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The preceding fire initiations notwithstanding, many warehouse stor-
age fires are started by malicious deliberate ignition. An intruder started the
1992 fire at the B&R Haulers chemical warehouse in Salford, England
(Health and Safety Executive report). The fire rapidly spread through the
warehouse and initiated an explosion in 25 metric tons of sodium chlorate.
Another intruder in 1989 started a fire in an agrochemical warehouse in Den-
mark (MARS Accident Report DK/1989/001). Materials stored in this ware-
house included starch glue, Methiocarb (CAS code 2032-65-7), Thiram (CAS
code 137-26-8), Hymexazol (CAS code 10004-44-1), Iprodione (CAS code
36734-19-1), Carbofuran (CAS Code 1563-66-2), calcium peroxide (CAS
Code 1305-79-9), and saw dust. As the local fire brigade was extinguishing
the fire, a dust explosion occurred.

Major factors in all of the preceding warehouse fires were the inadequate
isolation of the special chemical hazards (unstable and/or toxic materials),
either an inadequate sprinkler system or no sprinkler system at all, and an
uninformed or ill informed responding fire brigade. The challenges of spe-
cial chemical hazard warehouse fires were demonstrated in the May 25,
2004, Conyers, Georgia, fire involving stored calcium hypochlorite product
for swimming pool treatment (Associated Press, May 25, 2004). The large
smoke plume containing chlorinated decomposition and combustion prod-
ucts produced a major disruption to neighboring properties and highway
traffic. Several thousand residents were evacuated within a 1.5-mile radius
of the fire and an interstate highway was closed for 20 hours. About 40
people went to hospitals complaining of burning eyes and lungs. Most were
treated and released. According to Associated Press accounts (May 25 to
May 28, 2004), the local fire chief said the fire overwhelmed the warehouse’s
sprinkler system and spread beyond fire-resistant walls. A company state-
ment said that about 15 million pounds of product were destroyed in the fire.

One other ignition source for particulate warehouse storage fires is an
electrical fault. For example, a lightning strike causing a power surge and
sustained arcing started a pesticide warehouse fire in Alliance, Ohio in 1974
(Diefenbach, 1982). Other warehouse fires have been ignited by halogen
lighting failures producing a shower of sparks landing on combustible pack-
aging. One company’s recommended practice to reduce the frequency of
halogen lighting failures is to periodically (typically weekly) cycle the light-
ing off and on, to stress the filaments and cause a bulb to fail on restart while
it is still cold. This reduces the likelihood of a hot bulb failing and releasing a
shower of sparks on combustibles below.

3.5.4 Particulate Flash Fires

Flash fires occur when a dust cloud at a concentration above the minimum
explosive concentration is exposed to an ignition source, but there is not suf-
ficient confinement to cause a dust explosion. Some examples follow.
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A company routinely filled FIBCs with a powdered food additive. After
a tramp metal detector was installed in the filling nozzle, there was a series
of incidents where there was an ignition and flash of the powder in the FIBC
as it was filling. Although there was no major damage, the incidents charred
the material and frightened the workers. Investigation of the incidents
revealed that the body of the tramp metal detector was a nonconductive
plastic tube which was graphite coated on the outside surface only. This
allowed a static charge to build up on the inside of the plastic tube until it dis-
charged to an adjacent conductive surface and ignited the powder flowing
past it. Replacing the nonconductive plastic tube with a conductive plastic
tube and bonding it to the rest of the filling apparatus resolved the problem.

Another facility had a pneumatic conveying system, which included a
section that ran over a warehouse. In the middle of the night, the conveying
piping came apart, dumping combustible powder onto the warehouse roof.
The problem went unnoticed until several tons of the material had accumu-
lated on the roof and caused the warehouse roof to collapse. The collapsing
roof broke some electrical wiring and the electric arc ignited the material as it
fell. Because the collapsing roof also damaged the warehouse sprinkler
system, the ensuing fire destroyed the warehouse.

Flash fires can sometimes occur when a fire engulfs stacked bags of com-
bustible powder. In this scenario, the fire starts at the base of a pile of bags
made from combustible packaging and grows up the outside of a stack, caus-
ing a series of bags at higher level to fail and allow powdered material to
flow into the fire. Some of this powder burns as a suspended cloud before it
reaches the floor. Tyldesley (2004) reports that the UK Health and Safety
Executive has investigated a fatal incident involving 25-kg paper bags of
rubber crumb stored on pallets. A pallet loaded with 46 bags in a stack 2 m
high was ignited by a flame gun used for shrink-wrapping, but the operator
did not immediately notice the fire. As the pallet was being moved using a
forklift truck into a storage area, an extremely rapid fire growth then
occurred.

Subsequent HSE tests with crumb rubber and a variety of other bagged
powders showed that not all the tests produced the rapid fire growth that
caused by burning of powder that is either falling from a burst bag, or being
carried upward on convection currents from the fire occurred sometimes but
not consistently. Lower fire growth rates sometimes occurred because the
powder softened and would not flow, because it charred and did not flow, or
because the inherent cohesive forces within the powder did not permit free
flow. Previous fire tests conducted elsewhere have shown that larger free-
flowing particulates can also form large heaps that restrict air access to the
lower level combustion zone, and thereby reduce the fire intensity.

Unfortunately, there are no quantitative criteria yet to distinguish
between potential flash fire formation and the reduced fire growth rates in
many of these bagged powder tests. Therefore, for a large range of powdered
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products it must be assumed that a tall stack of bags, or a release from tall
single container caused by fire at low level can create a fire capable of grow-
ing very suddenly, with a corresponding risk to people in the vicinity. Since
normal provision of means of escape might not be adequate, multiple egress
paths should be available, and personnel should be forewarned not to
attempt manual firefighting with portable extinguishers in these situations.

3.6 DECISION TREES FOR ASSESSING PARTICULATE FIRE
SCENARIOS

Figure 3-9 is a decision tree that can help determine suitable prevention and
protection measures for smoldering fires in a storage pile or in a dust collec-
tor. The tree starts with a consideration of whether the particulate material is
prone to self-heating or exothermic decomposition. If so, there are consider-
ations of the pile size compared to the critical pile size for spontaneous com-
bustion (from thermal explosion theory), and the particulate residence time
in the pile compared to the expected time-to-ignition. If the material is not
prone to self-heating or thermal instability, the primary considerations are
the combustibility rating of the particulate (perhaps a flame spread rating
from a dust layer fire test), and whether or not the pile is enclosed. Depend-
ing on these factors, the tree leads to the selection of alternative fire detection
and firefighting measures. If the material is water compatible (including
reactivity and spoilage considerations), a water-based suppression agent is
suggested. The suppression agent selection does not specify whether or not
the agent should be applied from a preinstalled fixed suppression system, or
from manual nozzles.

Figure 3-10 is a decision tree for warehouse storage fire scenarios. The
primary factors in this tree are whether or not the particulate is prone to self-
heating or thermal decomposition, and whether the material is water com-
patible. If the material is either self-heating or thermally unstable, as deter-
mined by thermal stability tests described in Section 4.3, the tree leads to
storage in an isolated area. If the material is water compatible, the tree leads
to a selection of an automatic sprinkler system. The premise for this recom-
mendation is that the total loss of the warehouse and product would not be
an acceptable risk. There are also exceptions for warehouses that are amena-
ble to some type of special detection/suppression system. If NFPA 13 is the
jurisdictional standard for sprinkler system design, the system should prob-
ably be designed for a free-flowing particulate commodity. In the case of
NFPA 13, a free-flowing plastic material, would be classified as a Class IV
commodity, which is less of a challenge in terms of sprinkler system design
than Group A plastic commodities.
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3.7 DUST EXPLOSION SCENARIOS

3.7.1 Primary Dust Explosions in Process Equipment

Dust explosions occur in process equipment when there is a particulate con-
centration between the minimum explosible concentration (MEC) and the
upper explosive concentration (both of which depend on the oxidant pres-
ent), and then an ignition source develops or reaches the combustible cloud.
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The types of process equipment that routinely have combustible dust con-
centrations in at least a portion of the equipment volume include blenders,
dryers, dust collectors, and grinders/pulverizers. Examples of primary dust
explosion scenarios follow for each of these types of equipment. Additional
examples are provided in Chapter 5.

Blender Explosion Scenarios

The blending of particulates of two or more different compositions inher-
ently involves the kind of interparticulate friction and particulate-wall fric-
tion that causes electrostatic charge generation. If the particulate resistivity is
sufficiently high, the electrostatic charge can continue to accumulate with
correspondingly increasing voltage differences. Furthermore, if the blender
wall is not well grounded, charge and associated high voltages can accumu-
late on the blender wall. If the particulate minimum ignition energy (MIE) is
sufficiently low, and if the eventual electrostatic discharge occurs in a loca-
tion where combustible concentrations exist, the result is a dust explosion.
This has occurred in a plastics manufacturing plant in a blender used to mix
the primary polymer with various additives. The primary polymer had a
resistivity of 2 x 10'® ohm-cm, an MIE of about 7 m], and an MEC of 20 g/m®.
The latter two values are lower than those of most organic powders. How-
ever, even with significantly larger MEC values, concentrations above the
MEC should be anticipated toward the top of the blender during normal
operation and throughout most of the blender volume during batch loading
and unloading.

Another potential ignition source in many blenders is the overheating
associated with either a failed bearing or a misaligned ribbon or screw scrap-
ing against the blender wall. This overheating can cause a clump of particu-
late to be heated to an incipient ignition temperature. Still another potential
ignition source is any tramp metal that may enter the blender. See the discus-
sion in Chapter 6 on methods for dealing with tramp metal in process
equipment.

German statistics on dust explosion ignition sources in blenders are as
follows (Eckhoff, 1997):

Ignition Source Percent of Explosions in Blenders/Mixers
Electrostatic discharges 45
Mechanical heating, friction 25
Mechanical sparks 15
Other/unknown 15

Eckhoff (1997) has a detailed description of a 1973 aluminum dust explo-
sion in a screw blender/mixer. A rubber-lined steel tube surrounded the
center screw of the mixer. Eckhoff states that the explosion was probably
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ignited by a propagating brush discharge due to electrostatic charge genera-
tion on the rubber lining within the grounded steel tube. The aluminum
flakes had a specific surface area of 7.5 m?/g, and an MIE of only 1 m]. Even
though there was an attempt to nitrogen-inert the mixer, Eckhoff suggests
that the volume within the steel tube was not inerted and oxygen concentra-
tions were sufficiently high to support combustion. Thus, the explosion was
initiated at the 3.3-m-long enclosed screw, and then propagated as a flame jet
into the 5.2-m? mixer.

According to preliminary findings in the investigation of the January 29,
2003 devastating explosion at the West Pharmaceuticals Services plant in
Kinston, North Carolina, a dust explosion was initiated in or below a mixing
area where blenders had previously experienced fires (Chemical Safety
Board February 3, 2003, news release and information posted February 10,
2003, in the Chemical Incident Report Center on the CSB Web site). One pre-
vious blender “fire was strong enough to blow off the mixer’s door.” The
blenders in the West Pharmaceuticals automated compounding system are
used to mix bulk rubber materials into formulations for molding into medi-
cal device components, such as rubber stoppers for syringes.

Dryer Explosion Scenarios

Overheating of particulate by a hot surface is by far the most likely ignition
source in dryers. In some cases, the particulate accumulates on the hot sur-
face and forms a smoldering nest, while in other cases the hot surface tem-
perature is sufficiently high to directly ignite the suspended dust cloud.
Although particulates near the dryer inlet may be too wet to be readily
ignited, particulates exiting the dryer are both dry and often suspended in
concentrations above the MEC.

FM Data Sheet 7-76 contains an account of a nondairy creamer powder
explosion in a large spray dryer. The explosion occurred during normal
dryer operation, without any indication of overheating. However, the size of
the dryer (15.2 m high and 3.4 m in diameter) suggests that it would be very
difficult to achieve uniform heating without some overheating of pockets of
accumulated powder. The explosion deformed the dryer sufficiently to
render it inoperable. Explosion propagation to adjacent equipment also did
extensive damage.

Acrylonitrile-butadiene-styrene (ABS) copolymer resin particulate
exploded in a 13.7-m-long, 4.6-m-diameter rotary dryer. A new type of
steam coil in the dryer normally operated at 182°C, and may have been
hotter on the day of the explosion. Resin on the coils was found sintered to a
tarlike consistency, even though the dryer had been designed to prevent
resin contact with the steam coils. Steel panels at the heater end of the dryer
were distorted, and there was considerable damage to adjacent equipment,
ducting, and surrounding structures.
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A starch dust explosion occurred in a flash dryer soon after the dryer
feed was restarted after being shut down for a minor repair. The dryer had
continued in operation during the feed shutdown, and caked starch on the
dryer wall overheated and ignited. The small fire in the dryer was not
detected, and when the dryer feed re-started, the moisture content of the
entering starch powder was too low to prevent the starch stream from being
ignited by the fire. The explosion was vented out through both the dryer inlet
and outlet, and damaged adjacent equipment and the building walls.

The Chemical Safety Board June 10, 2003, presentation on the West
Pharmaceuticals explosion attributes the primary explosion to fugitive poly-
ethylene powder from an air-blown dryer designed to evaporate water from
an aqueous polyethylene solution applied to the rubber. The ignition source
and precise location has not been determined as of this writing.

Dust Collector Explosion Scenarios

As indicated by the following data on German dust explosions (Eckhoff,
1997), the most prevalent ignition source in dust collector explosions has
been a mechanical spark probably due to tramp metal being conveyed into
the collectors. Smoldering nests, the second most frequent ignition source,
probably originated in upstream process equipment such as dryers. Electro-
static discharges are also important and may contribute to a higher percent-
age of dust explosions in certain industries.

Ignition Source Percent of Explosions in Dust Collectors
Mechanical sparks 41
Smoldering nests 11
Electrostatic discharges 10
Mechanical heating, friction 7
Other/unknown 31

FM Data Sheet 7-76 describes one wood-dust collector explosion appar-
ently caused by mechanical sparks or overheating at a sander at the
upstream end of the duct feeding the cyclone collector. Although the collec-
tor was outside, ducting ruptured in the building and emitted burning dust
that formed a large fireball over most of the 930-m? ceiling. Deflagration
vents on the dust collector prevented any major damage to it.

A disintegrated nylon bushing on a bearing for a discharge screw con-
veyor on a dust collector caused the conveyor shaft to make a small hole in
the conveyor housing and burn methyl-methacrylate-butadiene-styrene
(MBS) particles carried in the conveyor. The fire apparently propagated back
into the dust collector when the product flow was stopped. Since the air flow
through the dust collector had continued during the process interruption,
combustible dust concentrations existed in the collector when the flame
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reached it. The explosion destroyed the dust collector and propagated into
upstream equipment.

Matsuda and Yamaguma (2000) describe a tantalum dust collector
explosion that they attribute to an electrostatic discharge in the collector. The
small, corral shaped tantalum particles have a high resistivity, and become
electrostatically charged by rubbing against the collector wall. Apparently
an electrostatic discharge from the charged particles triggered the explosion
in the 5-m-high, 1.5-m-diameter bag type collector.

Chapter 5 of this book provides a discussion of generic operating condi-
tions associated with dust collectors and peripheral equipment that can
eventually lead to dust collector explosions.

Grinder/Pulverizer Scenarios

Grinders, pulverizers, and other size-reduction equipment inherently dissi-

pate large energy inputs required to break up the particles. This energy dissi-
pation inevitably causes heating of the particles and metal surfaces. Particles
accumulating in the grinder can easily overheat, smolder, and ignite a dust
explosion during grinder loading or unloading. Zalosh (1984) reviewed
reports of numerous coal pulverizer fires and explosions, and found that
most of those were due to spontaneous combustion of overheated pulver-
ized coal.

Phenol formaldehyde resin was ignited in a roller mill due to a loose
blade on a spinner assembly striking the mill wall and causing either
mechanical sparks or frictional heating of resin on the wall. The explosion
propagated into a downstream dust collector, and a secondary dust explo-
sion occurred in the building.

Pneumatic Conveying Equipment

Dust explosions can occur in enclosed conveying equipment when the ratio
of the transfer rate to the air flow rates is equivalent to a concentration above
the MEC. They can also occur at transfer points on unenclosed conveyors
due to dust cloud formation and the confinement represented by surround-
ing structures and equipment. Upset conditions also temporarily cause sus-
pended dust concentrations to exceed the MEC. Ignition sources have
included electrical equipment not rated for a Class II hazardous location,
electrostatic discharge (often due to faulty or incomplete grounding), and
hot work on or near the conveyors.

3.7.2 Hybrid Explosion Scenarios

Hybrid vapor—dust explosion scenarios involve the combination of a vapor
concentration and combustible particulate concentration that renders the
vapor—dust-air mixture flammable, that is, capable of supporting flame
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propagation away from an ignition site. Hybrid explosions can sometimes
occur even when the flammable vapor concentration is below the vapor
lower flammable limit and the dust concentration is below the material’s
MEC. Dryers for flammable solvents on particulate products often operate at
conditions that allow these concentrations to develop. The separation of
some polymers from their volatile monomers (such as vinyl chloride and
propylene) also often produces hybrid mixtures with concentrations exceed-
ing the mixture lower flammable limit, which can usually be approximated
via a Le Chatelier’s law calculation (Cardillo and Anthony, 1978).

Ebadat (1999) has provided an account of a hybrid mixture explosion
that occurred during railcar loading of a “fine chemical powder discharged
from a dryer.” The powder contained flammable solvent such that the MIE
of the powder was reduced from about 325 m] to 25-50 m]. Ebadat deter-
mined that the powder probably became highly charged during transfer to
the railcar, and that the powder in turn electrostatically charged a sanitary
coating on the railcar walls. Since the sanitary coating could retain surface
potentials greater than 10,000 volts, the energy of the subsequent electro-
static discharge most likely exceeded the hybrid mixture MIE. Flames emit-
ted through the railcar’s inspection port badly burned an employee near the
opening.

3.7.3 Explosion Propagation to Connected Equipment

Many of the explosion incidents described in this chapter and in Chapter 5
resulted in flame propagation through interconnected process equipment.
The resulting explosion damage extended far beyond the site of the originat-
ing explosion. The path for the explosion propagation is usually ducting
used for pneumatic transport of particulate. In facilities such as grain eleva-
tors, the path is often enclosed or underground conveyor galleries/tunnels,
usually leading to large, vulnerable silos.

Any approach to preventing explosion propagation needs to distinguish
between the propagation of the ignition source and the propagation of the
deflagration itself. If the ignition source is a smoldering nest or burning
ember traveling through the ducting, properly designed/installed spark
detection and extinguishing systems have been effective in preventing this
scenario from escalating into a downstream deflagration. On the other hand,
if the particulate loading in the ducting corresponds to a concentration above
the MEC, a deflagration, rather than a mere smoldering ember/nest, can
propagate through the duct. According to the FM Data Sheet 7-76 descrip-
tion of the wood-sander-initiated dust collector explosion incident, this
occurred in a duct equipped with a spark detection and extinguishing
system, and the deflagration overwhelmed the extinguishing system.
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Isolation of interconnected equipment to prevent full deflagration prop-
agation requires the more robust types of isolation systems described in
Chapter 6 and in NFPA 69. Use of these systems also requires that the
ducting be sufficiently strong to withstand the design flame speed and pres-
sure associated with the isolation system certification.

3.7.4 Secondary Dust Explosions in Buildings

Perhaps the most devastating dust explosion scenario is the generation of a
secondary dust explosion in the building surrounding the equipment in
which some primary explosion occurs. The secondary explosion occurs
when the blast wave emanating from the ruptured equipment/conveyor lifts
the accumulated dust into suspension, and the flame from the primary
explosion subsequently ignites the suspended dust cloud. The resulting dev-
astation and casualties are associated both with the burning of building
occupants and with the structural damage to the building.

One classic example of a devastating secondary dust explosion is the
magnesium stearate explosion that occurred in 1976 in a plant manufactur-
ing chewing gum. The magnesium stearate is applied as a lubricant on the
freshly produced gum before it is cut into chewable pieces. The primary
explosion occurred in the cutting machine several minutes after the machine
started vibrating with sufficient intensity to generate a magnesium stearate
combustible dust cloud. The rupture of the cutting machine generated a blast
wave that displaced and lifted fugitive magnesium stearate powder from
beams, ledges, and light fixtures, and the emerging fireball ignited the sus-
pended cloud of powder. According to FM Data Sheet 7-76, the secondary
dust explosion blew out windows on two sides of the building, demolished a
cinder block wall about 3 m away from the cutting machine, and destroyed
the equipment in the vicinity. The fireball and subsequent fires opened 166
sprinkler heads in the building. According to the New York City Fire Depart-
ment account of this incident, 6 people were killed, and 50 other people suf-
fered burn and blast wave injuries.

The extensive destruction and casualties that occurred in the January 29,
2003, explosion at the West Pharmaceuticals plant, as indicated by the aerial
view photographs shown here as Figures 3-11 and 3-12 indicate that there
was probably a secondary dust explosion. The Chemical Safety Board June
10, 2003 presentation on the West Pharmaceuticals explosion attributes the
primary explosion to fugitive polyethylene powder from an air-blown dryer
designed to evaporate water from an aqueous polyethylene solution applied
to the rubber. The ignition source and precise location of the primary explo-
sion has not been determined as of this writing. The CSB investigators deter-
mined that polyethylene powder accumulations on the upper surface of the
ceiling tiles on a suspended ceiling were dispersed either by the primary



3.7 Dust Explosion Scenarios 133

- Ry ‘] s - i - o

— o L A R - -

Figure 3-11 Aerial view of West Pharmaceuticals explosion residual fire.

Figure 3-12 Aerial view of West Pharmaceuticals explosion destruction.

explosion or by some unidentified disturbance, and that the polyethylene
dust cloud burned in the space between the ceiling tiles and the concrete
floor above, such that “a rapidly expanding chain of explosions moved
through the ceiling space and literally tore the building apart” (transcript of
June 2003 CSB Hearing in Kinston, NC).

A primary gas/vapor explosion can also initiate a secondary dust explo-
sion. Zalosh (2000) described two such explosions that started in gas-fired
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equipment. The secondary explosions were due to accumulated coal dust in
one case, and to accumulated phenol formaldehyde resin in the other case.
According to the Chemical Safety Board, phenolic resin dust accumulations
in the CTA Acoustics Corbin, Kentucky plant in February 2003 was also
responsible for devastating secondary explosions following ignition of a
dust cloud in an oven (CSB July 8, 2003 press release).

One issue that often arises in assessing the threat and potential conse-
quences of a secondary dust explosion is whether it is feasible to design and
install building deflagration vents for such an event. Usually, the initiating
explosion will create a dust cloud that occupies only a small fraction of the
building volume. A new method to determine the deflagration vent area
needed to cope with such partial volume secondary dust explosion is
described in the 2002 edition of NFPA 68. The new method was developed
from the treatment of partial volume deflagrations in the Dust Calc com-
puter program used by FM engineers in conjunction with Data Sheet 7-76.

3.8 DUST EXPLOSION DECISION TREES AND PROTECTION
FLOW CHARTS

Figure 3-13 is a flow chart representing the approach offered by Eckhoff
(1997) for evaluating potential dust explosion scenarios and determining
suitable dust explosion protection measures. The top of the flow chart entails
making a yes/no determination of whether the dust is explosible, and if so,
which explosibility class it falls into. This is much more than a trivial deter-
mination because of the variations in particle size and the presence of addi-
tives and potential contaminants in many particulate processing/transport
facilities. Eckhoff references an example in which fine calcium stearate parti-
cles are added to a coarse polypropylene powder. The nominal percentage of
calcium stearate (<1%) is sufficiently small that would not significantly affect
the inherent explosibility of the polypropylene, but segregating during pro-
cessing and transport can create areas with a much greater explosion hazard.
A similar situation occurred in the iron foundry explosion described by
Zalosh (2000), because the phenol formaldehyde resin separated from the
sand with which it was mixed, and the resin accumulated in dust collection
ducting, and on building surfaces.

The protection measures represented in Figure 3-13 include both pre-
ventive measures and damage mitigation measures. Preventive measures
encompass limiting process and surface temperatures to eliminate one type
of ignition source, possibly inerting process equipment, and emphasizing
good housekeeping to reduce the chances of a devastating secondary dust
explosion. Damage control measures in the flow chart include explosion
containment, deflagration venting, explosion suppression, and deflagration
isolation.



3.8 Dust Explosion Decision Trees and Protection Flow Charts

Does dust present explosion hazard?

¥

Check available data

135

!

!

Yes/No Classification test

Y

Avoid dust
accumulation
outside process
equipment.
Good housekeeping!
Obey rules for

hot work etc.

Dust is explosible

Y

Dust is not explosible,
i.e. there is no dust
explosion hazard

Explosion prevention and
mitigation are necessary

AN

Ignition

—

temperatures

Control process
and surface
temperatures to
prevent ignition
of dust cloud and
dust deposits

( Acquire technical

Minimum explosible
dust concentration

Control concentration
of suspended dust
whenever feasible

{

information about
specific plant and
explosion hazard.

/

I Inerting of plant |

prevent ign

Maximum oxygen
concentration to

ition

Take appropriate
actions. If required,
determine ignitability
and explosibility

Maximum explosion
pressure and
explosion rate

h

parameters in Explosfon contginment
professional [~ Explos!on venting .
laboratory Explosion suppression
Explosion isolation
Partial inerting to reduce
Y pressure and violence
inform and Minimum
motivate all ignition energy _*
levels of
employees.
Top management Ground electrically conducting plant
is responsible! Consider use of antistatic materials

and clothing, where appropriate

Figure 3-13 Eckhoff’s approach to dust explosion protection. (From Eckhoff, R.,
Dust Explosions in the Process Industries, 3rd ed. Amsterdam: Elsevier, 2003.)

Figure 3-14 is a similar flow chart developed by Barton (2002). It begins
with specific screening tests to establish any pyrophoric or explosive pro-
pensity of the dust, as well as its sensitivity to impact, friction, and heat. If the
screening tests indicate the dust is explosible at conditions for which it is
handled, Barton’s flow chart offers several options for prevention and for
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Figure 3-14 Flow chart for determining dust explosion protection.

postignition protection. Barton provides a long list of ignition sources that
need to be eliminated if that is the chosen prevention measure.

Figure 3-15 provides a comprehensive methodology recommended by
one testing organization (Chilworth Technology Inc.) for determining the
potential for electrostatic ignitions of combustible dust clouds. The evalua-
tion begins with a dust explosibility screening test (described in Section
4.3.7) to determine a particular material’s ability to produce a dust explosion
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when a concentrated suspension is produced in the presence of a strong igni-
tion source. Assuming the material can produce a dust explosion, the next
step is to determine its ignition sensitivity in terms of its MIE and minimum
ignition temperature (MIT) for a dust layer (see Section 4.3.5) and for a dust
cloud (see 4.3.7). According to Figure 3-15, if the MIE is in the range 100 to
1000 mJ, there is an ignition hazard due to sparks from conductive objects,
and if the MIT is less than 500°C, there is also a possibility of ignition by
heated surfaces and sparks caused by friction/impact of steel objects (such as
in ball mills or misaligned hammermills). If the MIE is in the range 25-100
m], there is a further possibility of ignition due to electrostatic discharges
from personnel, and therefore personnel should be grounded when han-
dling or working near this material. If the MIE is less than 25 m], Figure 3-15
states that there is an additional possibility of ignition due to electrostatic
discharge from insulating objects and from the surface of the bulk powder,
and therefore additional electrostatic property testing is needed (see Section
4.3.6). Besides grounding, other explosion protection measures indicated in
Figure 3-15 include deflagration containment, venting, and suppression (as
discussed in Chapter 6), ventilation to maintain the dust concentration
below the MEC, and inerting to maintain the oxygen concentration below
the limiting oxygen concentration for dust cloud ignition (see Section 4.3.7).

CENELEC TR 50404 (2003) also has detailed recommendations on the
assessment and control of electrostatic hazards during combustible powder
and bulk solid handling. The CENELEC document says that no special mea-
sures are needed if the powder material’s MIE is greater than 10 ] and there
are no flammable vapors present. Recommended precautions for powders
with lower MIE values and for hybrid mixtures depend on both the MIE and
volume resistivity values and the resistivity of the particulate container.
Detailed guidance is provided for FIBCs. Similar guidance is summarized in
Chapter 5 of this book.

3.9 TOXIC MATERIAL EXPOSURE SCENARIOS

3.9.1 Chronic Exposure Scenarios during Processing
and Material Handling

Chronic exposure to toxic particulates can occur during opening and filling
of normally closed containers and during processing and transport in either
open systems or in closed systems that have deteriorated to the extent that
there are frequent releases of particulates. Container opening and filling
operations that may pose chronic exposure hazards include bag opening
(see Section 5.3.1), portable container filling described in Sections 5.3.10 and
5.3.12, material sampling (see Section 5.3.13), silo and hopper filling and
emptying (5.3.15), and railcar and hopper truck filling and emptying (see
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5.4). Exposures during processing in open systems can include spray paint-
ing and powder coating operations. Open system exposures can also entail
processing of materials with bound particulates that are released during
operations such as cutting or trimming. If these particulate releasing opera-
tions proceed without suitable worker personal protective equipment, seri-
ous or fatal illnesses can develop, sometimes after long latency periods
(Levin et al., 1998).

Toxic particulate chronic exposures can also occur as a result of the mate-
rial degrading over an extended time period. For example, some of
the asbestos exposures at the Tyler Pipe Industries of Texas plant were
allegedly due to long-term degradation of asbestos thermal insulation
(http://www.riskworld.com/PressRel/2000/00q3/PR00a064.htm).

Exposures due to closed system deterioration can occur from a variety of
causes including: severe erosion or corrosion, tearing of filters and gaskets,
operating the equipment beyond its intended limits of pressure, tempera-
ture, or vibration, or operating the equipment well beyond its normal life
expectancy.

Repetitive exposures can also occur during maintenance, repair, and
cleanup activities. One example of repetitive exposure during cleanup is the
following account from the OSHA database (Report ID 0522300, 07/11/1991).

The baghouse for a silica dust collector system was dumping directly on
the floor inside of the shop. The employee had to shovel and sweep the accu-
mulated silica sand into a hopper and then dump it into an outside dump-
ster. He did this while wearing a nonapproved disposable dust mask. The
employee died of severe, accelerated pulmonary silicosis. The cleanup pro-
cess was done on a regular basis. An air hose was also used to blow silica
dust off parts and off the employee’s clothing. The company did not perform
any medical or air monitoring and the personal protective equipment was
inadequate. This is an example of a combination of an unnecessarily
hazardous operation (repeated shoveling, sweeping, and blowing of silica)
together with use of ineffective personal protective gear.

There have been numerous claims of debilitating and sometime fatal ill-
nesses due to repeated exposures to asbestos during facility repair and reno-
vation; these facilities include chemical processing facilities. Various heavy
metals, insecticides, crystalline silica, biological agents, and radioactive
material particulates have also been responsible for fatalities due to pro-
longed repeated exposures. Equipment and procedures to contain and con-
trol the release of these and other toxic particulates are discussed in Section
6.11 of this book.

3.9.2 Acute Exposure Accident Scenarios

Figure 3-16 is a fault tree diagram illustrating the combinations of events that
can lead to acute inhalation of toxic particulates. The acute inhalation
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requires both an acute exposure incident and the absence of effective respira-
tory protection. Acute exposure incidents can be either inadvertent or
during routine operations involving personnel unaware of the particulate
material’s health hazards. One extreme example of dangerous particulate
exposures to uninformed workers is the following description of one facil-
ity’s pipe insulation manufacturing operations.

Unibestos pipecovering is manufactured in the following fashion: the
amosite asbestos bag is slit open and the contents are dumped into a machine
that “fluffs” the fiber, separating all the clumps and bundles of fiber so that
the resultant material is, well, fluffy. The asbestos is dry-mixed with other
dry ingredients, such as diatomaceous earth, and a machine spreads the mix-
ture out evenly on a conveyor belt. As it went down the conveyor belt, it was
sprayed by overhead nozzles with liquid sodium silicate, the binder that
holds everything together. As it went further down the line it was rolled up
on a mandrel. A mandrel is a cylindrical male mold that functions somewhat
akin to a rolling pin. After the material was rolled up on the mandrel to the
desired thickness the mandrel was removed and the piece—now a hollow
tube a little longer than three feet—went onto another conveyor through an
oven for drying. Once dry, the ends of the product were trimmed off with a
bandsaw and then the tube was sawed down the middle to make two halves
for pipecovering.” (http://www.mesothelioma.net/PittsburghCorning.html)

Perhaps a less extreme example is the unprotected exposure of workers
doing manual powder coating using some type of spray application in an
unenclosed area. Polyester powders containing triglycidyl isocyanurate
(TGIC) as a cross-linking agent, are often applied via an electrostatic spray.
Since TGIC can cause severe eye and skin irritations and genetic
changes to sperm, precautions are needed to prevent exposures
(http://www.hse.gov.uk/pubns/eis15.pdf).

The acute inadvertent exposure might occur from the sudden breach of a
container or bin, such as occurred in the following incidents from the OHSA
accident database.

Accident 014442271 — Report ID: 0355122 — Event Date: 11/16/1984

At 5 p.m.on 11/16/84 an elevated container full of dry materials used in the
manufacturing of plastic containers was being dumped into a larger vat used
in mixing-blending the compound. The elevated container slipped away
from the edge of the vat spilling approximately 80% of the contents to the
floor below; the result was 5 exposures to the generated dust. Symptoms
were dizziness and throat-upper respiratory tract irritation. Employee #1
was the primary exposure. Employees #2— #5 were exposed as a result of the
clean-up operation. All were hospitalized (between 8:00 p.m. and 1:30 a.m.)
over night for observation and released.

Accident 014518161 — Report ID: 0419700 — Event Date: 05/12/1986
A drum of p-nitroaniline was accidentally struck by the tine of a forklift
truck. The ensuing spill was not cleaned up; therefore, as forklift trucks
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would pass through the spilled material, the substance became airborne.
Subsequently, 13 employees were exposed to the p-nitroaniline and were
taken to a hospital for treatment. All but one was treated and released.
Employee #1 remained in the hospital for 172 days for observation. He com-
plained of weakness and experienced frequent urination.

Acute inhalation accidents during maintenance exposure activities often
result from either a lack of hazard recognition (Event 1-20 on the fault tree in
Figure 3.9-1) or the use of the wrong respirator (Event 1-17). The following
two summaries from the OSHA database illustrate these scenarios.

Accident 014198956 — Report ID: 0352450 — Event Date: 05/24/1985
Employee #1 helped in the removal and replacement of an evaporator used
in the manufacture of sodium bichromate. He was provided, but not
required to wear, a half-face dust respirator. From two days’ exposure the
employee received chrome sores on his shoulder, chest, and face, an ulcer-
ated nasal cavity, and lung damage. The employer provided no training and
education as to what he would be exposed to or why the respirator was pro-
vided. The employer had no respirator fit testing program.

Accident 014534168 — Report ID: 0931300 — Event Date: 07/18/1990

Employee #1 was changing the polishing compound in a bowling ball
cleaner. When he started the machine, the compound block jumped off the
axle center, releasing a cloud of dust from the bowling ball compound. Soon
thereafter, Employee #1, who was a chronic asthmatic, suffered an acute
attack. During transport to the hospital, he suffered heart failure and subse-
quent brain damage and pneumonia. Employee #1 died 24 days later.

Another type of inadvertent acute exposure has occurred during aerial
spraying of insecticides and other particulate materials. Farm workers work-
ing in nearby fields are particularly vulnerable to this type of exposure.

3.9.3 Fire and Explosion Exposure Scenarios

Exposures to toxic particulates can occur during fires and explosions. The
toxic particulate can either be a preexisting material that is dispersed by the
fire/explosion, or it can be generated by the combustion event. Fires causing
the dispersal of preexisting toxics have occurred in several pesticide manu-
facturing and storage facilities, as described by Diefenbach (1982). Toxic
plumes from some of these fires have required evacuations in the surround-
ing community.

Fire plumes from the burning of nominally nontoxic organic chemicals
may or may not contain toxic particulates depending on the particular chem-
icals and the completeness of combustion, but the emergency responders
and the media often treat the plume as toxic and advise the public accord-
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ingly. The following excerpts from Chemical Safety Board accounts of recent
fires/explosions provide examples.

CSB Incident Number2002-5792

A massive fire at a plastics recycling building in Alexandra (Prince Edward
Island, Canada) sent choking, black smoke across a large portion of eastern
Queens County Monday (7/15/2002) night. Island Plastics manufactures and
distributes finished lumber and other value-added products made from
recycled waste plastic. The building on fire was filled with plastics, which
prompted fire officials to fear that the smoke being produced was toxic. They
started evacuating houses in the area and put out a warning to homeowners
as far north as Mermaid and Mount Herbert to leave their homes to escape
the smoke. By late Monday evening no one had been injured in the fire, but
six residents of the rural community of Tea Hill had left their homes. Offi-
cials from the province’s Environment Department were also at the factory
investigating the possibility that toxic fumes may have been created by the
burning plastics in the warehouses. But by late Monday night a spokesper-
son for the department was advising the public the fumes weren’t toxic and
no large-scale evacuation would be necessary.

CSB Incident Number 2002-5727

More than 2,000 residents of Kingsville (Ontario, Canada) were allowed to
return to their homes yesterday after a stubborn fire in a plastics plant was
brought under control. The residents were forced to abandon their homes
Saturday afternoon when fire officials moved in on a huge plastics fire at the
Horti-Pak Inc. industrial plant that had been burning since Thursday
(06/20/2002) night. One family told of sore throats and breathing problems
prior to leaving. And they saw the jet black clouds and thick black smoke
near their home. Area medical officer of health Dr. Allen Heimann said there
would be no “significant health risk” as a result of three days of billowing
toxic smoke that placed Kingsville under a black cloud throughout a heat
wave and provincial smog advisory. While assuring the public that the ash
and soot particles covering large areas of Kingsville “does not pose a signifi-
cant health risk,” Dr. Allen Heimann urged local residents not to eat from
their gardens until the province has the results of vegetation testing. The
Ministry of the Environment is also conducting tests of water samples from
Lake Erie. As of Sunday afternoon, he said no injuries associated with either
fighting the fire or from the smoke and gases it produced had been reported.
Heimann said “a strong plastic smell” will continue in some areas for the
next few days but described it as more of an irritant than a health risk.

CSB Incident Number 2000-4991

Black plumes of toxic smoke rose into the sky above Richmond (California)
on October 26, 2000, forcing 12 schools to shut down, businesses to evacuate
and shelter-in-place warnings for residents and workers. One man was
killed in the 2 a.m. explosion at MBA Polymers, a 90,000-square-foot plastics
recycling facility. More than 200 people, including factory workers and
firefighters, crowded area hospitals with complaints of irritated throats and
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eyes, headaches and other ailments. Investigators for the California Division
of Occupational Safety and Health said that the explosion and fire that
claimed one life was related to an accumulation of toner-cartridge dust. They
said an electrostatic charge in a grinder at the company may have ignited the
explosive toner dust used in copy machines, causing the fire that killed a 26-
year-old fork lift operator. Cal/OSHA fined the company more than $221,000
for, among other items, failing to prevent the dust from accumulating and
failing to warn the employees of its fire hazards.

3.9.4 Incident Cleanup Exposure Scenarios

Sometimes a major spill or breach does not cause a direct exposure to
toxic particulates, but the exposure occurs later during cleanup without ade-
quate precautions and personal protective equipment. This is illustrated in
the following OSHA accident investigation summary.

Accident 000570010 — Report ID: 0522000 — Event Date: 02/17/1986

Two bags of sodium meta-bisulfite broke open in the back of a truck. The five
employees assigned to clean up the spill inhaled the dust and became ill. The
fire department was called. A rescue unit transported the five employees to
the hospital, where they were treated and released.

Another type of cleanup toxic exposure can occur during the changing of
filter bags or cartridges in clogged dust collectors. This has occurred with
heavy metals and with polymer particulates such as TGIC.
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ASSESSING PARTICULATE
HAZARDS

The first step in assessing the hazards of particulate materials is to review the
information for those materials in Material Safety Data Sheets, handbooks,
industry and consensus guidelines, and various applicable codes and stan-
dards. In some cases the review yields pertinent property and hazards test
data that are directly applicable to the material in question. These data, when
combined with the information on processing, handling, and storage haz-
ards and protection (as described, for example, in Chapters 5 and 6 of this
book) may be sufficient to determine appropriate protection measures. In
many other cases, there will be a need to acquire material/plant-specific lab-
oratory test data. In fact, several companies insist on acquiring such data,
irrespective of the results of the preliminary review. This chapter explains
how this two-step hazard assessment can be conducted for each generic
hazard: instability, chemical reactivity, combustibility/explosibility, and
toxicity. It also offers some guidance on the possible use of large-scale testing
and/or theoretical analysis to assess hazards for which laboratory test data
may not suffice or for which the existing guidelines, codes, and standards
may not be suitable.

4.1 PRELIMINARY ASSESSMENTS VIA MATERIAL SAFETY
DATA SHEETS, HANDBOOKS, GUIDELINES, CODES AND
STANDARDS

4.1.1 Preliminary Assessment of Instability Hazards

NFPA 704 Instability Ratings

NFPA 704 (2001 Edition) defines criteria to be used in assigning an Instabil-
ity Rating for all materials in the context of emergency response to a fire
exposure. The criteria refer to a material’s susceptibility to release energy
through either decomposition or polymerization. The ratings range from
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zero to four, depending on the temperature and pressure required to trigger
the instability and the rate of energy release. Materials that are normally
stable, but can become unstable under fire exposure conditions would prob-
ably have a rating of 1 or 2, depending on the energy release rate. Materials
that can detonate during decomposition or polymerization would have an
instability rating of 3 or 4 depending on the detonation initiation require-
ments. The instability rating is placed in the right diamond or right portion
of the diamond quadrilateral in the NFPA 704 hazards identification
scheme, as shown in Figure 4-1.

FLAMMABILITY
4 Pyrophoric materials or solids containing > 0.5
% of a Class 1A liquid.
3 Combustible dusts with representative diameter
less than 420 microns, or solids that burn rapidly
because of self-contained oxygen or containing >

0.5 wt% of Class 1B or IC flammable liquid.

2 Large particulates (420 micron > d < 2 mm)
that do not form explosive mixtures in air, but that
can burn rapidly upon prolonged heating.

1 Combustible pellets with a representative
diameter > 2 mm, and most ordinary combustibles.
0 Intrinsically noncombustible materials.

HEALTH
4 Materials that can be lethal under
emergency conditions, as measured
by LCs and LDy, values.
3 Materials that can cause serious
or permanent injury, as measured
by LCsy and LDsg and physiological
corrosivity properties.
2 Materials that can cause temporary
incapacitation or residual injury.
1 Materials that can cause significant
irritation under emergency conditions.
0 Materials that pose essentially no
health hazard because of extremely
high LCy; and LDy, values , and they
are nonirritating.

Red

FLAMMABILITY

Yellow
INSTABILITY

White
SPECIAL
(W or OX)

OX Oxidizers.

SPECIAL

M Materials that react violently or explosively with water.

INSTABILITY
4 Materials that are sensitive
(capable of detonation or explosive
decomposition) to localized thermal
or mechanical shock at normal
temperatures and pressures.
3 Materials that are sensitive to
thermal or mechanical shock at
elevated temperatures and
pressures,
2 Materials that readily undergo
violent chemical change at elevated
temperatures and pressures.
1 Materials that in themselves are
normally stable, but can become
unstable at elevated temperatures and
pressures.
0 Materials that are normally
stable even under fire conditions
(no exotherms at temperatures less
than or equal to 500°C).

Figure 4-1 NFPA 704 Diamond for Solid Particulate Material Hazard Communica-
tion, the diamond is Copyright © 1991, National Fire Protection Association. This
warning system is intended to be interpreted and applied only by properly trained
individuals to identify fire, health, and stability hazards of chemicals. See NFPA

704.
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UN Hazardous Materials Instability Designations

The United Nations Recommendations for the Transport of Dangerous
Goods (U.N., 1999a,b) includes a category Division 4.1 that is pertinent to
potentially unstable materials. One of the criteria for a material to fall into
the Class 4.1 category is that it is self-reactive and likely to undergo a
strongly exothermic reaction. The quantitative criteria are a heat of decom-
position of at least 300 J/g and a self-accelerating decomposition temperature
(SADT) of 75°C or less in a 50 kg package. Within this category of self-
reactives, there are seven subcategories designated as type A through type
G, with the designation depending on the packaging as well as the material.
Type A self-reactors are not accepted for transport as packaged because they
can detonate. Types B through D have deflagrative rather than detonative
self-reactions, and have limitations on the amount of material that can be
placed in one package. Types E and F neither detonate nor deflagrate under
laboratory testing, with the distinction between them depending on their
heat release rate. Type F self-reactive materials can be shipped in intermedi-
ate bulk containers.

Materials that are prone to spontaneous heating under normal transport
conditions are categorized in the U.N. scheme as Division 4.2 materials. The
laboratory test to determine whether a particulate material should be classi-
fied as a Division 4.2 substance is described in Section 4.3.4. Oxidizing mate-
rials are designated as U.N. Division 5.1 materials unless they are organic
peroxides, which are designated as Division 5.2 materials.

Material Safety Data Sheets

Section 10 of the ACC/ANSI (1998) standard format Material Safety Data
Sheet (MSDS) is entitled Stability and Reactivity. It should state clearly
whether there is an instability hazard and, if so, should provide some guid-
ance on instability onset conditions. For example, one company’s MSDS for
an organic peroxide powder product states that this material is chemically
unstable and refers the reader to the Handling and Storage Section of the
MSDS for guidance on the maximum safe storage temperature of 38°C
(100°F). Section 9 (Physical and Chemical Properties) lists the SADT as being
greater than 50°C. Section 10 of the MSDS should also contain a brief listing
of hazardous decomposition products.

Products of non-U.S.-based companies often do not follow the
ACC/ANSI format and are less likely to have NFPA 704 Hazardous Material
Information System ratings than products of North American companies.
On the other hand, non-U.S. companies are more likely to include the U.N.
hazard class on the MSDS. For example, the organic peroxide powder MSDS
cited previously included a U.N. Hazard Class designation of 5.2.

Section 4.1.5 of this book describes important precautions needed when
using generic MSDS data for instability and other particulate material hazards.
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Theoretical Considerations: Chemical Structure
and Thermochemical Equilibrium Calculations

If the chemical structure and thermodynamic properties of a particulate
material are known, several different theoretical considerations may be used
to provide a preliminary indication of a material’s tendency to be
thermochemically unstable. One simple criterion used in the ASTM
CHETAH program (ASTM, 2002) is the oxygen balance. The oxygen balance
is the difference between the available oxidizing atoms and the available
reducing atoms in a particular chemical compound. Conceptually, a near-
zero oxygen balance suggests that the compound is potentially self-reactive
because it contains just about enough oxygen to oxidize the reducing atoms
without resorting to an externally supplied oxidizer. Conversely, a large
negative calculated oxygen balance suggests a deficiency of oxidizing atoms,
and a large positive calculated balance suggests the compound has an excess
of oxidizing atoms. The CCPS (1995a) Guidelines for Safe Storage and Handling
of Reactive Materials cautions that there are several important exceptions and
limitations to the use of an oxygen balance as an indication of self-reactivity,
and notes that many industrial high explosives have a significantly large
negative oxygen balance. One particularly important limitation of the
oxygen balance calculation is that it does not account for the type of oxygen
bond in the molecule.

Thermochemical equilibrium calculations in CHETAH and other com-
puter programs can provide the heat of reaction for a compound self-react-
ing to produce its most stable reaction products. The CCPS 1995a and
1995b guidelines and the paper by Murphy et al. (2003) contain a summary
of the thermochemical principles and computational techniques. The
CHETAH code offers a second instability criterion based on the heat of
reaction being greater than 3.0 kJ/g, that is, a factor of 10 larger than the
U.N. heat of decomposition criterion for potential classification (subject to
SADT data) as a Division 4.1 self-reactive material (CCPS,1995a, p. 76). The
CHETAH code uses another criterion, called the “plosive density” (CCPS,
1995a, p. 82), which accounts for chemical groups that contribute to self-
reactivity.

Murphy et al. (2003) have proposed that the thermochemical heat of
reaction should be supplemented by a calculation of the adiabatic reaction
temperature (CART) using a method based on the NASA thermochemical
equilibrium computer code. They provide CART values for various com-
pounds in five different chemical groups in order to suggest benchmark
CART values that denote potential instability for each group. Based on
empirical classifications to distinguish compounds that are nonexplosive
from those that are capable of being explosive when unconfined, the CART
values reported by Murphy et al. indicate that the CART explosive thresh-
olds apply to the following chemical groups:
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* Nitro compounds and nitrates = 1737 + 14°K
* Other nitrogen-bearing compounds = 1196 + 142°K
* Organic Peroxides =900 + 110 °K.

The large differences in threshold adiabatic reaction temperatures between
these and other groups suggest that the primary value of this criterion is for
chemicals that are closely related in chemical structure to other materials for
which there is laboratory test data and experience on chemical instability
tendencies.

4.1.2 Preliminary Assessments of Reactivity Hazards

Material Safety Data Sheets

Section 10, Stability and Reactivity, of an ACC/ANSI (1998) formatted MSDS
should list incompatible materials that pose a reactivity hazard with the sub-
ject material. In the case of a combustible particulate MSDS, there is usually a
statement in Section 10 stating that the subject material can react danger-
ously with strong oxidizing agents, such as chlorates, nitrates, peroxides, etc.

Besides reacting themselves, potential incompatibles include chemicals
that can trigger a violent decomposition or polymerization reaction. For
example, in the case of the previously mentioned MSDS for a powdered
organic peroxide, the MSDS includes the admonition that strong acids,
bases, oxidizers, amines, reducing agents, and other potential promot-
ers/accelerators can cause a violent decomposition reaction.

If a material is water reactive, it should be so indicated in MSDS Sections
10 and 5 (Fire Fighting Measures). It should also be denoted in MSDS Section
3 (Hazards Identification) and on the NFPA 704 placard system for identify-
ing hazards of materials by the symbol ¥ on the bottom of the placard.

Incompatibility Charts

Chemical incompatibility charts can provide a preliminary indication of
potential reactivity hazards associated with binary combinations of chemi-
cals or chemical families. Some examples are presented in Section 3.4 of this
book; other examples can be found in the references cited in that section. The
NOAA/EPA Chemical Reactivity Worksheet (NOAA, 2002) is a particularly
useful and convenient software tool for the preparation of material specific
incompatibility charts.

Reactivity Listings in NFPA Standards and in Other References

NFPA 430 provides a reactivity categorization scheme for oxidizers. Four
classes of oxidizers are defined, with the hazard increasing in the progres-
sion from Class 1 through Class 4. Classes 1 and 2 are distinguished by the
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relative increase in the burning rate of a combustible material that a particu-
lar oxidizer will cause. Class 3 oxidizers are those that either cause “a severe
increase in the burning rate of combustible materials with which [they] come
in contact or that will undergo vigorous self-sustained decomposition due to
contamination or exposure to heat.” A Class 4 oxidizer is one that “can
undergo an explosive reaction due to contamination.” Although the nature
of the contamination is not described in the standard, a combustible particu-
late material would seem like a logical candidate. The NFPA Committee has
provided classification listings of particular oxidizers in the Appendix of
NFPA 430.

NFPA 432 provides a classification scheme for organic peroxides based
on their anticipated reactions to fire exposure. Reactivity hazard is a key
factor in the classifications. For example, Class Il organic peroxides present a
severe reactivity hazard, whereas Class I1I organic peroxides present a mod-
erate reactivity hazard, and Class IV materials present a minimal reactivity
hazard. Class V peroxides present no reactivity hazard in the NFPA 432 clas-
sification. The Appendix of NFPA 432 has a two-page listing of the classifica-
tions of specific organic peroxides, as well as tabulations of typical organic
peroxides in the various categories. The concentration of the peroxide and
the diluent material are included in the tabulations, and several concentra-
tions/diluents are listed for some peroxides such as dibenzoyl peroxide,
diisopropyl peroxydicarbonate, and methyl ethyl ketone peroxide.

Perhaps the most widely utilized and comprehensive handbook for pre-
liminary evaluations of chemical reactivity hazards is Bretherick’s Handbook
(Urben, 1999). Other very useful references for this purpose include Sax’s
Handbook (Lewis and Irving, 2000), Grewer (1994), Pohanish and Green
(2003), and the CCPS Guidelines (1995, 2003) on reactivity hazard evalua-
tions. Although less comprehensive, recent papers by Frurip et al. (1997) and
Leggett (2002) provide excellent guidance on good current practices being
followed by organizations experienced in this type of hazard evaluation. In
the specific case of water-reactive and pyrophoric materials, the Gibson and
Weber (1969) handbook contains property data for about 425 such materials.

Theoretical Considerations

Combinations of chemical compounds with known thermochemical proper-
ties are amenable to calculations of heat of reaction and of adiabatic reaction
temperature as described previously for potentially self-reacting chemicals.
Conceptually, it is possible to use these calculated values to provide a pre-
liminary indication of the hazard of these compounds reacting adiabatically.
However, the thermochemical equilibrium calculations do not provide any
indication of the ease of reaction initiation and the rate of reaction. Therefore,
these theoretical calculations are of far less value than preliminary reactivity
indications based on reported experience and testing.
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4.1.3 Preliminary Assessments of Combustibility
and Explosibility Hazards

Material Safety Data Sheets

Unfortunately, most MSDSs for particulate products contain only very lim-
ited information on particulate combustibility and explosibility hazards.
MSDS Section 5 on Fire Fighting Measures indicates whether or not the
material is combustible and poses some sort of fire hazard. If the material is
combustible there is often a corresponding warning that the generation of
concentrated dust clouds creates a dust explosion hazard. Likewise, MSDS
Section 7 on Handling and Storage Hazards sometimes has a precaution that
airborne concentrations above the Minimum Explosible Concentration
create a dust explosion hazard, with the appropriate MEC value listed. Sec-
tion 7 often also has an admonition to avoid electrostatic charging during
handling of particulate materials with a high resistivity, and usually sug-
gests using bonding and grounding during transfer of such materials.

Although MSDS Section 9 has information on Physical and Chemical
properties, dust explosibility is often not well represented. It has been
common to find minimal dust flammability data, which is insufficient to give
a full appreciation of the degree of hazard that the material presents. Because
there has been no explicit requirement for reporting these data, if the data are
available on the MSDS, the user should exercise care with their use. If these
data are included, the particular test method also needs to be cited. In addi-
tion, the use of the material in the users’ processes may change the physical
properties of the material, and hence its flammability characteristics.

Usually, the MSDS includes the NFPA 704 Flammability Rating for the
material, with different companies putting the rating in different sections of
the MSDS. Until the clarification in the recent edition of NFPA 704, there were
different interpretations of the ratings for powdered materials. Most combus-
tible powders should have an NFPA 704 (2001 Edition) Flammability Rating
of 3, which refers to flammable or combustible dusts with representative
diameter less than 420 um (40 mesh). A rating of 3 also refers to particulate
materials of any size that burn with extreme rapidity, usually by reason of
self-contained oxygen (e.g., dry nitrocellulose and many organic peroxides).
Pyrophoric materials should have a combustibility rating of 4. In the case of
materials that are only marginally combustible, NFPA 704 specifies that the
material be assigned a Flammability Rating of either 0 or 1 depending on
whether it will burn in air when exposed to a temperature of 1500°F (815.5°C)
as determined using the test procedure described in ASTM D 6668-01.

Handbook and Textbook Dust Combustibility/Explosibility Databases

Combustibility and explosibility data for many commonly used combustible
powders and for dusts from other commonly used combustible materials
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(wood, paper, grain, coal, etc.) are tabulated in several handbooks and text-
books. Perhaps the most widely used textbook is Eckhoff’s Dust Explosions in
the Process Industries. The appendix in Eckhoff’s book provides 12 pages of
data for 375 dusts categorized by type of material. It represents a subset of
the much larger data compilation in German by the Berufsgenossen-
schaftliches Institut fiir Arbeitssicherheit (BIA, 1987). Eckhoff’s appendix
provides values for the combustibility and explosibility parameters for these
dusts, as shown in Table 4.1, although not every parameter value is available
for every dust.

Besides providing an abbreviated listing of the data in Eckhoff (2003),
Schwab’s chapter on dust explosions in the NFPA Fire Protection Handbook
(2003) contains data tabulations for roughly 25 dusts from various U.S.
Bureau of Mines reports cited by Schwab. The explosibility parameters are
similar to those in Table 4.1, but the test apparatus and methods used by the
Bureau of Mines to obtain the data in those reports are significantly different
from the apparatus/methods specified in many contemporary consensus
standards.

Besides listing the individual dust explosibility parameters, Schwab
(2003) also lists values of the Ignition Sensitivity Index, the Explosion Sever-
ity Index, and the overall Explosibility Index, originally developed by the
Bureau of Mines, and defined as follows.

((MAIT)(MIE)(MEC)) Pittsburghcoal dust

Ignition Sensitivity = [4.1]
( (MAIT) (MIE) (MEC)) Sample dust
(P

o (AP/E)
(P,. (dP/dt)

max ) Sample dust

Explosion Severity = [4.2]

max ) Pittsburghcoal dust

The multiplicative product of Ignition Sensitivity and Explosion Sever-
ity is called the overall Explosibility Index. As Schwab points out, the use of

TABLE 4.1
Combustility/Explosibility Parameters in Eckhoff (2003) Appendix
Parameter Source or Test Method
Particle Size Distribution Sieve Analysis
MEC 1 m?® or 20-liter vessel
P 1 m® or 20-liter vessel
K, 1 m®or 20-liter vessel

Dust Cloud Minimum Ignition Temperature =~ Godbert-Greenwald Furnace, BAM Furnace
Minimum Ignition Energy, MIE VDI

Dust Layer Ignition (Glow) Temperature DIN

Dust Layer Flammability Class VDI/UN




4.1 Preliminary Assessment 157

these three indices for measuring the relative explosion hazard of combusti-
ble dusts (compared to Pittsburgh seam coal dust) has been criticized exten-
sively. Hertzberg (1987) has documented the reasons for this criticism,
which entail both the test methodology, the concept of relying on one or two
numbers to represent explosibility, and the mathematical implications of
multiplying the values of the individual parameters to determine the indi-
ces. Nevertheless, these indices are still being used in the NFPA 499 (1997)
standard and by OSHA to determine if the explosibility of a dust material is
sufficiently great to warrant hazardous area classifications for installing
electrical equipment. Table 3-8 A of Fire Hazards of Materials has a 6+ page list-
ing of ignition sensitivity and explosion severity values, as well as other
combustibility and explosibility data, for a wide variety of materials.

Bartknecht’s 1981 and 1989 books and Field’s book (1982) contain labo-
ratory dust explosibility data scattered throughout. Babrauskas (2003) has a
4-page table of dust cloud ignition data as well as good descriptions of both
dust cloud and particulate layer ignition test methods and fundamental
combustion property data for pure chemical substances.

Babrauskas (2003) has published a handbook with an extensive compila-
tion of ignition and combustibility data for a wide variety of materials,
including several pages with tables of data for various types of dusts and
powders. One interesting addition to the Babrauskas tabulations is a table
listing dust materials that have been found to be nonexplosible by virtue of
screening tests conducted by Field.

Explosibility Data Listings in NFPA and Other Standards

NFPA 68 (2002) has an appendix with tabulated explosibility parameters
for 65 dust samples. The parameters in this tabulation are: Median Diameter,
MEC, P, and Kg,. There is also a limited amount of MEC and P,,,, data for
some hybrid dust-vapor mixtures. NFPA 69 provides data on limiting
oxygen concentrations to prevent dust cloud ignition when inerting with
nitrogen and with carbon dioxide. NFPA 499 (1997) provides an extensive
(4-page) tabulation of data on minimum cloud/layer ignition temperatures
for various materials. NFPA 484 (2000) has a tabulation of combustibility
and explosibility properties for metal powders/dusts.

4.1.4 Preliminary Assessments of Toxicity

Material Safety Data Sheets

Section 11 of the ACC/ANSI (1998) standard format MSDS contains perti-
nent toxicological information. Often the information consists only of quali-
tative descriptions of the materials effects on the eye (usually irritation), skin
(either irritation or possible allergic reaction), oral/gastrointestinal func-
tions, and inhalation/pulmonary functions (usually pulmonary edema). The
latter effects are quite dependent on particle size, as discussed in Chapter 2.
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If there are any tumorigenic or carcinogenic effects, they would be reported
here also. Most MSDS toxicological descriptions are reports of animal effect
studies, sometimes with multiple animal species. Sometimes there are no
toxicity data for the particular material, but data/effects are reported for the
constituent components. In other cases, data/effects are reported for a chemi-
cally similar material.

The MSDS should also list available quantitative data on toxicity thresh-
old concentrations, such as Short Term Exposure Limit (STEL), Permissible
Exposure Limit (PEL), Threshold Limit Value (TLV), and/or LCs, levels or
LDs levels for the various toxicological effects. Particulate materials that do
not cause chronic diseases and are not biologically active fall into the cate-
gory of nuisance dusts with no known toxicity effects other than respiratory
impairments at high concentrations. The ACGIH TLV concentrations for
these materials are 3 mg/m? for the respirable fraction and 10 mg/m?3 for total
dust.

The NFPA 704 Health Hazard Rating (symbol on the left in the diamond
quadrilateral) refers to the relative exposure hazard to emergency respond-
ers. The rating categories of 0 through 4 are defined in terms of the LCsy and
LDs, values of the material. Materials with an LCs, for acute inhalation toxic-
ity greater than 200 mg/m? are given a Health Hazard Rating of 0. Most
common polyolefins fall into this category.

Section 8 of the ACC/ANSI standard MSDS describes appropriate expo-
sure controls and personal protection for the subject material. Factors usu-
ally covered in this section are eye/face protection, ventilation recommenda-
tions (often prescribed to keep concentrations below TLV values), skin
protection (protective clothing and gloves), and respiratory protection.

Handbook and Textbook Toxicity Listings

Several textbooks and handbooks used by industrial hygienists and toxicol-
ogists contain listings of particulate materials, properties, concentrations,
and dosages pertinent to health risks. Perhaps the most comprehensive set of
toxicity handbooks is the eight-volume Patty’s Toxicology (Bingham et al.,
2001). Each volume is devoted to one or more categories of materials. For
example, inorganic particulates and dusts are included in Volume 1, metals
and metal compounds are treated in Volumes 2 and 3, and hydrocarbons
and organic nitrogen compounds are covered in Volume 4.

Other widely used handbooks with toxicity listings that include particu-
late materials are edited by Sax and Lewis (1987), Sittig (1997), and Carson
and Mumford (2002). With regard to textbooks, Gad (1995) provides an over-
view of toxicology regulations and associated data, including the NOAEL,
LOAEL, and other important concentrations and dosages of agricultural
chemicals. A good example of a textbook focusing on inhalation properties
and particle size and concentration effects is the Hatch and Gross 1964 AIHA
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publication, and some examples of handbook chapters are Kerfoot et al.
(1995) and King (1990). In other cases there are generic guidelines based on
the molecular composition. For example, the Institute of Chemical Engi-
neers Guidelines for Plant Safety No. 28 states that a special toxicity warning
is needed for materials that contain more than two of the following elements
per benzene ring: halogens, N, P, or S. Two examples cited are polychloro-
dibenzofurans and mercaptobenzothiazole. The Guidelines do suggest this
rule of thumb should be “confirmed where necessary by laboratory testing.”

Government and Other Toxicity Databases and Listings

The Environmental Protection Agency (EPA) maintains perhaps the most
comprehensive and extensive database for health effects of chemicals. Their
database is called IRIS, which is an acronym for Integrated Risk Information
System. It is available online at http://www.epa.gov/iris/subst/index.html.
According to the EPA, “the information in IRIS is intended for those without
extensive training in toxicology, but with some knowledge of health sci-
ences.” The type of data covered for individual chemical includes both
descriptive and quantitative information on:

* Oral reference doses and inhalation reference concentrations (RfDs
and RfCs, respectively) for chronic noncarcinogenic health effects,
and

* Hazard identification, oral slope factors, and oral and inhalation unit
risks for carcinogenic effects.

OSHA regulations and publications include Permissible Exposure Limit
(PEL) values for both short-term exposures and 8-hour exposures to numer-
ous materials. OSHA Web site searches for specific materials can be
conducted at http://www.osha.gov/pls/oshaweb/owasrch.full_site_search.
Where not otherwise listed, the OSHA general 8-hour exposure PEL require-
ment, as given in 29CFR1910.1000 Table Z-1, for particulates is 15 mg/m? for
total particulates and 5 mg/m? for respirable particulates.

The National Institute for Occupational Safety and Health (NIOSH)
developed a comprehensive database called the Registry for Toxic Effects of
Chemical Substances (RTECS). The RTECS database includes toxicity data
and summaries of pertinent journal articles, government reports, and EPA test
submissions. Since December 2001, responsibility for maintaining RTECS has
been transferred from NIOSH to various private and foreign organizations
listed at http://www.cdc.gov/niosh/rtecs.html. These individual organiza-
tions update RTECS and make it available for purchase or lease along with
software for searching and retrieving specific records. According to one orga-
nization (STN), there were 153,120 records in RTECS as of October 2002.

The International Agency for Research on Cancer maintains an online
database (http://monographs.iarc.fr/monoeval/grlist.html) listing materials
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that have been subjected to scientific evaluations of potential carcinogenic-
ity. The database currently contains 885 materials and exposure conditions,
with many listings referring to particulate materials such as carbon black,
heavy metals, and various fibrous particulates.

Threshold Limit Values for more than 700 chemical substances and
physical agents are contained in the latest ACGIH (2003) listing. The TLV®
values are determined by a ACGIH committee review of pertinent scientific
literature. Proposed changes and new listings can be found on the ACGIH
Web site.

The Canadian government provides a useful online resource for toxic
material occupational exposure information called the Workplace Hazard-
ous Materials Information System (WHMIS). The WHMIS database
(www.hc-sc.gr.ca/whmis) for carcinogenic materials includes listings and
classifications from ACGIH, the California EPA, the European Union, and
IARC.

4.1.5 Special Considerations and Cautions in Using MSDS
and Generic Databases

Generic data and hazard classifications may not be applicable to particulate
materials that have even minor additives, contaminants, etc., as well as
slightly different formulations. In addition, since particle size, shape, and
moisture significantly affect most particulate hazards, the use of MSDS and
generic data may not be directly applicable to particulate material that may
have been altered as a result of physical transport and processing. Further-
more, many of the hazard classifications and categorizations described
above are subjective judgments and are therefore subject to review and pos-
sible reclassification by a different authority or committee. Therefore, it is
important to have updated and accurate MSDS data and hazard assessments
that are specifically applicable to the particulate material being handled or
stored at a particular facility. In view of the limitations of MSDS data, read-
ers are advised to treat the data as a preliminary indication of a material’s
hazardous properties. It is often necessary to obtain more applicable data
using the test methods described in Section 4.3.

4.1.6 Publicly Available Computer Databases

There are numerous publicly available computer codes and online and
offline databases for hazardous materials. In addition to the previously cited
toxicity databases, there are general chemical property databases (for exam-
ple, the NIST Chemistry Webbook, http://webbook.nist.gov/chemistry/),
and there are a few online databases specifically for hazardous materials.
One example for assessing chemical reactivity hazards is the Brethericks
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Reactive Chemical Hazards database, which can be accessed by opening an
account on the Elsevier collection of chemistry databases at
http://www.chemweb.com/databases. This Web site also provides access to
a database of about 56,000 MSDSs.

There are far fewer publicly accessible/acquirable computational data-
bases for particulate materials. One exception is The Bulk/Bulk Portal Web site
(http://www.bulk-online.com/Forum/), which is devoted to particulate mate-
rials, and has several forums that are pertinent to particulate properties, han-
dling and hazards. There is an explanation for the lack of an online particulate
properties database in one of the forums. The explanation offered is that these
properties are so sensitive to the specifics of particle size distribution, addi-
tives, moisture level, etc. that it is easier to conduct site/material-specific tests
than to perhaps misuse inapplicable data from a complex database. Readers of
this book can form their own impression of that explanation upon reading the
descriptions of various laboratory test methods in Section 4.3.

4.1.7 Company and Consortium Databases

Several companies maintain proprietary databases for assessing hazards
either of their materials and products or materials and products of compa-
nies with which they have a business relationship. In addition, testing labo-
ratories inevitably maintain a database for rapid retrieval of test data gener-
ated for their clients.

Often the in-house database for particulate materials will focus on one
hazard, such as explosibility. For example, the following items are contained
in the explosibility database maintained by one company (Herrmann, 2003):

* Material name

* Job number

* Log number

* Particle size distribution (D;/D5,/Dy)
* Moisture level (%)
* MEC (g/m?)

* LOC (%0,)

* MIE (m])

* K

° Pmax

* Cloud AIT

e Layer AIT

* Impact

* Client

* Site

* Lot#

* CAS#
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e MSDS #
* Assay Purity

Another company database and computer code for dust explosion con-
siderations is the FM Global code Dust Calc. It is used by FM field engineers
and engineers at their insured facilities to determine appropriate dust explo-
sion protection in accord with FM Loss Prevention Data Sheet 7-76.

4.2 WHEN ARE MORE DETAILED PARTICULATE HAZARD
DATA NEEDED?

The flow charts in Chapter 3 and in Chapter 7 indicate some of the conditions
that may require a need for either site-specific material property data or for
more detailed data than can be obtained from the preliminary assessments
discussed in Section 4.1. The discussion in 4.1.5 also implies that the generic
data and classifications are often not directly applicable for accurate hazard
evaluations of a specific particulate material.

In the case of dust combustibility and explosibility considerations,
Eckhoff (2003, appendix) offers the following admonition to encourage use
of material specific test data. “As a general rule, the tabulated data should
only be used as indications, and not as the ultimate basis for design of actual
safety measures in industry. . . . It is generally advisable to have the actual
dust of interest tested in a professional laboratory.” This admonition should
also be extended to considerations of instability and reactivity hazards.

Most particulate material manufacturers generate some basic hazard
data for all their materials, and acquire other data depending on the specific
type of processing used in the material’s production and/or intended use.
Figure 4-2 shows one example of a company’s policy for site-specific or
material-specific hazard testing. The basic data obtained by this company for
all particulate materials include particle size distribution, powder resistiv-
ity, Minimum Autoignition Temperature, and Minimum Ignition Energy.

4.3 LABORATORY TEST METHODS FOR DETAILED
ASSESSMENTS OF PARTICULATE HAZARDS

4.3.1 Particulate Sampling and Conditioning for Testing

One of the first considerations in doing laboratory hazard assessment tests
with particulate samples is how to acquire the field/site samples, and how
many different samples to submit. The fundamental issue is whether to
attempt to acquire representative samples from the different stages of pro-
cessing and handling, or whether to obtain “worst-case” samples in terms of
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Powder Handling

Basic Data for all Standard
Operations including
™ Filling & Emptying >
Operations, Blending
Operations and Air Milling

Minimum Ignition Energy
Minimum Autoignition Temp.
Powder Resistivity

Particle Size Distribution

L" If MAIT<200C then DOT 4.2

y Burning Class R

Grewer Oven

Constant Temperature Stability
Impact Test

DSCV

A 4

Grinding Operation

Burning Class 2
Grewer Over
Constant Temperature Stability

> Impact Test

Drying Operation DSCD

TGA
Isothermal Gas Data
20 Liter Sphere (Pmax and Kmax)

D If A H>250)/g request determination about possible deflagration potential
> 300 J/g run SADT

2) If Burning Class = 5, request Rate of Burning Determination in accordance to DOT 4.1

Figure 4-2 Example of Basic Data Needs and Process Dependent Particulate Testing,
Copyright Syngenta 2004, with permission.

particle size, shape, composition, moisture content, and the like. The same
issue is also applicable to the preparation or conditioning of the sample in
the laboratory prior to testing.

In most cases, a prudent resolution of this issue would entail taking
“worst-case” samples by sampling, for example, from a dust collector or col-
lector duct so as to get a high proportion of fines. However, if the main pur-
pose of the tests is to characterize a product or feedstock, then representative
sampling might be warranted along with the measurement and reporting of
the size distribution of the sample. A cautionary statement should be
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reported about the incremental hazard anticipated for smaller particles. The
ASTM dust explosibility tests described in Section 4.3.7 recommend using a
sieved test sample such that at least 95% has passed through a 200 mesh
sieve, but as-received samples can be tested if the test report includes the
cautionary statement about particle size effects.

Let us assume that a decision is made to submit representative field/site
samples. If the sample is to be obtained from a moving air stream, an iso-
kinetic sampling system is needed to provide a representative sample of the
particulate being carried by the stream in order to avoid preferential deposi-
tion or deflection of particulates on their way to the collection device. Several
commercially available sampling devices and filters are available for this
purpose. If the sample is being obtained from a conveyor belt or bucket, it is
necessary to peruse the belt/bucket and probably take representative small
samples from a few different locations.

In the case of sampling particulates from a drum or similar container,
there is an ASTM standard practice (ASTM D5680-95a) for obtaining repre-
sentative particulate samples. The latter includes descriptions and refer-
ences to standard practices for use of scoop samples (ASTM D5451) and Trier
(elongated scoop) samplers for extracting a plug sample from some known
depth beneath the surface (ASTM D5633). The basic principle emphasized in
ASTM D5680 is that the sampling procedure should provide some element
of randomness in selecting sample locations (to prevent biases associated
with particulate segregation) and should minimize biases and contamina-
tion associated with the characteristics of the sampling device and material.

Eckhoff (2003) has a brief discussion of various sampling methods for
producing laboratory test size samples from a large submittal. He mentions
various techniques, including coning and quartering, but concludes that the
most homogeneous subsamples are obtained using a spinning riffler. As
shown in Figure 4-3, the spinning riffler consists of a conical bottom bin or
funnel and rotating turntable on which contiguous subsample containers are
situated. The primary sample is poured into the open bottom bin/funnel,
which continuously fills the rotating small containers as they pass under the
funnel opening. A rigorous comparison of the accuracy of various sampling
techniques (see NIST, 2001, p. 15) confirms Eckhoff’s conclusion, as is evi-
dent in Table 4-2, which shows the particle size standard deviations mea-
sured on multiple samples obtained from a known source using different
sampling techniques.

Although the spinning riffler provides the most representative sample
for free flowing powders, it has some difficulties with non-flowing
particulates. NIST (2001) compares the advantages and disadvantages of the
various sampling techniques shown in Table 4-3.

In the case of dust layer sampling, there are likely to be different size
particulates in layers located in different parts of the facility. For example,
dust layers on elevated surfaces and ledges are likely to contain significantly
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Figure 4-3 Spinning riffler for particulate sam-

pling. (Reprinted with permission from Laval
Lab.)

smaller particles than floor dust layers. Thus, it is important to submit at
least one adequate size sample from these elevated surface deposits. The
question of what is an adequate size depends on the test method, such that
the laboratory personnel provide instructions on the sample size needed.

4.3.2 Laboratory Testing for Instability Hazards

There are a wide variety of laboratory test methods to determine the chemi-
cal stability of powders. The more commonly used thermal stability tests and
decomposition sensitivity tests are summarized here, beginning with a brief
overview of instability screening tests for powders.

Instability Screening Tests

The objective of one or more instability screening tests is to obtain an indica-
tion of whether the material exhibits an instability, and to get a rough idea of
the approximate temperature at which the unstable/runaway reaction
occurs and possibly whether the instability can be triggered by a mechanical
impetus. In some cases, screening tests are also conducted to determine if
there is the potential for significant gas generation during the instability.
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TABLE 4-2
Sampling Method Accuracy/Reliability in terms of
Homogeneous Particle Size (from NIST, 2001)

Relative Standard
Sampling Method Deviation (%)
Cone and quartering 6.81
Scoop sampling 5.14
Table sampling 2.09
Chute riffling 1.01
Spin riffling 0.125

TABLE 4-3

Advantages and Disadvantages of Different Sampling Methods (from
NIST, 2001)

Sampling Device Advantages Disadvantages

Cone and quartering Good for powders with poor Operator-dependent
flow characteristics

Scoop Reliable for homogeneous and Particle segregation
nonflowing powder

Table sampler Ability to separate large quantity =~ Dependent on the initial feed
of material

Chute riffler Ability to reduce powder Operator bias

samples in half after one pass

Spinning riffler Reliable for free flowing powder Inability to do large quantity
of powder efficiently

Most organizations start screening with differential scanning calorime-
try and differential thermal analysis tests as described below. Some compa-
nies also conduct a Carius (or ICI) sealed tube test (Johnson et al., 2003) with
continuous monitoring of the temperature and pressure outputs from a
sample tube in the oven. The Carius sealed tube pressure data can be used to
plot In P against I/T and thereby infer whether there is noncondensable gas
generation, since the plot should be essentially a straight line if the pressure
increase is due solely to the vapor pressure.

According to the 1995 CCPS Guidelines on Chemical Reactivity, some orga-
nizations also use a hot plate screening test for powders. A layer of the
powder is deposited in a circle on the hot plate, and a thermocouple is
inserted into the center of the powder. The powder temperature is moni-
tored as the hot plate temperature slowly increases. Besides seeking an indi-
cation of self-heating or decomposition, observations are also recorded
about whether there is any evidence of gas generation, smoldering, or spon-
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taneous ignition. If this type of hot plate test is conducted, test operators
need to be particularly careful about the possibility of a violent reaction
causing an explosion or ejecting flaming or molten material.

Differential Scanning Calorimetry and Differential Thermal Analysis Testing

Differential scanning calorimetry (DSC) and differential thermal analy-
sis (DTA) are by far the most widely used traditional test methods for chemi-
cal stability and reactivity screening. Their popularity stems from the virtual
omnipresence of these devices and trained users in chemical laboratories,
and from the relatively small quantity of reactants needed for each test (typi-
cally 1-50 mg, depending on the expected energy release). Thermal analy-
sis—that is, the combined use of DTA and DSC —provides the temperatures
at which potentially hazardous exothermic reactions occur and the changes
in enthalpy associated with the reactions. One drawback of these methods is
that they do not provide the same level of accuracy, quantification, and scale
up methodology as some other test methods described here. Furthermore,
for combustible powders, they often yield higher reaction onset tempera-
tures than are experienced with test methods that utilize near-adiabatic con-
ditions and continuous airflow.

As illustrated in Figure 4-4, the traditional DTA instrument consists of
an oven, two sample capsules (one for the inert reference sample), a control-
ler to produce a linear temperature rise, thermocouples to measure the
sample and oven temperatures, and recorders or a computer to record the
reference material temperature and the sample-minus-reference tempera-
ture for the duration of the test. The DSC instrumentation is similar, with the
heat flow being measured instead of the temperature difference. The heat
flow is traditionally measured by keeping the test sample and reference ther-
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Figure 4-4 DTA apparatus schematic (from Grewer, 1994).
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mally balanced by adjusting the current to the heaters under the two cap-
sules (Grewer, 1994, p. 63). The difference in power is recorded as a function
of time in the DSC. When the test sample undergoes some endothermic or
exothermic reaction, there is a sample-reference temperature difference in
the DTA and a deviation in the heat flow to the sample and reference in the
DSC. Details of typical instrumentation and sample container construction
and instrument operating procedures have been presented in Grewer (1994)
and the CCPS Reactivity Evaluation Guidelines (1995b) as well as several other
good references.

Figure 4-5 shows a generic DTA or DSC recorded output for a sample
undergoing an exothermic reaction. Characteristic exotherm temperatures
are indicated on the drawing using the notation and definitions in ASTM E
537. The peak temperature is the maximum temperature recorded during
the exotherm. The exotherm onset temperature, T, is the temperature at the
first noticeable deviation from the baseline temperature curve. The baseline
temperature represents the programmed increase in sample/reference tem-
perature as they are heated at a constant rate somewhere in the range 2 to
30°C per minute (ASTM E 537). The extrapolated onset temperature, T, is
the temperature obtained at the intersection of the extrapolated pre-peak
baseline temperature and the maximum rate of temperature rise as indicted
in Figure 4-5.

Often an exothermic reaction is preceded by an endothermic reaction as
illustrated in Figure 4-6. As indicated on the diagram, the endotherm is

P
exothermic

Tp = Peak temperature
T = Extrapolated temperature
To = Onset temperature

= -

Temperature >

i
endothermic

Figure 4-5 Characteristic exotherm temperatures obtained from a DTA or DSC
curve. (From ASTM E 537, with permission.)
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Figure 4-6 Exothermic decomposition following melting endotherm. (From ASTM
E 537, with permission.)

sometimes associated with the melting of the test sample. Figure 4-7 shows
an actual DSC output for a test sample exhibiting a 187 J/g endothermic reac-
tion at 85°C and a 1082 J/g exothermic reaction at 203°C. Grewer (1994)
points out that the indicated temperature interval between an endothermic
and exothermic reaction can be influenced by the DSC/DTA heating rate, i.e.
rapid heating rates tend to separate the reactions even if they both occur
within a relatively narrow temperature interval. However, a rapid heating
rate may indicate that the reaction occurs at a higher temperature than
would be indicated with a slower heating rate. Thus, experience and judg-
ment are often needed in providing an accurate interpretation of DSC/DTA
data. Grewer’s (1994) tabulation of decomposition energies and onset tem-
peratures for 177 compounds includes heating rates from 0.2°C/min to
20°C/min, but most were in the narrow range 2 to 5 °C/min.

Other potentially important aspects of DTA/DSC testing are the sample
atmosphere and pressure, and the sample container material. The test cell
atmosphere can be inerted with nitrogen to eliminate oxidation reactions or
it can be run in an oxygen atmosphere to emphasize oxidation reactions. The
DSC test result shown in Figure 4-8 was obtained in a nitrogen atmosphere at
150 psig. Querol Aragon et al. (2002) recommend the use of oxygen atmo-
sphere thermal analysis in order to categorize the various particulate materi-
als that are prone to spontaneous combustion. Figure 4-8 shows a compari-
son of thermogravimetric analysis (TG) records they obtained with an air
atmosphere and with an all oxygen atmosphere. The output in a TG test is
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Figure 4-7 Typical DSC data for exothermic reaction (from CCPS, 1995b).
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Figure 4-8 TG record for coal tested air and in oxygen atmospheres (from Querol
Aragon et al., 2002).

the weight loss change of the sample during the programmed temperature.
The temperature at which the oxidation reaction weight loss occurs is much
sharper in the test with an oxygen atmosphere. Querol Aragon et al. recom-
mend that materials with clearly defined oxidation reactions occurring at a
temperature less than 250°C should be considered very high risk.
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Accelerating Rate Calorimeter Tests

The accelerating rate calorimeter (ARC) developed by Townsend (1981) is
intended to achieve and maintain near-adiabatic test conditions as an exo-
thermic reaction generates pressures as well as high temperatures. The
closer a test vessel approaches adiabatic conditions, the more accurate is the
measurement of reaction energy. The ARC design shown in Figure 4-9 seeks
adiabatic conditions by minimizing heat losses from the test vessel. This is
achieved by monitoring the test vessel temperature and increasing the tem-
perature of the ARCjacket/housing so that it remains approximately equal to
the vessel temperature. Three separate heaters and temperature controllers
are installed in the top, side, and base of the ARC jacket so that that a near
uniform temperature can be maintained with nonuniform heating of the var-
ious jacket surfaces.

The time lag between sample temperature increase and test vessel tem-
perature increase depends on the relative thermal inertia of the sample and
test vessel. This thermal inertia factor is expressed as the ratio ¢, defined as

_ MCy + MG,
¢ me,, [4-3]
where mg=sample mass
cps= sample specific heat
m,= vessel mass
cy = vessel specific heat
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Heavy test vessels have large ¢ values, while lightweight test vessels
have values much closer to 1. The ARC has an assortment of sample vessels
with varying design pressures and associated thickness and mass. Stainless
steel test vessels have ¢ values of about 8 for a typical sample mass of about
2 g. The newer and more expensive titanium sample vessels have ¢ values of
about 2 (Grewer, 1994, p. 119). Computer corrections to the measured vessel
temperatures are made to account for these elevated values of ¢.

Figure 4-10 is an example of a self-heating rate curve measured in an
ARC test. The rate of sample temperature rise is plotted as a function of
sample temperature. Pressure measurements are also plotted as a function of
temperature for reactions with gaseous reaction products. The titanium
sample vessel has a maximum pressure strength of 300 bar, and several ener-
getic materials (such as mono-nitro compounds) can generate pressures in
excess of 300 bar when the sample vessel is nearly filled (Grewer, 1994, p.
122). Thus, it is sometimes necessary to use a very small reactant mass and
provide corrections for the corresponding high ¢ values. According to
Grewer, these corrections are effective, but can be particularly difficult for
self-accelerating reactions.

Although the ARC apparatus provides low ¢ value conditions, like the
DSC/DTA test methods, it also produces results that may be limited by the
lack of free air access to the reactants. Thus, it can also yield a higher
exotherm onset temperature than results from tests with unlimited air
access.

Isothermal Storage Tests

Isothermal storage tests for chemical reactivity/instability are intended to
provide kinetic data to determine heat release rates and/or reaction induc-
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Figure 4-10 Sample output from ARC test (from CCPS, 1995b).
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Figure 4-11 Example of an isothermal storage test setup (from CCPS, 1995b)

tion times. Figure 4-11 shows an example of an isothermal storage test setup
in which both a test sample and a reference material are monitored during
isothermal storage. The Peltier elements measure and control the tempera-
ture of the sample and reference material and pump heat from the test
sample when necessary to maintain its temperature. The rate of sample cool-
ing is effectively the rate of heat generation at a particular temperature. Tests
are usually run at several different temperatures. Other types of isothermal
storage test designs are described by Grewer (1994).

Figure 4-12 shows the type of heat release rate data as a function of tem-
perature that can be obtained from an isothermal test chamber of the type
shown in Figure 4-11. The linear correlation versus 1/T indicates an
Arrhenius reaction rate variation with temperature, and the reaction activa-
tion energy, E, can be obtained from the slope of the curve fits. Since each iso-
thermal storage test can last several hours or days, and since many tests are
required to obtain the type of data shown in Figure 4-12, these tests often
take significantly longer to obtain results than the thermal analysis tests
described previously. However, they do provide valuable data on reaction
rate and heat release rate that are not easily obtained with other methods. In
order to make efficient use of staff time and equipment, several laboratories
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Heat generation (W/kg)

Figure 4-12 Heat generation rate
data obtained from an isothermal
Reciprocal temperature (1/T) storage test (from CCPS, 1995b).

use slow, programmed rates of temperature rise in the oven. Gibson et al.
(1985) report using a rate of 0.5 °C/min, but caution that it is important for the
powder to remain at a temperature at or above the intended process equip-
ment temperature for at least the same duration as the process/storage itself.

Gibson et al. (1985) presented a histogram distribution of the measured
exotherm onset temperatures obtained with 150-g samples of 200 organic
powders tested in the ICI glass cylinder-in-an oven apparatus sometimes
referred to as a Diffusion Cell to distinguish it from the aerated cell. Approxi-
mately 50% of the powders had onset temperatures in the range 125°C to
175°C, about 7% had onset temperatures below 125°C, and the rest had onset
temperatures above 175°C.

Heated Air Flow Tests: Grewer Oven and Aerated Cell

The Grewer oven test differs from the previous isothermal oven tests in that
there is a flow of heated air over the test sample and reference sample. The
airflow is intended to simulate conditions in heated process equipment such
as a spray dryer or fluidized bed dryer. The test apparatus, which is shown
schematically in Figure 4-13, has the air entering at the bottom and flowing
over heated packings on its way past the test and reference samples. The
oven temperature is increased until there is an indication of oxidation that
leads to sample self-heating and eventually to autoignition. The typical
sample size is about 100 g placed in an 8-ml wire mesh basket. Kuhner (1991)
specifies that the sample particle size should be less than 250 pum; thus it
should be sieved to pass through a No. 60 ASTM sieve.

The Kuhner (1991) test guidelines for the Grewer oven test suggest that
the test be conducted at a slow temperature rise (1 °C/min) and continue to
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Figure 4-13 Grewer oven test apparatus (from Ciba Lab Brochure).

determine whether there is any self-heating or autoignition at temperatures
up to 50°C above the maximum drier temperature. If any self-heating
exotherm is observed at temperatures of 200°C or less, Kuhner recommends
that an isothermal storage test be conducted for 24 hours with a much larger
sample (at least 400 ml) at a lower temperature than the exotherm
temperature.

A modified version of the Grewer oven test can be conducted with a
nitrogen flow instead of an air flow. This configuration allows for the deter-
mination of exothermic decomposition without any complications due to
oxidation. Results can be used to determine if the heated process equipment
should be inerted to prevent oxidation self-heating and possibly
autoignition.

The aerated cell test uses the test apparatus developed by Gibson et al.
(1985) to determine the thermal stability of powders in driers with large air
flow rates. It utilizes a heated air flow down through a 8.5 cm high by 5 cm
diameter glass cell. The cell is situated in an oven with a temperature range
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up to 420°C. Thermocouple data for samples exposed to programmed oven
temperature ramps can indicate approximate exothermic decomposition
onset temperatures.

Gibson et al. (1985) and Abbot (1990) reported a histogram of data for
200 samples tested in the aerated cell. Their histogram shows about 60% of
the samples having exotherm onset temperatures in the range 125°C to
175°C, and about 10% had onset temperatures below 125°C. Since these per-
centages are both higher than the corresponding percentages for samples
tested in the diffusion cell, one can infer that the aerated cell produces some-
what lower onset temperatures than the diffusion cell for at least some
powders.

Gibson et al. (1985) recommend that powder drying temperatures
should be maintained at least 30-50°C below the exotherm onset tempera-
ture measured in the aerated cell test. They compared the recommended
maximum allowable exposure temperatures obtained with Diffusion Cell
and aerated cell tests to the plant exposure temperatures at which eight
exotherm incidents occurred. In all eight comparisons, the incident onset
temperatures were at least 10°C greater than the recommended maximum
based on test data.

Self-Accelerating Decomposition Temperature Test

The self-accelerating decomposition temperature (SADT) is the minimum
temperature at which self-accelerating decomposition occurs in a material as
packaged or in transport. Since the SADT is influenced by both chemical
decomposition kinetics and heat transfer through the packaging (as well as
the criterion to discern self-accelerating decomposition), there have been
various attempts to determine SADT values from a limited amount of test-
ing, and then use theoretical modeling to scale the results to other packages.
The U.N. Manual of Tests and Criteria (U.N., 1999b), lists four specific tests
used to measure SADT, and allows three types of theoretical models to
“assist in interpreting results.” The test procedures are applicable to both
particulate materials and liquids.

The most direct test to determine SADT uses the test material in the
actual full size packaging. This test, which is designated as the United States
test in the U.N. Manual (U.N., 1999b), entails placing the loaded package in
an insulated test chamber equipped with a heater and a thermostatically
controlled air circulation capability. Different size test chambers can be used
depending on the size of the package. Figure 4-14a shows a small package
(up to 25 liters) test chamber constructed from a 55-gallon (220-liter) steel
drum. Figure 4-14b shows a large package test chamber constructed as a
wood frame, insulated plywood clad, cubic box, 1.2 m on each side.

Per the U.N. Manual (U.N., 1999b), the US test requires that the test
package be heated continuously and the test package center temperature be
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Figure 4-14a Small package test chamber for SADT tests (from U.N., 1999b, Figure

28.4.1.1).

monitored and recorded starting from a temperature 2°C below the test
chamber temperature, and until the earlier of either seven days or the time at
which the test sample temperature increases at least 6°C above the chamber
temperature. The SADT determination via this test is the lowest chamber
temperature at which the sample temperature exceeds the chamber tempera-
ture by 6°C or more. If the sample temperature never exceeds the chamber
temperature by 6°C, the SADT is deemed to be the highest chamber tempera-
ture tested.
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Figure 4-14b Large package test chamber for SADT tests (from U.N., 1999b, Figure

28.4.1.2)

Another U.N. Manual accepted SADT test is the previously described
isothermal storage test using the apparatus shown in Figure 4-16. When
used for SADT testing, the isothermal storage test sample should include “a
representative quantity of packaging material (if metal).” The SADT deter-
mination using the Isothermal Storage Test is based on a comparison of the
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measured heat generation rate per unit sample mass (mW/kg), and the calcu-
lated heat loss rate from the test sample, using an inert substance heat loss
calibration test and a calculation procedure described in the U.N. Manual
(1999b). Both the heat generation rate and a linear curve fit to the calculated
heat loss rate are plotted as a function of oven temperature as indicated in
Figure 4-15. The shape of the curves in this type of plot follows the theoreti-
cal exposition from thermal explosion theory as described, for example, by
Grewer (1994), Bowes (1984), and Gray (2002). The line shown representing
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(A) Heat generation curve

(B) Line with gradient equal to the rate of heat loss and tangential to the heat generation curve

{C) Critical ambient temperature (intercept of heat loss line with the ahscissa)

(D) Self-accelerating decomposition temperatwure (SADT) - critical ambient temperature
rounded up to next higher multiple of 5 °C

{(X) Temperature

(Y) Heat flow (generation or 10ss) per unit mass

Figure 4-15 SADT determination graph for U.N. isothermal test and adiabatic stor-
age test (from U.N., 1999Db).



180 Chapter 4 Assessing Particulate Hazards

the heat loss rate is actually a line with a slope equal to that of the heat loss
rate, but displaced such that it is just tangent to the heat generation rate
curve. The SADT determined from this procedure is the critical test chamber
temperature corresponding to a zero value of heat generation rate (point Cin
Figure 4-15) rounded up to the next higher multiple of 5°C (U.N., 1999b).

The SADT Adiabatic Storage test (also known as the dewar flask test) is
conducted with the sample placed in a dewar of volume 1.0 to 1.5 liter, thatis
in turn placed in an oven of the type shown in Figure 4-16. The use of a glass
test vessel instead of the metal pressure vessels used for adiabaticity testing
in the ARC allows for a relatively low ¢, which is typically in the range 1.2 to
1.6 (Grewer, 1994, p. 114) as measured by monitoring the oven cooling of a
pre-heated liquid in the Dewar. Although it is desirable to use a ¢ value rep-
resentative of the transport packaging, the U.N. Manual (U.N., 1999b) does
not require this, and merely specifies that “a representative quantity of pack-
aging material (if metal)” also be placed in the Dewar. The test vessel heat
loss rate as a function of dewar sample temperature is determined by a pro-
cedure similar to that for the isothermal storage SADT test. After determin-
ing test sample heat generation rates and heat loss rates, the SADT is deter-
mined as indicated in Figure 4-15 and described above for the isothermal
test. Because the SADT data are determined with representative packaging
materials, they should not be used for applications in which there is no
packaging.

The SADT is a factor in the U.N. Transport (1999a) classification of par-
ticulate materials as self-reactive solids (Division 4.1). A material is deemed
self-reactive (i.e., a Division 4.1 material) if the SADT is less than 75°C for a
50 kg package, and if the heat of decomposition is greater than 300 J/g. One
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f‘/ oven recorder
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Figure 4-16 Dewar flask test to determine SADT (from CCPS, 1995b).

example is dibenzoyl peroxide (CAS # 94-36-0), which had a SADT of 70°C
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when a 0.45-kg sample was tested in U.N. Type 1G (fiberboard drum) pack-
age (UN 1999b, p. 284). Larger packages normally have lower SADT values
because of the decreasing package surface area/volume ratio compared to
smaller packages of the same material and configuration. One example of a
self-reactive particulate material that is reported to have a SADT above 75°C
for a 30-kg sample in a Type 1G package is azodicarbonamide (UN 1999Db,
p- 289).

Several researchers have shown how laboratory-scale testing using
kinetic data obtained from the ARC, or some similar test apparatus can also
be used to calculate the SADT (designated as Tsaprin the following) from the
application of thermal explosion theory. One simple approach suggested by
Fauske (2000b) for use with his Reactive System Screening Tool (RSST) is the
following Semenov theory steady-state heat balance:

h[TSAETRjA=VpcpZeXp(1— E J [4-4]

SADT R

where i (W/m-K) is the surface heat transfer coefficient, A is its surface area,
Visits volume, p is the reactant density, and Z is the preexponential factor in
the Arrhenius reaction rate. Another approach is to use the following rela-
tionship between the adiabatic induction time (time to thermal runaway),
1,4 and the initial temperature, T, preceding the runaway (Grewer, 1994,
Eqn (2.37)):

emc
T = 45
a kA [ 2 ]
and
E
k= Zexp(—ﬁ) [4-6]

where m is the mass of the reacting material. Although the use of a constant Z
factor in Equation [4-6] implies this method is inapplicable to autocatalytic
reactions, Grewer’s comparison (p. 224) of SADT values determined from
ARC test data and larger scale tests for various materials is very encourag-
ing. Fauske (2000b) also compared calculated SADT values obtained for var-
ious organic peroxides from ARC and RSST data and Semenov explosion
theory with those measured using the US tests for a 25-kg package. The
values differed by at most 10°C, and in some cases were within 2°C. He also
pointed out some cases (including the powder dicumyl peroxide) in which
different organizations obtained very different kinetic parameters that pro-
duced correspondingly different SADT values (from 56°C to 85°C).
Kyotori’s (1999, 2003) research suggests that the Semenov theory is
applicable to liquids and to materials that are powders at room temperature
but melt before they undergo significant decomposition. He finds that the
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SADT values for particulate materials that thermally decompose while in the
solid state are better predicted by the Frank-Kamenetskii spontaneous igni-
tion theory described in Section 4.3.4. Materials prone to autocatalytic
decomposition are not readily represented by either theory, and require
some type of isothermal storage test to determine the SADT.

It is important to emphasize that the SADT values, whether determined
by calculation or by measurement, are only applicable for the storage of iso-
lated packages for a period of no more than 7 days. Gray (2002) points out
that the stacking of packages decreases the effective heat loss rates for each
package because there are fewer exposed surfaces for cooling. Thus, the
effective safe storage temperature may be significantly less than the SADT,
especially if the storage is stacked and expected to be of a much longer dura-
tion than 7 days. In conclusion, the SADT should be recognized and treated
as a configuration and storage time dependent parameter, rather than a fun-
damental material property.

Gas Evolution and Other Test Methods

The Lutolf oven test shown schematically in Figure 4-17 is very useful when
there is a need to determine the gas evolution rate, as well as the onset tem-
perature, for decomposition reactions. Siwek (1996) calls the resulting tem-
perature from this test the relative decomposition temperature because it is
based on a comparison to the temperature of an inert reference material. He
uses a sample size of about 2 g, and heats the material up to about 350°C at a
rate of 2.5°C/min. An 8-hour period is used to determine if the test sample
shows any increased temperature compared to the reference material. He

To gas meter ﬂ

o Thermocouples:
reference

Platinum wire
(-1000°C)

Test sample

Controller

k-

Heating block, temperature controlled

Figure 4-17 Lutolf oven test setup to measure gas evolution (from Ciba brochure).
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Figure 4-18 Vent Sizing Package test apparatus (from Grewer, 1994).

recommends using a 50°C safety factor when applying the results of the
Lutolf Oven test to process equipment such as vacuum ovens and dryers.

One application in which it is crucial to know the gas production rate
during a runaway is the design of emergency vents. The AIChE DIERS pro-
gram and Fauske and Associates, Inc. developed the Vent Sizing Package
(VSP) test apparatus shown in Figure 4-18 to determine reaction parameters
that are need for emergency vent design. The VSP uses a thin walled metal
sample container of 120 cm®, which corresponds to a ¢ of about 1.07 (Grewer,
1994, p. 135), that is, much lower than most other reaction test equipment.
Since the thin-walled sample container cannot withstand much of a pressure
difference across its wall, the VSP has a provision to pressurize the contain-
ment vessel to match the pressure developed in the sample container. The
containment vessel maximum pressure is 100 bar. Besides developing ther-
mal stability data to characterize the runaway reaction hazard, the VSP, and
its successor known as VSP2, are designed to generate data on possible efflu-
ent two-phase flow regimes. The flow regime data are needed for the emer-
gency vent design, as described by Fauske (2000a).

During the past approximately ten years, other laboratory test equip-
ment for reactivity/instability determinations have been developed and
commercialized. Table 4-4 is a listing of much of the newer equipment and
the associated companies from which they can be purchased. Descriptions
and comparisons of the equipment are available, for example, in CCPS
Guidelines (1995b, 1998). Suggested approaches to using the equipment for
the systematic evaluation of chemical reactivity hazards are also available
(see, for example, CCPS, 1995b, Johnson et al., 2003, and Melhem, 2003).
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TABLE 4-4
Other Reactivity/Instability Laboratory Test Equipment
Test Equipment Company
Advanced Reactive System Screening Tool Fauske and Associates, Inc.
(ARSST™)
Automatic Pressure Tracking Adiabatic TIAXX, LLC (Developed by Arthur D.
Calorimeter (APTAC™) Little)
CPA ThermoMetric AB (Sweden)
PHI-TEC II Hazard Evaluation Laboratory (HEL, UK)
Reaction Calorimeter (RC1™) Mettler Toledo
Sensitive Detector for Exothermic Processes Systag (System Technik AG, Switzerland)
(SEDEX)
SIKAREX Systag (System Technik AG, Switzerland)

Although most of the materials tested in this equipment are liquids,
powders can be tested in at least some of the devices. For example, the
ARSST can be used with a slightly larger fill tube to allow solid particulates
to flow into the test chamber without excessive compaction and pressuriza-
tion. Equipment manufacturers should be consulted about special opera-
tional considerations recommended for testing powders.

Impact and Friction Sensitivity Tests

Certain particulate materials can decompose violently when subjected to
high impact or locally severe friction. ASTM E 680 is a standard test method
for impact sensitivity. Figure 4-19 is a diagram of the drop hammer test
apparatus. A drop hammer with a mass in the range 1.0 to 3.5 kg is dropped
from various heights in an attempt to determine the drop height, H, that
will produce a 50% probability of triggering a reaction in the test sample. The
sample volume per unit area is standardized at 31.5 mm?®/cm?, correspond-
ing to a thickness of 0.315 mm. Usually the sample is placed into a confine-
ment cup to allow it to be aligned properly under the raised weight. Drop
hammer heights can vary from 5 cm to 320 cm. The standard provides a data
analysis method for determining the H;, height based on the heights tested
and the intervals between test heights.

Siwek (1996) describes an impact sensitivity test in which the test
sample is placed in a die, which in turn is placed on an anvil and subjected to
dropped weights. The test is conducted in a dark chamber to detect any
flame or other luminous indication of a reaction. Based on the results of this
test, decisions are made about processing the material in a grinder or
hammermill.
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Figure 4-19 ASTM E 680 drop hammer
test for impact sensitivity. (Reproduced
with permission from ASTM.)

The BAM friction sensitivity test (CCPS, 1995b) determines the smallest
frictional force that can trigger a decomposition reaction or ignition of partic-
ulate material. Although the test does not simulate actual processing condi-
tions, it does provide a relative measure of a material’s sensitivity to a fric-
tion triggered hazardous reaction.

Summary of Instability Tests

How does a process safety engineer or analyst decide which of these many
instability tests to use for a specific particulate material or application? It



TABLE 4-5

Summary of Thermal Instability Hazard Tests

Standard or
Test Reference Applications Advantages Limitations
DSC/DTA  ASTM E537, Preliminary Small sample Accuracy depends on
E968, screening for size; heating rate and other
VDI 2263 exothermic/ factors. Onset temp-
endothermic Low cost. eratures often
reactions Rea.dily underestimated.
available. Possible oxygen
limitation in
combustion reactions.
ARC Townsend Exotherm Widely used Not frequently used
(1981) energy and and well with powders.
kinetic data documented. Assumptions in
Towsend and Tou
original paper not
applicable to
consecutive and
autocatalytic reactions.
SADT UN Test Determine safe ~ UN/DOT Four different test
Manual (1999)  storage or categorization versions.
transport for shipping Only applicable to
temlgera(tiure for 7- day hold period.
pac gge Questionable basis for
powders. A
scaling up test data to
larger packages.
Isothermal ASTM E487 Processing or Representative Can require long test
Storage Abbot (1990) storage at of high durations.
elevated temperature Results for some
temperatures procggs/ storage  aterials may be
conditions influenced by
restricted air access in
the oven.
Grewer Grewer (1994) Powders in Accounts for Heat losses in test
Ovenand  Gibson et al. process Heated Air apparatus may differ
Aerated (1985) equipment with  Flow Effects from those in actual
Test Cell heated air flows equipment; therefore
VDI2263 results are only
approximate.
VSP and CCPS (1995) Exotherm data Near-adiabatic Need DIERS
VSP2 Fauske (2000a) and relief vent test conditions;  technology know-how
design data. high pressure to use data.
capability
Well suited for
2-phase vent
flow.
ARSST CCPS (1995b) Exotherm Smaller sample  Primarily a screening
screening size than VSP tool and for use with
SADT DIERS technology.
approximation
APTAC, CCPS (1995b) Exotherm data  Near-adiabatic Relatively new
PHI-TEC and relief vent test conditions;  developments with less
etal. design data. high pressure experience base than
capability other methods.
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TABLE 4.3.2-3
Summary of Mechanical Instability Tests

Standard or
Test Reference Applications Advantages Limitations
Impact ASTM E680 hammermill UN/DOT Primarily used for
Sensitivity processing, categorization  explosives.
UN (1999) UN explosives for shipping Limited scientific/scaling
VDI 2263 class background.
Friction UN (1999) Grinder, ball UN/DOT Primarily used for
Sensitivity mills categorization ~ explosives.
UN explosives for shipping Limited scientific/scaling
class background.

depends on the experience level of the organization and engineer/analyst
with this and similar materials, the amount of material available for testing,
and the intended processing, storage, and handling applications. Tables 4-5
and 4-6 provide simplified summaries comparing the types of applications,
advantages, and limitations of the instability tests described above.

4.3.3 Laboratory Test Methods for Chemical Incompatibility Hazards

Several of the test methods described in Section 4.3.2 can also be used to
assess chemical incompatibility reactions. For example, DSC tests are an
excellent way to determine at what temperature two materials might react
exothermically, and what the corresponding reaction energy is. Similarly,
ARC tests and VSP tests are used routinely to determine fundamental kinetic
data on chemical reactions that can escalate into runaways. Frurip et al.
(1997) reviewed some early use of DTA tests for compatibility evaluations.
However, since the mixture samples for these methods are prepared and
inserted into the apparatus before any measurements can be made, these
methods cannot assess the hazards associated with the act of mixing per se.
Frurip et al. (1997) caution that ad-hoc laboratory mixing tests with new
material combinations should be conducted with small quantities of materi-
als (<<1 g) in order to minimize dangers to test personnel. One small-scale
test method developed specifically for determining chemical incompatibility
hazards, including the hazards of mixing, is the two drop mixing calorimeter
developed by Dow (Hofelich, 1997, and Frurip et al., 1997). This calorimeter
is intended to measure the heat of mixing, and to collect any gases produced
from the mixing reaction. The apparatus consists of a twin-cell micro-
calorimeter that allows one material (usually a liquid) to be injected from a
small syringe (0.050 to 0.10 ml) into a small sealed vial containing about 50
mg of the second material. The temperature difference between the test
sample and an inert reference vial is measured and integrated, with a small
electrical resistor used for calibrating heat generation calculations. In order
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to collect and measure the volume of gas generated, the test vial is pierced
with a small syringe leading to a gas burette. A similar test protocol could be
setup for particulate material reactivity testing (Stevick, 2003).

NFPA 704 (2001) has a water reactivity hazard classification scheme
based on the heat of reaction or heat of mixing determined via this method.
The demarcations between the four hazard classes are at reaction energies of
30 cal/g-mixture, 100 cal/g, and 600 cal/g using a 1:1 weight ratio of chemical
to water. Adjustments to some of these classifications are made based on the
generation of gases during the reaction. Examples of particulate materials in
Water Reactivity Hazard Categories 1 and 2 are: ¥1 —sodium hydrosulfite,
W2 —calcium carbide (which produces calcium hydroxide plus acetylene
from an exothermic reaction with water).

DOT regulations for hazardous materials and U.N. (1999a) Recommenda-
tions for Transport of Dangerous Goods include a Division 4.3 category for
Dangerous When Wet Materials. The test methods for making this determi-
nation, as described in U.N. 1999b, involve first doing a preliminary deter-
mination of spontaneous ignition by mixing a very small quantity of mate-
rial with water, and then doing a quantitative measurement with a larger
quantity of material that has not reacted violently or produced spontaneous
ignition in the preliminary test. The criterion for assigning a material to this
category involves flowing water into a flask containing up to 25 g of the
material, and observing whether there is either spontaneous ignition or the
production of flammable gas at a rate greater than 1 liter per kilogram of
material per hour (0.0167 liter/kg-min). Materials in this category are
assigned to one of the three different packaging groups depending on the
test results as delineated in Table 4-7.

The U.N. Recommendations specify that particulate or friable materials
first be ground to a powder before undergoing the water reactivity test. The
test itself is required to continue for 7 hours, with gas generation rates calcu-
lated at 1-hour intervals.

Another pertinent concern with regard to contact with water is the possi-
ble deterioration of the particulate material packaging or container. In par-

TABLE 4-7
DOT/UN Packing Groups for Dangerous When Wet Materials
Division 4.3 Flammable Gas Generation Rate Spontaneous
Packing Group (liter/kg-min) Ignition?
I <10 for any one minute Yes"
II <10 but <0.33 No
i <0.33 but >0.0167 No
Not Division 4.3 material <0.0167 No

A material is assigned to Packing Group I if it is spontaneous ignition or it generates > 10 liter/kg-min.
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ticular, there is concern about the effects of water on flexible intermediate
bulk containers (FIBCs). The DOT requires that paper wall materials used in
the construction of FIBCs be subjected to a water immersion test (49CFR Part
178.710), and retain at least 85% of its dry tensile strength.

Some ad hoc chemical incompatibility test methods and test equipment
have been reported to address issues such as particulate material reactivity
with multiphase reactants. One of these methods was used by Reza et al.
(2002) to simulate the exothermic runaway reactions that led to the October
1998 explosion at the Condea Nast plant in Baltimore. The explosion
occurred when steam was injected into a plugged reactor vessel outlet in an
ill-advised attempt to clear the plug. The plug was composed of a sludge-like
mixture of coarse aluminum powder, aluminum chloride, and various
hydrocarbon liquids. The test vessel used by Reza et al. to determine the
reactivity of various combinations of reactants is shown in Figure 4-20. The
agitator at the vessel bottom allows particulate materials to be mixed
together and added to liquid phase reactants. The vent line allows for the
continuous injection of steam or some other vapor. Reza et al. used this
vessel to determine that the runaway reaction was initiated by steam react-
ing with aluminum chloride to produce hydrochloric acid, which in turn
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stripped the oxide coating off the aluminum powder. The aluminum then
reacted uncontrollably with the hydrocarbon liquids in the sludge. Pressures
in excess of 45 bar g (660 psig) generated during these reactions ruptured the
test vessels.

4.3.4 Self-Heating, Spontaneous Combustion,
and Pyrophoric Solids Test Methods

Constant Temperature Oven Tests

Most particulate self-heating tests involve filling wire mesh baskets with the
particulate material and placing the filled baskets in a preheated oven at
some temperature, T ;. One or more thermocouples inserted in the particu-
late sample are used to monitor the sample temperature as a function of time.
If no self-heating occurs, the oven temperature is increased to a higher value,
T ,, and a new instrumented sample-filled basket is inserted. The procedure
is repeated until there is a sharp rise in sample temperature above the oven
temperature as shown in Figure 4-21. Once a positive self-heating test has
been observed, the tests are usually repeated to achieve a small temperature
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Figure 4-21 Self-heating temperature traces for anhydrous calcium hypochlorite.

(Reprinted with permission from Gray (2002) in the SFPE Handbook of Fire Protection
Engineering, 3rd Edition, Copyright 2002 the Society of Fire Protection Engineers.)
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difference between a positive self-heating reaction and a test with only a
small gradual increase above the oven temperature, as in Figure 4-21 for
hydrated calcium hypochlorite. The average of these two temperatures is
called the critical temperature, T, corresponding to the particular sample
basket size used. The value of T, for the 35-cm-diameter basket data in
Figure 4-21 is 55.2°C (Gray, 2002).

Since the critical temperature is a function of the sample basket size, the
preceding sequence of tests is repeated with the same material in a different
size basket. Typically baskets are used with characteristic dimensions (diam-
eter of cylinder or side of cube) varying from about 5 cm to about 50 cm.
After doing several sets of these experiments, the data are correlated and
extrapolated as explained in the following description of Frank-Kamenetskii
theory in order to estimate either the maximum safe storage temperature for
a given size pile of material, or the maximum safe pile/silo size for a given
storage temperature or storage time.

Theoretical Basis for Data Correlations

Classical spontaneous ignition theories (Frank-Kamenetskii theory and
Semenov theory) are based on the simplifying assumption that there is one
exothermal chemical reaction responsible for the material self-heating. This
reaction is assumed to generate heat at a rate governed by an Arrhenius reac-
tion temperature dependence, and usually the reactant consumption is
neglected. The Frank-Kamenetskii approach is to first model a steady-state
heat transfer process in which the heat generated by this reaction is balanced
by the heat transferred at the surface of the pile, and then to use the model to
determine the conditions under which a steady-state solution is not possible
because the surface heat transfer rate is not adequate. More comprehensive
descriptions of this approach for different boundary conditions are provided
by Bowes (1984), Beever (1995), and Gray (2002); the brief summary pre-
sented here is an abbreviated version of the discussion in Chapter 6 of Zalosh
(2003).

Using the approximation that the temperature rise above ambient is
small in comparison to the ratio of the activation energy to the universal gas
constant, the differential equation governing the steady-state heat transfer
with Arrhenius rate internal heat generation is (Gray, 2002, p. 2-219 and
Bowes, 1982, p. 27):

V20 = —5e° [4-7]

where 0 is a nondimensional temperature rise,
E(T-T
o= ET-T)
RT,
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and 9 is the Frank-Kamenetskii parameter,

2
8 = EPQ# exp —_ i
RT A RT,

which represents the ratio of the heat generation rate at T, to the heat conduc-
tion rate from the center of the material.

The other parameters in Eq. [4-7] are as follows:

E is the reaction activation energy (J/mol),

A is the preexponential factor in the Arrhenius reaction rate equation,

flcg), (s7)

R is the universal gas constant = 8.314 J/mol-K,

p is the material bulk density (kg/m?),

Q is the heat of reaction (J/kg),

r is characteristic length of the storage pile (m),

A is the material thermal conductivity (W/m-K),

T, is the material storage temperature (K).

The boundary conditions associated with Eq. [4-7] are:

ae

e 0 at z=0 (center of storage pile)
z
dae .
2 =00, atz=r(center of storage pile) [4-8]
z

where the Biot number, o is given by o=, /A, I is the sum of the natural con-
vection and radiation heat transfer coefficient at the pile surface. The radia-
tion contribution, 1, is (Bowes, 1984, p. 190)

4e,e,0T’
ho= 18200
g, +€, — €€,

where g, and ¢, are the emissivities of the particulate surface and surround-
ing environment, and ¢ is the Stefan-Boltzman constant.

Unstable storage conditions, as predicted by this theory, correspond to
situations in which the value of 8 is larger than a critical value denoted by 3.
The value of §. depends on the geometry of the storage pile and the value of
o. In most spontaneous heating applications with pile characteristic dimen-
sions of at least several m, the Biot number is sufficiently large (greater than
about 20) for the asymptotic limit, o0 — oo to be applicable. Values of 8. corre-
sponding to this limit for different geometry storage piles are listed in Table
4-8. Adjustments for smaller values of o are given by Bowes (1984).
Relationships for o, in the case of an initially heated material in a cooler envi-
ronment are given by Bowes (1984), with updates by Beever (1995), and
some experimental results by Anthony and Greaney (1979).

By taking logarithms of the defining equation above for the Frank-
Kamenetskii parameter, we can obtain
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TABLE 4-8
Critical Values of Frank-Kamenetskii Parameter for Different Shape
Storage Piles (compiled from values in Bowes, 1984)

Pile Geometry Dimension S,

Plane slab Height 2r << width and length 0.88

Rectangular box Height 2r, width 2w, length 21

Cube 2r x 2r x 2r 2.52

Cylinder Diameter << Height 2.00

Cylinder Diameter/Height = 2r/2] 8.(r) =2.0 + 0.84(r/1)*
Cone’ D/H=1 9.1+0.1

(Diameter = D D/H=2 3.2

Height = H) D/H=4 17

8 for cones is based on the characteristic dimension H/2.

5.T? p
In—<% =M-— i
> T [4-9]
where
M= 1HM
RA
and P = E/R.

Writing the equation in this form provides a framework for correlating
and extrapolating the results of the spontaneous heating initiation tests in
which the critical values of storage temperature, T, are measured for a labo-
ratory sample of dimension r. If the tests are repeated with other size sam-
ples and results are plotted in the form In(3..T,%/r?) versus 1/T,, the data
should be linear as shown in Figure 4-22 for anhydrous calcium
hypochlorite. The slope of the best-fit line through the data should corre-
spond to the value of material parameter P, that is, E/R, and the extrapolated
intercept at 1/T, =0 should correspond to the material parameter M. Results
will depend on the units for T, and r used to plot the data and obtain the best-
fit. According to Gray (2002), many particulate spontaneous combustion
activation energies determined in this manner are on the order of 100 kJ/mol.

Using the tabulated values of M and P, the preceding equation can be
used to calculate the value of r for a maximum safe storage pile at an ambient
temperature T,, or the maximum safe material curing temperature T, for a
given value of r. Solving Eq. [4-9] for the critical radius, r., for spontaneous

ignition,
r.=T,8.e M [4-10]
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Figure 4-22 Frank-Kamenetski parameter plot for anhydrous calcium hypochlorite.
(Reprinted with permission from Gray (2002) in the SFPE Handbook of Fire Protection
Engineering, 3rd Edition, Copyright 2002 the Society of Fire Protection Engineers.)

As an example, consider the case of a chemically activated carbon with
M and E values of 11,670 (for r in mm) and 97 k]/mol, respectively, as given
by Bowes (1984). If the activated carbon is to be stored in a silo with a
height/diameter ratio of 1, such that §. = 2.84, the critical silo radius, r., for a
storage temperature of 20°C is 3.5 m. Jones (1998a,b, 1999) reported on
results for 10 other activated carbon samples with activation energies rang-
ing from 88 kJ/mol to 113 kJ/mol. Since the relationship between r. and T, is
very sensitive to the value of E, the critical storage pile size calculations
should be based on process-specific and site-specific test data.

There are some variations of this approach for data analysis. Rather than
use the Frank-Kamenetski equations, VDI 2263 states that the results from
several basket tests be plotted using 1/T, versus In(V/surface area). The VDI
standard allows the critical temperature for several sizes of cones, cylinders,
cubes, spheres, and tetrahedrons, all to be plotted on the same straight line
graph. Time to ignition can also be estimated with this approach, i.e. by plot-
ting induction time as a function of V with constant T, or vice versa (VDI
2263, Section 1.4.2).

The data analysis method and the microcalorimeter test (for Q) used by
Jones (1998a, 1999) allowed him to run only one set of oven tests (using dif-
ferent basket size baskets at one oven temperature) for each sample of acti-
vated carbon. This allows for a considerable savings in time over the more
tedious multiple test series. Gray (2002) points out that these shortcut meth-
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ods are attractive when there is only one chemical reaction, but there are
many applications for which the more extensive set of oven tests produce
correlations that reveal the occurrence of two different chemical reactions,
with each reaction being dominant over a limited range of temperatures.
Gray (2002) concludes, “measurements at a single temperature or over a lim-
ited temperature range can give dangerously flawed results.”

Owven Testing for U.N. Dangerous Goods Transport Classification
of Self-Heating Materials

The U.N. classification scheme for transport of hazardous materials has a
category in Division 4.2 for self-heating substances. An oven testing proce-
dure (U.N., 1999b) is used to determine if a particular material should be so
classified and, if so, what Packaging Group it should be assigned. The partic-
ular tests and criteria for classification are shown in flow chart form in Figure
4-23.

The U.N. classification tests indicated in Figure 4-23 are conducted in a
hot air recirculation oven with a minimum volume of 9 liters. Stainless steel
mesh sample baskets of various sizes are filled with particulate material,
instrumented with 0.3 mm diameter chromel-alumel thermocouples in the
sample center, and then hung in the oven. The first test is made with a 100
mm sample cube (1000 ml) at an oven temperature of 140°C. If the sample
temperature does not reach 200°C after 24 hours, the material is not a self-
heating material of U.N. Division 4.2. On the other hand, if the material does
self-heat to at least 200°C, it is subjected to additional tests as indicated to
determine if it is a Packaging Group II or Packaging Group IIl material, and
whether it is eligible for the exemptions corresponding to the indicated small
package sizes. In each case, a temperature rise of 60°C above the oven tem-
perature is the criterion. According to the U.N. (1995) report, the criteria are
based on 50°C self-ignition temperature for charcoal in a 27 m® container.
Materials with extrapolated self-ignition temperatures higher than 50°C in a
27 m? container are considered Division 4.2 self-heating materials.

Other Types of Spontaneous Combustion Laboratory Tests

Siwek (1996) and Eckhoff (1995) described a constant oven temperature test
to determine the so-called Self-Heating Temperature or the Self-Ignition
Temperature (SIT) of particulate materials. The test is conducted as shown in
Figure 4-24, and is almost the same as the U.N. self-heating classification test
described above, but the oven heating time (72 hours) and the threshold self-
ignition temperature criterion (400°C) are greater than those used in the U.N.
tests. If the temperature increases above the oven temperature, but does not
reach 400°C, the result is termed self-heating rather than self-ignition. The
cylindrical wire mesh baskets in these Bartknecht/Siwek tests range in size
from 400 ml to 3000 ml, and the variation of measured self-ignition tempera-
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Figure 4-25 Variation of self-ignition temperature with test sample volume in

Bartknecht/Siwek test apparatus (from Eckhoff, 1995).

ture with sample volume for a representative material is shown in Figure 4-
25. These SIT tests are now codified in the annex to EU Directive 92/69.

The Grewer oven test described in 4.3.2 is also used sometimes to deter-
mine a so-called relative self-ignition temperature, RSIT (Siwek, 1996). Sam-
ples of the test material and of graphite powder (the inert reference material)
are placed into 8-ml mesh baskets and heated up to 350°C at a rate of 1°C per
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minute in the Grewer oven as illustrated in Figure 4-26. The RSIT is the oven
temperature that causes the test material to self-heat up to a minimum tem-
perature of 400°C. Siwek suggests that materials should not be processed (in
equipment such as spray or pneumatic conveyor dryers) at temperatures
within 50°C of their measured RSIT value.

The aerated cell, shown in Figure 4-27, can be used in a constant temper-
ature mode as well as in the slow, programmed temperature ramp used for
exothermic decomposition temperature measurements. Data at a constant
oven temperature are more likely to indicate any tendency toward self-heat-
ing in a drier with a large air flow.

ASTM D 1929-96 (2001) is another oven test method to determine the
spontaneous ignition temperature, in this case for plastic pellets or powders.
The test sample consists of 3 g of particulates (or other solid forms) in a small
(4-cm diameter) specimen pan within the furnace shown in Figure 4-28.
There is a provision for heated air to flow up and around the sample pan at a
velocity of 2.5 cm/s. After the furnace test temperature is established, the
sample pan is raised to the opening at the top of the furnace to allow the test
sample to be inserted. The standard calls for a maximum 10-minute observa-
tion period after the pilot flame is ignited to determine whether piloted
(flash) ignition has occurred. After the piloted/flash ignition temperature is
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determined, the test is repeated at higher temperatures to determine the
spontaneous ignition temperature in the absence of any pilot flame. The
sample form (pellets, sheets, fibers, etc.) is required to be included in the test
report, but not necessarily the actual particulate size.

Table 4-9 shows some flash ignition temperatures and spontaneous igni-
tion temperatures reported (ASTM D 1929, 2000) for polystyrene and for
polyamide 6 (Nylon 6) samples. The nominal (average for round robin tests)
flash ignition temperature is 31°C lower than the spontaneous ignition for
polyamide, and 88°C lower for polystyrene. The reproducibility among the
six laboratories doing the round robin tests is also indicated in the table. In
addition, the last column shows the reported (Eckhoff, 1997) dust cloud igni-
tion temperature measured using the Godbert-Greenwald furnace test
described in Section 4.3.7. The dust cloud ignition temperature is approxi-
mately equal to the ASTM D 1929 spontaneous ignition temperature for
these two polymers.

ASTM E 659-78 (2000) is yet another ignition temperature test. It is
intended to determine the autoignition temperature for either liquids or for
particulates that melt and vaporize at temperatures below their autoignition
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Figure 4-28 ASTM D1929 ignition temperature test for plastic granules.
(Reproducedwith permission from ASTM.)

temperatures. Figure 4-29 shows the ASTM E 659 test apparatus, which con-
sists of a 500 ml borosilicate flask suspended inside a cylindrical furnace.
After the furnace/flask test temperature is reached, a powder sample is
inserted into the flask via a filling funnel, and a timer is started. The possible
occurrence of flaming ignition within ten minutes is noted by viewing the
flask through a mirror above the top opening in the furnace.
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TABLE 4-9

ASTM D 1929 Granule Ignition Temperatures Compared to Dust Cloud

Ignition Temperatures

Flash Ignition Spontaneous Ignition Godbert-Greenwald
Temperature for Temperature for Dust Cloud Ignition
Polymer Granules (°C) Granules (°C) Temperature (°C)
Polyamide 6 413 + 38 439 +56 450
Polystyrene 370 + 52 458 + 59 450
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According to ASTM E 659, the first sample tested should be 100 mg.
After determining the autoignition temperature for the 100-mg sample, the
procedure is repeated for a 150-mg sample. If autoignition occurs at a lower
temperature with the larger sample, the procedure is repeated again for 200
mg and possibly larger samples of the same material in order to find the min-
imum autoignition temperature. The standard also suggests that the entire
test procedure be repeated in larger test flasks (as large as 5 liters), since the
autoignition temperature often decreases with increasing test volume.

Greenfield (2003) describes the use of the VSP2 test equipment for
screening for self-heating and spontaneous combustion tests. The test is run
with the VSP2 programmed heater providing known rates of sample tem-
perature rise, and with a controlled purge air flow into and out of the test cell
as shown in Figure 4-30. Air flow rates of 350 cc/min to 400 cc/min (corre-
sponding to approximately 10 test vessel volume changes per minute) at
room temperature are typically used. The onset of self-heating can be
detected by sharp increases in sample rate of temperature increase above the
imposed self heat rate, reductions in heater power input, and in some cases
by the occurrence of an increased exhaust flow rate from the test vessel. The
increased vent flow rate is associated with gaseous combustion products.

An example of a self-heating test result obtained by Greenfield (2003)
using the VSP2 is shown in Figure 4-31a. The 38 g sample in this test was
heated at an initial rate of 0.5°C/min until it reached a temperature of 80 °C,

Containment

vessel
Mass Mass
flow flow
con- meter
(t;(i)r"i?wr) (gas out)

3( An
w EIj
1 ]]
Wet ice trap
Dry ice trap

Figure 4-30 VSP2 spontaneous combustion test (from Greenfield, 2003)
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Figure 4-31b Self-heating rate measured by Greenfield for VSP2 test with temperature
variation shown in Figure 4-31a.

and then was heated at decreasing rates until it reached its apparent self-
heating temperature of 163°C, as evidenced by the steep rise in self heat rate
and sample temperature up to about 600°C. The recording of sample heating
rates shown in Figure 4-31b shows the self-heating rate increasing sharply
starting at 163°C and reaching a peak at about 400°C. Observations of the
sample after the test indicated that it had decomposed such that only a small
fraction of the original sample remained in the pan. Greenfield notes that this
type of test is a good indicator of the potential for self-heating and possible



204 Chapter 4 Assessing Particulate Hazards

spontaneous combustion for particulate materials being processed in drying
and dust collection systems.

ASTM D3523 describes the Differential Mackey Test to determine the
spontaneous heating value (SHV) of solids and liquids on cellulosic surfaces.
The standard defines the SHV as the maximum amount by which the tem-
perature of the sample exceeds the temperature of a reference material
(water) when exposed at a given temperature in the standard apparatus. The
apparatus consists of a hot plate heated vessel containing two cylindrical
chambers, one for water and the other for the test material. The test material
sample is 10 g of solid in 20 g of fresh cotton gauze, and packed into a mesh
basket containing a thermocouple. ASTM D3523 notes that the SHV mea-
sured by this method varies with the particulate size of the sample. Gray
(2002) warns that this type of completely empirical test is “not reliable and
cannot be properly related to the basic principles of spontaneous ignition
theory.”

Pyrophoric Solid Test Methods

The U.N. test N.2. for Division 4.2 pyrophoric solids (U.N., 1999b, p. 328)
simply entails dropping one or two ml of powder from a height of about 1 m
onto a noncombustible surface. If the powder ignites within a period of 5
minutes from when it was dropped onto the surface, it is classified as a
pyrophoric solid. Presumably if the powder ignites even before it is dropped
onto the surface, it would also be classified as pyrophoric. The test method in
the U.N. Manual (1999b) does not provide any guidance on powder han-
dling procedures to control the level of surface oxidation prior to testing. The
thickness of the oxide layer has been demonstrated to be an important factor
in whether or not powders exhibit pyrophoric behavior (Glassman et al.
1992).

4.3.5 Dust Layer Combustibility Test Methods

The ignition temperature for a dust layer immersed in a heated air environ-
ment for an indefinitely long period of time can be determined from the pre-
viously described ASTM oven tests, for example, ASTM D 1929 or ASTM E
659, or from the 5 mm depth heated layer test denoted as the minimum igni-
tion temperature test MIT-1 by Querol Aragoén et al. (2002). The tests
described in this section pertain to the ignition and subsequent combustion
of a dust layer in a near room temperature air environment.

Dust Layer Hot Surface Ignition Temperatures

The standard test method for determining the minimum heated surface tem-
perature that can ignite a dust layer deposit of a given thickness is described
in ASTM E 2021 and in IEC1241-2-1. ASTM E 2021 describes the test method
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Figure 4-32 ASTM E 2021 and IEC 1241 hot surface test. (Reproducedwith permis-
sion from ASTM.)

and ways of reporting and interpreting the data but does not prescribe maxi-
mum safe surface temperatures based on test results. IEC 1241-2 describes
the same test method but with different ignition criteria and sample particle
size.

Both ASTM E 2021 and the IEC 1241-2 test utilize a 10-cm diameter disk-
shaped dust sample placed in a metal ring on a 20-cm diameter heated plate
as shown in Figure 4-32. The plate temperature is set at some predetermined
value for each test, and a thermocouple located in the middle of the dust
sample monitors the dust temperature as the plate heats it. The loosely
packed dust sample is exposed to the heated surface for a period of about 30
minutes unless there is a positive indication of ignition earlier than that.
Tests are repeated until there is only a 10°C difference between a test that
results in ignition, and a no ignition test.

The dust sample preparation and the criteria for ignition differ in the
two standards as indicated in Table 4-10. The dust sample used in the ASTM
E 2021 test (and in virtually all the dust combustibility tests) is supposed to

TABLE 4-10
Comparison of ASTM E 2021 and IEC 1241-2

ASTM E 2021-00 IEC 1241-2-1

Particle size At least 90% <75 pm

12.7 mm (Y2-inch)

100% <200 pm

Layer thickness 5.0 mm (Optional: second depth of

Ignition criteria

Extrapolation to
other layer
depths

Other depths may also be used.

Glowing or flaming, or a
temperature rise 250°C above
surface temperature.

Obtain data for at least three
depths (emphasizing thicker
layers) and plot log d versus 1/T;

12.5 mm or 15.0 mm)

Glowing or flaming, or a
temperature of 450°C or a
temperature rise 2250°C above
surface temperature.

Preferable to test with deeper layer,
but allowable to plot log d versus
1/ Tsi
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be 90% by weight through a 75-um sieve size. IEC 1241-2-1 requires only that
the test sample passes through a 200-um sieve. Ignition criteria differ in
terms of the minimum required temperature rise for ignition if there is no
visible sign of combustion.

Figure 4-33 shows the data for a pair of tests in which ignition did not
occur at a surface temperature of 240°C and did occur at a surface tempera-
ture of 250°C. In the 250°C test, the layer temperature reached the surface
temperature after about 25 minutes, and the peak temperature occurred at
about 35 minutes. Both standards require each test to be run at least 30 min-
utes if there is no indication of self-heating above the surface temperature.

Dust layer thickness can significantly affect test results, such that the
resulting hot surface ignition temperature decreases with increasing dust
layer thickness as shown in Figure 4-34. The Bureau of Mines data in Figure
4-34 (Miron and Lazzara, 1988) suggest the ignition temperatures are
approaching an asymptote beyond a depth of 25 mm, but more data would
be needed with deeper layers and other materials to confirm such an asymp-
tote. Both standards allow extrapolation by plotting the log of the depth
versus the inverse surface temperature for ignition. This is tantamount to
plotting depth versus 1/T; on a semi-log plot as shown in Figure 4-35. The
data for oil shale dust in Figure 4-35 satisfy a linear correlation in a semi-log
plot, but the data for the two other materials (brass and coal dust) exhibit a
nonlinear correlation. Miron and Lazzara (1988) state that the curvilinear
correlation does not lend itself to extrapolation to much thicker layers, and
they recommend conducting larger scale tests to get accurate/realistic sur-
face ignition temperatures.

The self-heating theoretical equations described in Section 4.3.4 can also
be extended to the surface heating application discussed here. The different
boundary condition represented by the hot surface requires use of a more
complicated equation for the Frank-Kamenetskii parameter, §,, in this case
(Bowes, 1984, p. 99). Plotting data in a manner consistent with Eq. [4-10] has
been shown by Bowes (1984, p. 216) to provide an excellent correlation for
sawdust. Although it would be desirable to plot data for other dusts in a sim-
ilar manner, the values of 5. may differ because of the different chemical
reactions and thermal properties. Thus, neither ASTM E 2021 nor IEC 1241-2
requires or even encourages use of other correlation methods for data
extrapolation.

Once the minimum surface temperature for igniting a 5-mm-thick layer,
T5 mm, has been determined by testing, the maximum safe surface tempera-
ture per IEC 61241-10 is given by Figures 4-36 and 4-37. In applications
where the layer thickness can be controlled (typically on exposed outer sur-
faces of equipment), the maximum allowable surface temperature for a thin
deposit of thickness <5 mm, is given by T5 ,,,, —75°C (Rule 1). When the thick-
ness exceeds 5 mm but is less than 50 mm, the curves shown in Figure 4-37
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show how the maximum allowable surface temperature decreases corre-
spondingly (Rule 2). Recent deep layer tests reported by Lunn et al. (2001)
and Bennett et al. (2002) have confirmed that the maximum allowable sur-
face temperature curves in Figure 4-37 are indeed conservative in establish-
ing a large safety margin between actual surface temperatures causing igni-
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Temperature limitations because of the presence of dust layers

Equipment where layer thickness is Equipment where layer thickness is
controlled or limited; typically outside not controlled or limited; typically
process containment but also inside process containment but also
possible inside containment possible outside containment
Layer thickness controlled Layer thickness controlled Layer thickness
and frequently removed but not removed not controtled
before thermal effects
oceur
or Thickness up to 5§ mm
Rule 1
Layer thickness limited Thickness above
by design. 5 mm up to 50 mm
Rule 2
Thickness up to 5 mm Excessive thickness
Rule 1 Rules 3 and 4

Figure 4-36 IEC 61241-10 flow chart to determine maximum allowable equipment
surface temperatures for dust layers.

tion and the maximum allowable surface temperatures. For example,
Bennett et al. report in the case of a dust with a T5 1, of 305°C, Figure 4-37
would dictate that a 30-mm-thick layer would have a maximum allowable
surface temperature of 95°C, whereas their measured surface ignition tem-
perature was 270°C.

In applications where the dust layer thickness cannot be controlled (usu-
ally because the surface and layer are not exposed or accessible), the IEC
standard requires that the following Rules 3 and 4 be applicable.

Rule 3 states that the electrical power to the equipment must be limited
to a value determined by either experiment or “recognized calculation meth-
ods.” Rule 4 states that laboratory tests and/or calculations must be con-
ducted to determine the maximum allowable surface temperature.

Lunn et al. (2001) also developed a test apparatus that can be used to
determine maximum allowable surface temperature for dust piles deeper
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than 50 mm, i.e. to use in applying IEC 61241-10 Rules 3 and 4. The test appa-
ratus is shown schematically in Figure 4-38. It consists of a rectangular heat-
ing block of dimensions 20 cm x 10 cm x 5 cm high, onto which a conical dust
pile is deposited via a funnel. Four liters of test powder are deposited onto
the block, and a constant power is applied to the heating element. Figure 4-39
shows a section of a sawdust pile used in these tests. Four thermocouples
measure the surface and dust deposit temperature as it is heated for a period
of 8 hours if no ignition is observed prior to that time. The test is then
repeated with a new power application depending on whether or not the last

Figure 4-38 Apparatus for produc-
ing particulate pile on heating block
(from Lunn et al., 2001).
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Figure 4-39 Section of sawdust
pile on heating block (from
Lunn et al., 2001).

test resulted in ignition. This procedure continues until there is only a 10°C
difference between the surface temperature for an ignition and a no ignition
result. As an example, the 25-um sawdust particles that had a 5-mm-deep
layer surface-ignition temperature of 340°C, had a deep deposit surface igni-
tion temperature of 230°C as determined via this test procedure.

Dust Layer Hot Spot, Impact, and Friction Ignition Tests

Another dust layer ignition scenario involves a small hot spot (representing
perhaps a frictional heating hot spot) within or under the dust layer. Various
laboratory tests have been conducted to examine this situation. For example,
Siwek and Cesana (1995) describe tests with small hot spots of 3 cm? area that
ignited dust layers when the spot/surface temperature was 1100°C. They
also showed that smoldering lumps (also called nests) of powder would
ignite many dust layers when the surface area of the smoldering lumps/nests
was 96 cm? and its temperature was 900°C. Lunn (2002) reviewed more
recent and extensive test data that showed that 75 g heated metal cylinders
would ignite deep dust layers at temperatures between 450°C and 700°C
depending on the dust material. Other tests with smoldering nests at a tem-
perature of about 400°C deposited in the deep layers would ignite the layers
if the nests were sufficiently large. The minimum size nest required to ignite
the layers depended on the dust material. Since results are material depend-
ent, it would be useful to develop a standardized test protocol to test various
materials. Lunn also reviewed test data on the ignition of coal dust deposits
by embedded electrical wires of various diameters and electrical currents.
Here too, standardized tests would help establish safe current levels for
intrinsically safe electrical equipment.

Figure 4-40 shows a test apparatus developed by Gibson and Harper
(1981) to determine whether frictional heating from a rotating shaft would
ignite dust deposits at the base of the shaft. There are also a variety of tests to



212 Chapter 4 Assessing Particulate Hazards

15-25 kg VERTICAL LDAD

T

ROTATING MILD
STEEL PEG
(5 mm DA}
POWDER
SAMPLE

CAST IRON BLOCK

Figure 4-40 Gibson and Harper (1981) test apparatus for frictional heating of dust
layers (from Eckhoff, 2003).

determine the reaction of a combustible dust layer to an impact from a
dropped hammer. Eckhoff (2003) describes several versions of these impact
tests and cautions that it is often difficult to determine whether or not the
impact did produce a localized burning.

Dust Layer Combustion Tests

After a dust layer has been ignited at one location, a variety of combustion
phenomena can ensue. Several similar dust layer combustion tests have been
developed to observe and classify the behavior of particulate material when
subjected to a small flame or heat source. ICI developed a test configuration
to represent the conditions occurring in a spray dryer (Abbot, 1990). The par-
ticulate test sample was 20 cm long by 2 cm wide by 1 cm deep, and was
heated at one end by a small gas flame. Some materials just burned/decom-
posed at the site of the flame but the reaction front did not propagate. Other
materials developed propagating smoldering fronts, while still others
reacted in the form of flame propagation.

The German/Swiss version of this test is shown in Figure 4-41. A 4-cm-
long triangular ridge of dust with a 2-cm-wide base is exposed to a glowing
platinum wire at one end. The test is usually performed at room temperature
with the test sample sitting on a ceramic plate, but it can also be conducted at
some elevated process temperature by placing the sample in a heated glass
tube. An air flow velocity of 0.2 m/s is imposed over the sample. Observa-
tions of the result of the heated wire exposure determine into which of the six
classes given in Table 4-11 the particulate material should be categorized
(Eckhoff, 1997 and Lunn, 2002).
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TABLE 4-11
European Combustibility Categories for Dust Layers
Combustibility
Class Result of Hot Wire Exposure Example Material”
1 No Ignition Stearic Acid (1300 pm)
2 Short duration localized combustion Polypropylene (162 um)
followed by self-extinguishment
3 Local sustained combustion without Polypropylene (25 um)
any propagation
4 Propagation of smoldering Phenol formaldehyde resin
combustion (60 pm)
5 Flaming combustion propagation Methy]l cellulose (29 pum)
6 Explosive combustion Calcium/aluminum (22 pm)

“Example materials from listings in Eckhoff (2003) Appendix.

test on ceramic plate

velocity of air
-0.2 m/s

test in glass tube

sample holder

support
platinum wire {-1000°C}

Figure 4-41 Dust layer combustibility test (from Siwek, 1996).

mold for sample

As indicated by the examples in the table, small particle size layers tend
to have more vigorous combustion and correspondingly higher combustibil-
ity classes than larger particles of the same material. Higher temperatures
also can increase the combustibility class. For example, Dextrin is Class 2
when tested at 22°C, but increases to Class 5 when tested at 100°C (Lunn,
2002). Likewise, an increase in the air velocity above the test sample can also
significantly alter the combustion behavior and associated categorization.

United Nations classification testing (U.N., 1999b; Siwek, 1996) utilizes a
25-cm-length ridge as opposed to the 4-cm-length ridge. The powder sample
is prepared by loosely filling the triangular cross-section mold shown in
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Figure 4-42 Sample preparation apparatus for U.N. dust layer burning rate test
(from U.N., 1999b)

Figure 4-42, placing a noncombustible plate on top of the mold, and then
inverting the mold and removing it. After conducting a preliminary screen-
ing test to discard powders that do not propagate flame along the ridge
within 2 minutes, the flame propagation time over a 10-cm length of the
ridge is measured, and the material is classified according to Table 4-12. A
wetted region of powder (formed by applying water with the possible addi-
tion of wetting agent to the powder, if necessary) beyond the 10-cm end of
the zone is used to determine the appropriate Packing Group for the Readily
Combustible (Division 4.1) Solid.

Sample test data given in the U.N. Manual (1999b) shows how the addi-
tion of a zinc salt to a manganese ethylene bis (dithiocarbamate) complex



4.3 Laboratory Test Methods for Detailed Assessments of Particulate Hazards 215

TABLE 4-12
U.N. Flammability Categories (Siwek, 1996 and U.N., 1999b)
Flame Propagation Reaction at Moistened Region
Time (rate) of Ridge U.N. Category
>45 5 (<2.2 mm/s) — Not a 4.1 material
<45 s (>2.2 mm/s) Flame propagates through wetted  Division 4.1, Packing Group II
zone
<45 s (>2.2 mm/s) Flame is stopped for at least 4 Division 4.1, Packing Group III
minutes at wetted zone

(Mancozeb) increases the flame propagation time and prevents the combus-
tible powder from being categorized as a Division 4.1 material.
Metal powders have a different set of criteria as follows.

Propagation time > 10 min: Not a 4.1 material.
5 min < Propagation time <10 min: Division 4.1, Packing Group III
Propagation Time < 5 min: Division 4.1, Packing Group II

Although the rationale for the different criteria for metal powders is not
explained in the regulations, it is probably associated with the higher flame
temperature of metal particulate and the difficulty in extinguishing metal
powder fires using ordinary suppression agents.

The European and U.N. layer burning rate tests measure the rate of lat-
eral flame spread, but they do not quantify the mass burning rate and the
associated fire heat release rate. The most commonly used laboratory test
apparatus for measuring burning rates and fire heat release rates is the cone
calorimeter. The cone calorimeter uses a test sample with a 10-cm by 10-cm
area exposed to the radiant heat flux from a cone shaped radiant heater as
shown in Figure 4-43. Instrumentation includes a load cell for the mass burn-
ing rate, and gas analysis sampling in the exhaust duct in order to determine
heat release rates as explained by Babrauskas (2002). Although the cone calo-
rimeter is normally used for testing slabs of combustible materials, it has also
been used to characterize powder layer fires.

Varshney et al. (1990) and Sharma et al. (1993) describe another type of
powder burning rate test involving ignition in an indented cavity in the
center of various size deposits of powder on various substrates. Thermo-
couples imbedded at various levels below the surface of the powder deposit
provide a measure of the rate of downward propagation of the combustion
front. Their data showed that the type of substrate material under the
powder deposit plays an important role in the rate of burning, such that the
burning rates are substantially larger and of longer duration on thermally
insulating substrates than on metal substrates. The tests also show that the
burning rate and surface temperatures increase with increasing amount of
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Figure 4-43 Cone calorimeter fire test apparatus. (From Babrauskas, 2003, in the
SFPE Handbook of Fire Protection Engineering, 3rd Edition. Copyright 2002 the Society
of Fire Protection Engineers.)

powder deposited over the range from 25 g to 800 g. Thus tests with small
samples of powder can underestimate the dust layer fire hazard.

Table 4-13 provides a comparison and summary of the various dust
layer ignition and combustion tests.

4.3.6 Electrostatic Charging and Discharge Testing for Particulates

The electrostatic charging and charge accumulation propensity of particu-
late material is primarily dependent on the material’s electrical resistivity
and charge retention characteristics. Commercial instrumentation to mea-
sure particulate material volume resistivity is available in a variety of config-
urations such as a cylindrical cell with electrodes on both end faces (Britton,
1999), and equipped with a sensitive ammeter.
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TABLE 4-13
Summary of Dust Layer Combustibility Test Methods
Standard or
Test Reference Applications Advantages Limitations
Hot spot/nest ~ Siwek and Dust ignition ~ Results can be No standardized test
ignition Cesana (1995)  scenarios used to establish  protocol yet.
Lunn (2002) involving well-founded
Eckhoff (1997) frictional dust fire
heating or prevention
cigarette, or measures.
hot electrical
wire.
Hot surface ASTM E 2021 Maximum Can be used to Maximum safe surface
ignition IEC 1241-2-1 allowable establish safe temperature decreases
temperature surface surface with increasing layer
temperature  temperature depth, and no depth-
to avoid limits for process scaling law has been
igniting equipmentand  developed yet.
combustible  electrical Exception: isothermal
dust layer. equipment. oven tests.
Lateral flame  UN (1999b) UN/DOT Accounts for Describes behavior
spread rate Burning Class possible flame with limited ignition
and extent categorization spread over source and one sub-
for shipping.  areas of wetted strate. For large igni-
dust. tion source, the
burning behavior
usually is a more
robust and more rapid
and extensive
combustion.
Abbot (1990) Simulates Gas flame As above
flame spread  ignition source
for a dust
layer in a
dryer
Eckhoff (1997)  European Test is conducted As above
categorization with an air flow
of dust to promote flame
materials into  spread, and can
one of six be conducted at
combustibility elevated dryer
classes. temperatures.
Mass burning Babrauskas Will determine Fire heat release  Small (10 cm x 10 cm)
rate and heat (2002, 2003) the threat of rate is the most ~ sample size used in
release rate fire spreading commonly used Cone Calorimeter.
to other nearby parameter in fire
combustible protection
materials. engineering.
Sharma et al. Deep layer Accounts for Results are sample size
(1993) deposits. downward flame dependent, and there
propagation into  is no standard sample
a deep layer. size.
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Figure 4-44 IEC 1241 Dust Layer resistvity test apparatus.

The resistivity test configuration in IEC 1241-2-2 uses a rectangular chan-
nel of powder formed between two metal bars as illustrated in Figure 4-44.
After two glass bars are placed across the ends of the metal bars, powder is
poured into the 10 mm high by 10 mm wide channel, and the excess is wiped
away. The standard specifies that the powder should have a particle size less
than 71 pm, and should have its moisture content measured, but does not
specify any maximum allowable moisture level. An electrical circuit shown in
the standard is used to apply various dc voltages in the range 110 V to 2000 V
across the powder channel, and the resistance, R, of the channel is measured
at each voltage. The powder volumetric resistivity, p, is then calculated from
the following equation (providing the resistance of the empty test cell is at
least 10 times the resistance measured with the test sample):

p = 0.001RJH(W/L)] [4-11]

where H, W, and L are the height, length, and spacing, respectively, of the
metal bars in the test cell.

If the measured resistivity is less than or equal to10° Q-m, the powder is
classified as a conductive dust per IEC 1241-2-2. If the measured resistivity is
greater than 10° Q-m, the powder is classified as a nonconductive dust.
These classifications have important implications regarding electrical equip-
ment used in areas containing combustible powders. Other resistivity crite-
ria are used for particulate handling applications as discussed in Chapters 6
and 7.

Charge Generation Tests

Charge generation on flowing powder samples can be measured by collect-
ing the powder in a Faraday cage, sometimes called a Faraday pail. A Fara-
day cage or pail consists of two concentric conducting enclosures with the
outer enclosure being grounded and insulated from the inner enclosure. The
powder sample is collected in the inner enclosure, which is electrically con-
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nected to an electrometer. The construction suggested in ASTM D4470 con-
sists of two cups, with a removable lid on the outer cup and a small opening
on top of the inner cup to allow entry of the powder sample. Britton (1999)
suggests that the two metal enclosures can be constructed of either sheet
metal or metal mesh, with PTFE or some other highly resistive plastic as the
insulator.

The measurement of charge is often facilitated by using a shunt capaci-
tor to reduce the voltage on the electrometer to a value that can be measured
readily. The charge generation, Q, on the powder sample is then given by

Q=CV [4-12]

where C is the shunt or electrometer input capacitance, and V is the voltage
reading. The charge density is given by Q/m, where m is the mass of powder
collected in the Faraday cage. ASTM D4470 calls for charge density determi-
nations on five or more identical samples, and the report should include both
the average charge density and the standard deviation.

The charge generation mechanism for these laboratory tests can consist
of the powder sample flowing down a trough or tube into the Faraday cage.
Measurement of electrostatic charges generated during powder processing
are more difficult, but possible. For example, Glor and Schwenzfeuer (1997)
used the test setup shown in Figure 4-45 to measure charge generation and
conical discharges during silo filling. Ring shaped capacitors were electri-
cally connected to an RC-circuit and computer outside the silo as illustrated
in the figure. The instrumentation and computer recorded charge transfers
of at least 30 nC from powders of resistivities greater than 5 x 10!> Q-m. The
measurements indicated that the conical discharges were sufficiently ener-
getic to ignite powders with low minimum ignition energies.

I'l:
L
Cc
— pC
Figure 4-45 Test setup
L used by Glor and
Schwenfeuer (1997) for
- measuring charges gener-
4 r S ated during silo filling.
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Charge Decay Test

British Standard 7506 (1996) describes a method for measuring the decay
time of an electrostatic charge on the surface of a powder deposit. A layer of
powder at least 1 cm deep is deposited in a grounded container and clamped
by a grounded annular ring to a baseplate as shown in Figure 4-46. The
clamping ring diameter is 5 cm, and its width is at least 5 mm. A corona dis-
charge is deposited on the powder surface by temporarily exposing it to a
high voltage (at least 7 to 8 kV) electrode plate as shown in the figure. The
electrode plate is then rapidly removed and the fieldmeter is used to mea-
sure the dissipation of the surface charge. The decay time is recorded on
either an oscilloscope or computer or an electronic timing circuit. The nomi-
nal decay time is the measured time for the surface voltage to decrease to 1/e
of its initial hazard threshold value. In the case of a combustible powder, the
hazard threshold voltage is presumably the voltage at which a propagating
brush discharge can occur. The longer the decay time, the longer is the dura-
tion of the hazard. Another version of the test entails replacing the grounded
baseplate with an insulated plate, and allowing the surface charge to decay
via contact with a grounded electrode.

The electrical resistivity, capacitance, and breakdown strength of pro-
cessing equipment are other important parameters in evaluating the hazards
of electrostatic charging and discharges. Britton (1999) provides tabulations
of representative values of resistivity, dielectric constant, and breakdown
strength for a number of solid dielectric materials. However, these values are
easily influenced by material additives, contaminants, etc, and should be
measured on-site if/when a serious electrostatic hazard is suspected.

Fieldmeter : D 10 mm
square

Removable corona ——
discharge electrode ~ '

plate
Specimen

i

Figure 4-46 Test setup for measuring surface electrostatic charge decay (from British
standard 7506).
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Figure 4-47 Twenty-liter test vessel with dust dispersion nozzle. (From ASTM
E1515, with permission from ASTM.)

4.3.7 Dust Cloud Explosibility Test Methods

General Considerations in Dust Cloud Explosibility Testing

Combustible dust cloud explosibility testing inevitably entails first generat-
ing a suspended cloud of particulate of some nominal concentration in a lab-
oratory test vessel, and then attempting to ignite the suspended cloud. Two
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critical aspects of this type of test are (1) how to generate the dust cloud sus-
pension, and (2) what size and shape test vessel should be used. The most
widely used methods today place the dust sample in an auxiliary chamber,
pressurize the chamber with air, and then open a fast-acting valve to allow
the dust and air to enter the partially evacuated test vessel. Sometimes, the
dust enters the test vessel via a perforated hemispherical dispersion nozzle
near the bottom of the vessel as illustrated in Figure 4-48. More often, the
dust charge is blown against a so-called rebound nozzle near the bottom of
the vessel as shown in Figure 4-49. Still another technique is to inject the dust
through a perforated tube shaped as a C around the inside wall of the vessel
as shown in Figure 4-49. In all three techniques, the objective is to rapidly
produce a near-uniform dust cloud throughout the test vessel volume.

The air pressure used to disperse the dust and the time delay between
dust injection and ignition are critical factors in determining the level of tur-

Legend

1 water outlet 6  ignition source
2 oxygen analyzer, pressure sensors 7 rebound nozzle
3 manometer 8 fastacting valve
4 dust container (0,6 1) 9 waterinlet

5 airfinert gas inlet

Figure 4-48 Twenty-liter dust explosion test vessel with rebound nozzle (from Draft
EN 14034-1)
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Figure 4-49 Twenty-liter vessel with perforated C-ring.

bulence in the cloud at the instant the igniter is fired. The turbulence level
has a major bearing on whether or not the dust cloud will be ignited, and
how rapidly the cloud will burn if it is ignited. Figure 4-50 is one example of
the pressure decay in the auxiliary dust chamber following actuation of the
fast-acting valve, the delay time between injection and ignition, and the
corresponding pressure versus time curve following ignition. Since the air
pressure, dust injection method, ignition source, and delay time between
dust injection and ignition are critical factors influencing the test results,
round-robin tests are often conducted with several standardized dust sam-
ples to establish benchmarks and verify reproducibility among different
laboratories.

Most of the dust explosibility laboratory tests (other than preliminary
screening tests) are now conducted in a 20-liter test vessel of the type shown
schematically in Figures 4-47 through 4-49. The spherical shape enables a
near-uniform dust cloud. The 20-liter test vessel volume has been shown by
Bartknecht (1989) to be scaleable to larger test vessels, when comparing the

Kg, values defined as
K, = — Vv

where (dP/dt).,,, is the maximum rate-of-pressure-rise measured in a closed
vessel of volume, V. Hence most of the testing today is conducted in 20-liter
test vessels.
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Figure 4-50 Time delay between dust injection and ignition (from Draft EN 14034-1).

Dust Cloud Screening Tests

Explosibility screening tests for dusts and powders are conducted primarily
to determine whether or not a particular dust or powder will be an explosive
hazard. The process includes a preliminary analysis of the chemistry and
particle size of the material, followed by a dust cloud flammability/
explosibility test. Since there is no international standard developed for this
process, the specifics of the preliminary analysis and type of screening test
depend on the testing organization and the intended application and juris-
diction. These tests may often be referred to as yes/no or A/B tests, this is due
to the simplicity of their results (Yes = explosive = Group A and No = non-
explosive = Group B). Eckhoff (1997) indicates that for a screening test to be
conducted the following parameters must be present:
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* Reasonably sized dust cloud

* Dust concentration in the most explosive range (will vary depending
on dust or powder)

* Sufficient ignition source

Material Chemistry and Particle Size Distribution

The objective of the preliminary chemistry tests is to determine if the mate-
rial is indeed combustible and, if so, the approximate heat of combustion.
These tests are often conducted via DSC or some similar apparatus requiring
only a small test sample. If material has a moderate to high heat of combus-
tion (for comparison, many polyolefins have a heat of combustion of about
40 kJ/g), and if the mass median particle size is sufficiently small (see crite-
rion under United States/NFPA), then the material should be considered to
pose a dust explosion threat. Conversely, if low or negligible amounts of
heat are produced via oxidation, or if the characteristic particle size is suffi-
ciently large, then the material may not be considered to pose an explosion
hazard. Of course, there are many intermediary or ambiguous test results
that warrant continuing on with one of the explosibility screening tests
described below.

UK— Modified Hartmann Apparatus

The explosibility screening test often used in the United Kingdom (Barton,
2000) consists of a modified Hartmann 1.2-liter glass cylinder apparatus. The
dust or powder is dispersed in the cylinder and is ignited by either an electric
spark or by an electrically heated coil. If the material is ignited and the dust
flame is observed to propagate away from the igniter, then the material is
considered explosive or Group A. However, if the material fails to ignite, a
series of additional steps are conducted prior to deeming the material to be
nonexplosive or a Group B material. The dust sample is dried at 105°C for 1
hour before it is retested. Once re-tested if the material still does not exhibit
Group A qualities, it is sieved down to 25 pm and the individually sieved
samples are tested (based on particle size). If any portion of the sieved
sample produces an explosion, as determined from flame propagation, the
material is considered explosible.

Continental Europe—1-m3 and 20-Liter Pressure Vessels
and Modified Hartmann Apparatus

According to the overview in Eckhoff’s book (1997), there are a wide variety
of methods currently being used in continental Europe. Some use 1-m? or 20-
liter pressure vessels with a large ignition source (approximately 10 kJ),
while others follow a similar methodology to that of the United Kingdom.
For those who use the 1-m® and 20-liter pressure vessels, a positive or
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explosible material is determined by the pressure increase measured within
the vessel. The other methodology uses a modified Hartmann apparatus
similar to that used in the United Kingdom; however, the spark used for
ignition is somewhat weaker.

After deciding that the strongest ignition source that would be present
either deliberately or accidentally in most industrial processes would be from
a welding torch, the Norwegian dust explosion researchers at the Christian
Michelson Institute (Eckhoff, 2003) developed the apparatus shown in Figure
4-51. The apparatus consists of an open top vertical steel tube (14 cm diame-
ter), a port connected to a compressed air reservoir to inject the dust sample
into the tube, and a conventional acetylene welding burner at the base. The
material is dispersed in the apparatus and ignited via the welding torch. If the
material ignites produces a vented flame as shown in Figure 4-52, the material
is considered to represent a dust explosion hazard.

United States/NFPA

Both NFPA 654 and NFPA 68 define a combustible dust as finely divided
solid of 420 um or smaller (U.S. No. 40 Standard Sieve) diameter, and ignit-
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vented from Norwegian screening
test apparatus. (From Eckhoff, R.,
Dust Explosions in the Process Indus-
tries, 3rd ed. Amsterdam: Elsevier,
2003.)

able when dispersed in air. Appendix B of NFPA 68 provides a brief descrip-
tion of the screening test recommended for determining whether a
dust/powder is combustible/ignitable when suspended in air. The screening
test entails repeated attempts to ignite the dust cloud using a strong (10 k]J)
chemical ignition source and a range of dust concentrations. No specific test
vessel is specified, but there is a cautionary statement that the pressure gen-
erated by the 10 k] igniter in a small vessel (<20 liter) can cause difficulty in
discerning any pressure rise due to dust combustion. A practical alternative
mentioned in NFPA 68 Appendix B is to use only sub-200 mesh (<75 um)
particles in a small vessel with a weaker ignition source, such as an electric
match.

NFPA 654 also states that combustible dust deflagration hazards should
be determined by actual test data, with the type of test selected based on the
application/situation. Thirteen tests are listed in NFPA 654 as factors some-
times used in determining the deflagration hazard.

In the absence of a standard screening test, individual companies and
laboratories use different procedures for dust explosibility screening. Some
laboratories use a version of one of the European or NFPA 68 screening tests
described above. For example, one large chemical company conducts screen-
ing tests in a 1.3-liter Hartmann cylinder (see Figure 4-53) equipped with



228 Chapter 4 Assessing Particulate Hazards

Filter paper
T ={

L——. Perspex cylinder

Spark electrodes
L

Deflector
Powder sample
One-way valve.,
L n |
o
Figure 4-53 Original Bureau of
Mines apparatus for MIE. -4 0 00 @Il
(From Eckhoff, R., Dust Explo- -
sions in the Process Industries, !
3rd ed. Amsterdam: Elsevier, LSoIenmd VaWes&LSpark generator
2003.) Compressed air reservoir and timing system

spark electrodes and a 10 kV continuous AC power supply. If there is either a
flame or a pressure rise sufficient to break the paper rupture disc at the top of
the cylinder, the material is considered to be a combustible dust. Other labo-
ratories/companies focus on one of the standard tests described below for
their screening. For example, one company uses the results of minimum
ignition energy (MIE) tests and DSC tests during pilot studies and then may
proceed to maximum rate-of-pressure rise tests (Ks;), minimum cloud igni-
tion temperature, minimum oxygen concentration testing, etc. depending on
a material/process specific hazard analysis. A similar screening procedure
often used by another company is based on MIE test results, with a MIE
value under 10 mJ indicating a need for Ks; data and volume resistivity.
Another company bases its decisions on particle size distribution testing and
the possible presence of hybrid mixtures before deciding to proceed and
select from tests such as minimum ignition energy, maximum explosion
pressure and rate-of-pressure rise, minimum explosible concentration, and
limiting oxygen concentration. Still another company focuses on the maxi-
mum rate-of-pressure rise as the basis for determining what further testing,
if any, is needed.

Minimum Explosible Concentration Tests

ASTM E 1515 (2000) is the U.S. standard test method for determining mini-
mum explosible concentrations (MEC) of combustible dusts, that is, the min-
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imum concentration that will propagate a deflagration in a near-spherical
closed vessel with a volume of at least 20 liters. The European Union has a
similar standard in draft form (prEN 14034-3) using the term lower explo-
sion limit (LEL). Values of the MEC or LEL obtained by this or any other
method are not intrinsic material constants; they are dependent on the test
method used as well as the moisture level and size distribution of the
sample. The standard recommends using a test sample with at least 95%
through a 200 mesh sieve (75 um sieve diameter), but does allow using the
as-received sample as long as the laboratory notes that smaller particles may
have a lower MEC. Eckhoff (1997) reports that MEC values are not very sen-
sitive to particle diameter for diameters less than about 60 yum, but increase
significantly with increasing diameter above this approximate threshold.
Since high sample moisture content can also affect MEC data, it should be a
maximum of 5% per the ASTM standard.

ASTM E 1515 calls for the use of either a 2500 J or a 5000 J pyrotechnic
igniter because those are the largest ignition energies that will not mask the
pressures generated by the burning of the dust in a 20-liter vessel. The bar
graph shown in Figure 4-53 shows the influence of these alternative ignition
energies on the measured MEC for the five dusts which the standard sug-
gests using as benchmark materials. In the 20-liter vessel, the 5000 J igniter
produced lower MEC values than the 2500 ] igniter for all five dust materials
shown. However, the tests with the 10 k] igniter in the 1-m? vessel resulted in
MEC data that were actually closer to the 2500 J igniter data in the 20-liter
vessel. Therefore, the 5000 ] igniter may be having an undue influence (so-
called overdriven deflagration) on the 20-liter sphere data for these dusts.
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Figure 5-54 Effect of igniter energy and test volume on MEC.
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The criterion recommended in ASTM E 1515 to delineate the MEC value
is the concentration that produces a deflagration pressure ratio, PR, equal to
2. PR is defined in the standard as:

P, .—APR

PR = ex,a ignitor [4_13]
ignition

where, using ASTM E 1515 nomenclature, P, , is the maximum explosion
pressure (absolute) in a test at a given dust concentration, AP, ;. is the pres-
sure increase caused by the igniter, P, ., is the vessel pressure at the time
of ignition. Although the tests are nominally conducted at an initial (igni-
tion) pressure of one atmosphere, the actual pressure, P, .., depends on
the amount of preevacuation, the dust chamber charge pressure, and the
ignition time delay.

The MEC corresponding to a PR value of 2 is determined from a plot of
PR versus tested dust concentration as shown in Figure 4-55. In this case, the
MEC would be approximately 120 g/m>. The top graph in Figure 4-55 is a
plot of (dP/dt)y.«V'"? versus dust concentration. The appendix of ASTM E
1515 recommends using a second criterion that (dP/dt),,.«V'/> be greater than
or equal to 1.5 bar-m/s at the MEC in order to verify that the pressure rise is
sufficiently rapid to represent an actual deflagration. The data in Figure 4-55
indicate that both criteria yield roughly the same MEC value in that example.

12 T

{dP/dt)vV3, ber-m/ss

Pex,o- bar or PR

; : . : . Figure 4-55 Explosion pressure ratio
C 50 100 50 200 250 300 and rate-of-rise. (Reprinted from
DUST CONCENTRATION, g/m3 ASTM E1515 with permission.)
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Since many applications involve handling or storing particulates in
enclosures that cannot withstand a deflagration pressure ratio of 2, readers
should consider using a significant safety margin between the measured
MEC value and the maximum allowable dust cloud concentration during
dust transport and container/silo loading. NFPA 69 specifies that the concen-
tration be no greater than 25% of the MEC unless automatic concentration
measurements and safety interlocks are provided. This safety margin is
based primarily on expected concentration inhomogeneities rather than
MEC test criteria. Eckhoff (1997) suggests that although limiting dust con-
centrations to values below a fraction of the MEC is difficult in many types of
process equipment, two examples where it should be feasible are dust collec-
tor ducting and electrostatic powder paint spray booths.

Minimum Dust Cloud Ignition Temperature

Two types of furnaces with different orientations are used extensively to
measure the minimum surface or air temperature that will ignite a dust
cloud. The vertical oriented furnace shown schematically in Figure 4-56 is
called the Godbert-Greenwald furnace. The horizontal oriented furnace
shown schematically in Figure 4-57 is called the BAM furnace.

Dust dispersion
chomber

/.'

AMUUANARAALNRRANY

] 5 10

Scale, cm

Figure 4-56 Vertical cross-section of Godbert-Greenwald apparatus. (Reprinted
from ASTM E1491 with permission.)



232 Chapter 4 Assessing Particulate Hazards

Explosion Dust sampie
chgmber tube P Electrovalve

\

Deflecting
surface Pressyrised
air vessel
"
Temperature
regulator

Figure 4-57 BAM automated furnace for dust cloud ignition. (Reprinted from ASTM
E1491 with permission.)

The Godbert-Greenwald furnace has an internal diameter of 3.9 cm, and
a height of 23 cm (ASTM E 1491). Its internal volume is 0.27 liters. After the
furnace is pre-heated to a measured temperature, the preweighed dust
sample is injected through the top of the furnace. Dust cloud ignition is
observed when there is flame exiting through the open bottom of the
furnace.

The BAM furnace shown in Figure 4-57 has a volume of 0.35 liters. The
dust sample is injected into one end of a test chamber within the furnace and
it strikes a hot deflecting surface in front of a hinged end plate at the opposite
end of the chamber. Ignition is observed when there is flame exiting from the
hinged end plate. One important complication associated with the BAM fur-
nace is that particles can rebound off the deflection surface and settle on the
hot lower wall of the test chamber. The settled particles may smolder and
generate smoke and hot pyrolysis gases or flame that could in turn ignite the
dust cloud. This smoldering layer assisted delayed ignition usually causes
the BAM furnace ignition temperatures to be lower than the corresponding
Godbert-Greenwald minimum ignition temperatures.

ASTM E 1491 also shows two other vertical furnaces that can be used to
measure dust cloud minimum ignition temperatures. They are the 6.8-liter
furnace shown schematically in Figure 4-58 and a similar design 1.2-liter fur-
nace. Both of these Bureau of Mines furnace designs have dust samples
injected through the bottom opening of the furnace. Ignition is observed
when flame emerges from the vent at the top of the furnace within a pre-
scribed period of time (3 sec for the 1.2-liter furnace and 6 sec for the 6.8-liter
furnace). The time limits are presumably intended to prevent smoldering
induced ignitions.
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Figure 4-58 Bureau of Mines 6.8-liter furnace. (Reprinted from ASTM E1491 with
permission.)

ASTM E 1491 specifies that the “minimum autoignition temperature
(MAIT) of the dust cloud is the average of the lowest temperature at which
ignition was reproducibly observed and the highest temperature at which
ignition was not observed at any concentration. If there is an intermediate
temperature at which ignition is observed for about half the tests, report this
as the MAIT. Round the reported MAIT to the nearest 10°C.” The data exam-
ples shown in the standard indicate that the autoignition temperature does
not vary appreciably with concentration over the concentration range from
150 g/m> to 650 g/m?3, which is the range corresponding to the MAIT for
many dusts. Figure 4-59 shows the variation of the AIT measured in the
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Figure 4-59 Relationship between dust cloud ignition temperature and MEC. (From
Hertzberg, in ASTM STP 958, with permission from ASTM.)

Bureau of Mines 1.2-liter furnace for lycopodium as a function of cloud con-
centration. The variation of AIT in Figure 4-59 is minimal over a large con-
centration range, but increases sharply with decreasing concentrations when
the concentration is less than about 650 g/m3. The other curve shown in
Figure 4-59 is the variation of the MEC with initial cloud temperature.
Hertzberg (1987) points out that the two curves coincide at temperatures of
700°C and less.

Table 4-14 shows the minimum dust cloud ignition temperatures
obtained using the four different furnace designs in ASTM E 1491. Minimum
Ignition Temperatures measured in the BAM furnace are lower than those
measured in the other three furnaces for four of the six dusts, and are lowest
in the 6.8-liter furnace for the other two dusts. Maximum differences in cloud
ignition temperature among the four test vessels range from 50°C to 80°C for
five of the six materials, but extend to possibly 300°C for the anthracite coal,
which has the highest ignition temperature of the various materials in Table
4-14.

The IEC 1241-2-1 (1994) standard for MAIT tests uses a furnace very sim-
ilar to the Godbert-Greenwald furnace. The open bottom tube diameter is 4.4
cm, and its length is 21.6 cm, corresponding to a tube volume of 0.33 1. The
recommended dust sample to be used with this furnace is a sample passing
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TABLE 4-14
Examples of MAIT Data, °C (from ASTM E 1491)
GG BAM 1.2-liter  6.8-liter
Furnace Oven Furnace  Furnace
Anthracite coal >900 >600 740 730
Anthraquinone 670 >500 620 680
Pocahontas (Poc) bituminous coal 640 580 610 600
Pittsburgh (Pgh) bituminous coal 600 570 540 530
Lycopodium 460 410 440 380
Sulfur 260 240 290 260

through a 71-pum sieve opening, that is, just slightly smaller than the 75-um
sieve opening specified for the ASTM dust tests. The minimum ignition tem-
perature in the IEC standard is defined as the lowest furnace temperature at
which an ignition occurred (for any dust concentration) minus either 10°C or
20°C depending on whether the furnace temperature is above or below
300°C. The rationale for the two temperature corrections to the furnace tem-
perature is not explained in the standard.

In addition to the furnace orientation, the residence time of the dust
cloud in the furnace has been shown to be an important factor influencing
the results of these types of cloud ignition temperature tests. Eckhoff (1997)
shows a plot of cloud minimum ignition temperature versus residence time
that indicates that an increase in residence time from 0.12 s to 0.32 s can
decrease the ignition temperature of coal dust by as much as 200°C. ASTM E
1491 has the following caveat about the effect of residence time and test
vessel size. “Because of the short duration of the test, the data obtained are
most applicable to industrial equipment where dust is present as a cloud for
short time. Because of the small scale of the test and the possible variation of
the MAIT value with scale, the data obtained by this test method may not be
directly applicable to all industrial conditions.”

Finally, readers should also realize that the surface temperatures
required for dust cloud ignition increase sharply with decreasing area of the
heated surface. Data reviewed by Lunn (2002) show that dusts with a BAM
measured MIT of about 400°C require surface temperatures of about 1000°C
for ignition if the surface area is only about 20 mm?.

Minimum Ignition Energy and Other Spark Ignition Tests

The original Bureau of Mines test apparatus for measuring the electrical
spark energy required to ignite a combustible dust cloud is illustrated sche-
matically in Figure 4-53. A preweighed dust sample was placed in the dis-
persion cup situated at the bottom of the 1.2-liter plastic Hartmann tube, and
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a short blast of air generated a transient dust cloud. After a short predeter-
mined time delay, a high-voltage capacitive discharge caused a spark across
the electrodes in the center of the tube, and visual observation determined
whether or not the spark caused flame propagation through at least part of
the dust cloud. The spark energy was taken as 1/2CV?, where C is capacitance
and V is the voltage to which the capacitor is charged.

Although the basic approach still exists today, numerous modifications
to both the test vessel and the spark discharge circuit have been made by
many experimenters in several laboratories. ASTM E 2019 allows use of
either the transparent Hartmann tube or a 20-liter steel spherical vessel. The
standard suggests use of either one of three different capacitive discharge
spark generation circuits; a trickle charge circuit, a three-electrode circuit,
and a compressed air driven moving electrode circuit. Since there can be
some residual voltage, Vi, in the capacitor, and some additional capacitance
in the wiring, ASTM E 2019 specifies that the spark energy, E, be calculated
from:

E=1CV?-V?) [4-14]

where Cis the total circuit capacitance, and V. is the capacitor voltage prior to
discharge.

The ASTM E 2019 minimum ignition energy (MIE) is determined from a
curve drawn through each pair of go and no-go data points in a plot of spark
energy versus dust sample weight or cloud concentration. The MIE is the
minimum in this curve. Ten repeat tests are required at the most ignitable
concentration since spark ignition tests near the MIE inevitably have an ele-
ment of randomness associated with the value of the instantaneous dust con-
centration near the spark gap at the precise time of spark occurrence. Cali-
bration tests are required with at least three different benchmark dust
samples, and measured MIE values should fall within the range specified for
each dust.

All three of the suggested circuits in ASTM E 2019 have a provision to
place an inductor in the circuit. The circuit inductance often has an apprecia-
ble effect on the measured minimum ignition energy as can be seen from
Figure 4-60. In many cases, the MIE with an inductance, L, on the order of 1
mH is an order-of-magnitude lower than the MIE measured without any sig-
nificant inductance, that is, L less than 0.025 mH. Inductance causes a sub-
stantial increase in the spark duration, which allows the dust particles to be
heated for a longer period of time. The relationship between inductance, L,
and spark duration, ¢4, for a circuit with L > 1 mH is (Eckhoff, 1997):

t,=9.2L/R [4-15]

where R is the circuit resistance. Large values of R in a R,C circuit without
inductance can also substantially increase spark duration, but the resistance
dissipates the capacitor discharge energy such that only a small fraction of
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that energy is transmitted in the spark itself (Bennett et al., 2002). According
to data reviewed by Eckhoff (1997) the optimum spark duration correspond-
ing to the lowest MIE value for a given dust is often in the range 0.1 ms to 1.0
ms, but can be significantly smaller for very reactive materials with MIE
values below 1 m]J. Furthermore, the MIE value does not seem to be sensitive
to the spark duration for many of these very reactive materials.

In view of the sensitivity of MIE measurements to inductance, standard-
ized tests need to be conducted either with or without a substantial induc-
tance. ASTM E 2019 notes that since electrostatic discharges from plant
equipment are pure capacitive discharges, assessments of electrostatic igni-
tion hazards should be made without using inductance in the circuit. The
benchmark MIE values given in ASTM E 2019 for calibration purposes are
values measured without inductance. However, there is also a note in the
standard stating that the strict MIE value for general use should be based on
the optimized spark duration obtained using inductance. If one adopts the
position that the MIE test should utilize an inductance comparable to the
inductance measured for typical process equipment, one could utilize the
measured inductances recently reported by Bailey et al. (2002), which are up
to about 3 mH with one exception of an unusually high inductance (220 mH)
for a metal coil in a flexible rubber connection. MIE test data obtained with
various levels of inductance indicate that the measured MIE values above 1
to 2 m] are not very sensitive to the value of inductance beyond an
inductance of about 1 mH.

In practice, many dust-testing laboratories have been utilizing the MIKE
3 apparatus manufactured by Kuhner AG, and described in the Kuhner
MIKE 3 manual (1996). Kuhner has coordinated annual round-robin calibra-
tion test exercises to help ensure that these laboratories use proper standard-
ized test procedures and properly maintained equipment. They distributed
a standardized dust sample to any laboratory wishing to participate. The
measured MIE results from 27 participating laboratories are shown in Figure
4-61. The nominal MIE value for the benchmark dust sample (pyridine-3-
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Figure 4-61 Round robin test data for MIE (from Kuhner with permission).

carboxamide with a 10%-90% particle size range of 14 um-90 um) is 12 m]J.
As indicated in the figure, all 27 laboratories successfully obtained MIE
values falling within a factor of three above or below the nominal MIE value,
as required to establish conformity per prEN 13821. In fact, all but one of the
laboratories obtained values falling in the range 8 to 18 m]J, that is, within
67% to 150% of the nominal value.
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MIE values increase sharply with increasing particle diameter as shown
in Figure 4-62 for two different materials. The variation of MIE with polyeth-
ylene median particle diameter is consistent with the following empirical
correlation recommended by Siwek (1999) and by Kuhner (1997):

2.5
d
MIE, = MIE, [;J [4-16]

1

where d, and d, are two different median diameters for the same dust mate-
rial. Although this correlation may fit the data for a number of materials, it
substantially exaggerates the effect of particle size for the optical brightener
dust data shown in Figure 4-62. Therefore, it should only be used for materi-
als that have been checked to verify the applicability of this correlation.

MIE values also increase substantially with increasing dust cloud veloc-
ity and turbulence levels. The variation of MIE with air velocity through the
spark gap is shown in Figure 4-63. For example, the MIE for polypropylene
dust (with d <75 um) increases from about 5 m]J to about 15 mJ as the cloud
velocity increases from <1 m/s to 20 m/s.

FM Global Loss Prevention Data Sheet 7-76 uses a MIE value of 10 mJ as
the threshold below which a combustible dust is deemed susceptible to elec-
trostatic discharge ignitions and therefore should be processed in an inert
atmosphere to prevent ignition. The data sheet also states that the “vast
majority of dusts have MIE values above 10 m].” As described in Chapter 7
of this book, other organizations (e.g. Ciba, 2000) have developed protection
criteria that combine the material electrical resistivity along with the MIE
and the type of process equipment and its operating characteristics.

MIE values decrease with increasing temperature. Siwek (1996) has cor-
related data at temperatures up to almost 1000°C to obtain the following
empirical relation:
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MIE(T) = 10 exp[—4.056 +(1.873 — 0.624 log T)(log MIE(T,) + 4.056)] [4-17]

MIE values obtained from capacitive discharge sparks are not applicable
to the hazards of electrical equipment and wiring sparks caused by the
making and breaking of an electrical circuit. The spark energy associated
with the breaking of an energized circuit is given by

E=15L72 [4-18]

where i is the circuit current, and L is the inductance. These inductive sparks
are inherently longer duration than the pure capacitive discharge sparks.

Rather than vary the spark duration to test dust cloud susceptibility to
this circuit breaking type of spark, Bennett et al. (2002) have developed a test
apparatus in which numerous sparks are generated and repetitive dust
clouds are generated. Their European spark test apparatus shown in Figure
4-64 is a modified version of the spark test apparatus used in British Stan-
dard EN 50 020 for certification testing of intrinsically safe electrical
equipment intended for use in a flammable gas atmosphere.

The current in the electrical circuit of the European spark test apparatus is
repeatedly triggered and broken by a motor controlled switch that is designed
to turn over 400 times per test if no ignition occurs. The electrical circuit can be
either coupled to a particular piece of electrical equipment or a separate circuit
set up specifically to study dust cloud ignitability criteria. The tests described
by Bennett et al. (2002) used a fixed voltage supply and a variable resistance to
obtain the desired current for each test. Multiple air blasts directed into the
dust dispersion cup at the bottom of the 1.2-literiter Hartmann tube are used
to generate the repetitive dust clouds. The concept is that eventually a spark
will be imposed on a local dust concentration that is most readily ignitable for
a given dust material. For each dust sample and current-voltage combination,
multiple tests are conducted with varying amounts of dust in the dispersion
cup. The tested dusts were all sub 63-um and predried.

. PR i
Figure 4-64 European spark test apparatus for electrical equipment sparks (from
Bennett et al., 2002).
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Bennett et al. describe a series of round robin tests with three European
laboratories using the same set of three dusts in a Spark test apparatus. The
dusts were lycopodium, calcium stearate, and sulfur. Methane was also used
for comparison. The Bennett et al. reported results have been plotted as
shown in Figure 4-65. Each data point represents the minimum current
needed at a given voltage to ignite the material. The data points are the aver-
age of the three laboratories, and the error bars denote the data variation
among the laboratories. Results for calcium stearate and lycopodium are
almost identical, whereas methane and sulfur were ignitable at significantly
lower currents.

One of the interesting issues raised by the Bennett et al. results is
whether or not separate dust ignitability categories should be established for
hazardous location certification of electrical equipment. Certification testing
laboratories in the United States have adopted the practice of certifying
equipment for dusty locations if they pass the spark ignition certification
testing for flammable gas atmospheres. The rationale for that practice is that
the MIE values for most dusts are greater than the MIE for methane (0.2 mJ),
which is the least ignitable of the various flammable gases used in certifica-
tion tests. Bennett et al. suggest that separate tests using their European
spark test apparatus should be established for dusts, and that dusts should
be divided into various categories to account for the fact that sulfur is more
readily ignitable than methane and the other two dusts tested, and that many
other dusts are so difficult to ignite that they should not be subjected to the
same requirements as methane. IEC committee deliberations will eventually
lead to a decision about the adoption of an IEC standard for such combusti-
ble dust cloud equipment certification testing.
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Tests for Maximum Explosion Pressure and Rate-of-Pressure Rise

The U.S. and international standards for measurement of maximum explo-
sion pressure and maximum rate-of-pressure rise are ASTM E1226 and ISO
6184, respectively. Both standards emphasize the use of a 20-liter spherical

Figure 4-66 Kuhner 20-liter sphere (from
Kuhner with permission).
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Figure 4-67 Test apparatus and data recording for 20-liter sphere tests. (From ASTM
E 1226, with permission.)
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test vessel for such tests, although larger test vessels up to 1-m?® are some-
times used. Figure 4-66 is a photograph of the most widely used 20-liter
spherical test vessel. Figure 4-67 is a schematic drawing of the test vessel, the
associated components used for injecting dust into it, and the electronic con-
trol and data acquisition equipment. A sketch of a representative pressure
versus time recording is also shown. The maximum-rate-of-pressure-rise,
(dp/dt),,,. is determined from the maximum slope of the pressure rise curve
as indicated in the top sketch of Figure 4-68. The reported values are the
peaks in the plots versus tested dust concentration, as indicated in the
bottom two plots in Figure 4-68.

The discussion at the beginning of Section 4.3.7 about the importance of
the ignition time delay and the dust injection method is especially pertinent
to the measurement of explosion pressures and rates-of-pressure-rise. Both
standards emphasize the need for calibrating the test vessel and test method-
ology by checking data for benchmark dust samples that have been previ-
ously tested in a standardized 1-m? test vessel. The benchmark dusts speci-
fied in ASTM E 1226 are lycopodium clavatum (28 pm mean diameter), for
which Py, =7.0 barg and Kg; (Kp,ax) is 151 bar-m/s, and Pittsburgh seam coal
(80% through a 200 mesh), for which P,,,,, =7.0 bar and Kg; is 117 bar-m/s. The
specified procedure for determining P,,,, and Ks; in ASTM E 1226 is to run
three tests at each concentration, and then take the highest value of the three-
test-average over the entire range of concentrations.

Kuhner AG, the manufacturer of the most commonly used test vessel for
these tests, coordinates round robin testing each year to verify that partici-
pating laboratories are maintaining and calibrating the equipment and
methods in a way that can produce reproducible test data. The dust sample
used for the 2001 round robin tests was the same dust sample described pre-
viously for the MIE round robin tests. Results for the P,,,, and K,,, round
robin tests are plotted in Figure 4-69. All but three of the 42 laboratories that
participated achieved results for P,,,, that were within +0% of the nominal
value of 8.4 bar. Although the scatter was wider in the measured values of
Khay all but two of the 42 laboratories were able to obtain results that were
within £20% of the nominal value K,,,,, = 220 bar-m/s, and 30 of the laborato-
ries achieved results within 10% of this reference value.

Since the deflagration vent area is directly proportional to Kg; in the new
NFPA 68 guidelines, a 10% or 20% scatter/uncertainty in the value of Kg; cor-
responds to a 10% or 20% uncertainty in the required deflagration vent area.
There are similar implications in the design of deflagration suppression sys-
tems using manufacturer proprietary design formulas.

A more fundamental and difficult issue associated with the use of Kg;
values from 20-liter sphere tests for deflagration vent and suppression
system design is that there is no known relationship between the turbulence
level in the 20-liter sphere tests and the turbulence level during normal par-
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Figure 4-70 Effect of particle diameter on Pmaxand (dP/dt)maxof various dusts,
reprinted with permission from NFPA 68-2002, Venting of Deflagrations, Copyright
© 2002, National Fire Protection Association. This reprinted material is not the com-
plete and official position of the NFPA on the referenced subject, which is repre-
sented only by the standard in its entirety.

ticulate handling and process upsets in an operating facility. In lieu of such a
relationship, the standardized test method emphasizes the need for each lab-
oratory to verify that it is making measurements using a dust dispersion
method and ignition delay time that maximizes the turbulence level at the
time of ignition. The standards also emphasize using a strong ignition source
consisting of one or two 5 k] pyrotechnic igniters, as long as there is verifica-
tion that the strong ignition source does not overdrive the pressure develop-
ment for low Kg; dusts. The latter can be checked with some tests in a larger (1
m?) test vessel.

Figure 4-70 shows the effect of particle median diameter on the
measured values of P, and (dP/dt) ., for four different materials tested in a
1-m? vessel. In all cases the measured values approach an asymptotic maxi-
mum as the particle diameter decreases. However, the diameter at which the
asymptote is approached is different for the different materials. With poly-
ethylene, methyl cellulose, and baking flour, the P,,,, asymptote occurs at
diameters less than about 100 um. With the much less reactive PVC, the P,
asymptote seems to occur at diameters less than about 20 pum. The (dP/dt)ax
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asymptote for polyethylene and baking flour occurs at about 100 pm, but for
methyl cellulose and PVC it seems to occur at diameters less than 20 pm.

The variation of (dP/dt),.x with diameter shown in Figure 4-70 has an
interesting implication regarding the difference between the particle sizes
used in the U.S. and European standards for combustible dust cloud testing.
The U.S. standards specify using a sample that has passed through a mesh
with a 75-pm opening. The European standards specify using a sample
through a 63-um mesh opening. Should the results be equivalent? According
to Figure 4-70, the difference between a 75 um diameter and a 63 um diame-
ter is negligible for some dusts but not for others. An empirical curve fit
through the data for PVC indicates that the difference in (dP/dt),,,x between
those two diameters can be about 40%. Thus, there may be some significant
differences in Kg; values obtained for some materials using the two different
standards, even though many materials should produce comparable results.

When eccentric shaped particles are considered, the diameter does not
suffice to represent size effects. Flake particulates are best described in terms
of specific surface area, and the data in Figure 4-71 for aluminum flakes
show that the Kg; value seems to be a linearly increasing function of specific
surface area. In the case of short fibers (flock), data reported by Bartknecht
(1989) and shown here in Figure 4-72 indicates that Kg; correlates with the
product of the flock denier (effectively a surrogate for fiber diameter) and
length. In the case of nylon flock with a cut length of about 1 mm, this and
other data indicate that flock diameters <15 um have sufficiently high P,
and Kg; to produce potentially destructive deflagrations.

Prior to the advent of the 20-liter spherical test vessel for dust explosion
testing, most of the tests were conducted in the 1.2-liter Hartmann (bomb)
cylinder. Although there were extensive databases obtained using the
Hartmann cylinder, the results cannot be scaled to substantially larger ves-
sels. Eckhoff’s comparisons (1984/85) showed that the Ks; values measured
ina 1 m3 vessel using the procedure described above were often two to three
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times as large as those measured for the same materials in the Hartmann cyl-
inder, and were about ten times as large in the case of the less reactive dusts.
This is in contrast to the use of the 20-liter sphere, which produces almost the
same Kg, values as those in the 1-m? vessel (Siwek, 1996). Limitations of the
Hartmann cylinder and its inappropriateness for use in determining Ksg;
values for explosion protection design are clearly stated in the ASTM E 789
Standard. Although most testing laboratories no longer use the Hartmann
cylinder for these purposes, there are still some laboratories that provide
Pax and (dP/dt)y., data per ASTM E 789 instead of the more appropriate
ASTM E 1226.

Addition of small concentrations of flammable vapor or gas to combusti-
ble dust clouds can produce unexpectedly high values of P,,,, and Kg; com-
pared to the corresponding values for the dust alone. This effect is illustrated
in Figure 4-73 in terms of the addition of methane concentrations to PVC
dust clouds of varying concentrations. For example, the addition of 3%
methane (below the 5% LFL) can cause the Kg; of weakly reactive PVC dust to
triple, and can cause surprisingly high values of P,,,, at concentrations well
below the MEC for PVC alone. Protection measures for these hybrid
dust—vapor explosions requires accurate dust explosibility data in the pres-
ence of the added flammable vapor or gas.

Limiting Oxygen Concentration Tests

The Limiting Oxygen Concentration (LOC) of a fuel-oxidant-inert gas mix-
ture is defined as (ASTM E 2079) the oxygen concentration at the limit of
flammability for the worst-case (most flammable) fuel concentration. It is a
crucial parameter for inerting applications (NFPA 69), and its value depends
on the particular inert gas used. Tests to determine the LOC involve first

(barg)
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Figure 4-74 Effect of added methane on explosibility of PVC dust, reprinted with
permission from NFPA 68-2002, Venting of Deflagrations, Copyright © 2002,
National Fire Protection Association. This reprinted material is not the complete
and official position of the NFPA on the referenced subject, which is represented
only by the standard in its entirety.

making an air-inert gas mixture or oxygen—inert gas mixture in a pressure
vessel, then injecting a preweighed dust charge, and trying to ignite the dust
cloud after an optimum time delay to allow the dust cloud to develop at the
ignition site. According to Siwek (1996), the LOC is determined as the
oxygen concentration below which a mixture can no longer be ignited in
three successive tests.

The plot in Figure 4-74 indicates that the LOC decreases logarithmically
with increasing ignition energy. Data are shown for tests in the 20-liter
sphere and in the 1-m? sphere. Siwek (1996) states that the LOC should be the
value obtained using a 10 k] ignition energy in the 1-m3 vessel. However,
most LOC dust tests today are conducted in 20-liter spherical vessels using a
smaller ignition energy. According to the correlations in Figure 4.3.29, an
ignition energy of 250 J in the 20-liter sphere can be correlated to results
obtained with a 10 kJ igniter in the 1-m? test vessel. Siwek prescribes use of
this correlation to obtain LOC values for extrapolation to larger vessels.

CEN (1998) has developed standardized test procedures for determin-
ing combustible dust cloud LOC values. The tests begin with varying the
oxygen concentration while using a dust cloud concentration of 250 g/m?.
After determining the limiting oxygen concentration at this dust concentra-
tion, the dust concentration is increased to the optimum concentration, and
the oxygen concentration is decreased in 1% increments until the LOC for the
dust material has been confirmed.



250 Chapter 4 Assessing Particulate Hazards

20 - [ ’\rg

; 15 |
. y 1
Rl
(-]
> 10 , ) 2
-l |
1: Peas flour b 3
8 2: Cellulose acetate s
o 5| | 3:Paraformaldehyde mE
black dots : 20-l-Apparalus ° %
white dots : 1-m?-Apparatus is 'é
0 _—I.._ - .E. P, 1 - g‘.-
0.01 0.1 1 10 100 1000 10000 100000

Ignition Energy IE [J]
Figure 4-74 LOC versus ignition energy (from Siwek, 1994).

Siwek has correlated his LOC values against the combination of MIE and
BAM furnace measured MIT values as shown in Figure 4-75. Based on his
correlation, he suggests that rather than measure LOC values, they can be
calculated from the following empirical equation.

LOC= 1.62 log [1+(MIEH +12.9
2.73

The comparison shown in Figure 4-75 appears to indicate a 2 volume %
maximum deviation between data and the equation. Readers should also
recall the scatter of 67% to 150% in the Kuhner round-robin MIE test data. A
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Figure 4-75 Siwek correlation of LOC versus MIE and MIT (from Siwek, 1994).
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150% overestimate of the MIE would correspond to a 1 volume % overesti-
mate of the LOC using the empirical correlation with a MIT of 400°C.

Summary of Dust Cloud Explosibility Tests

Table 4-15 provides a simplified summary of the applications, advantages,
and limitations of the various dust explosibility tests discussed in this sec-
tion. Appendix A provides tabulations of commercial laboratories that con-
duct these tests.

Figure 4-76 is a flow chart showing one suggested sequence for conduct-
ing these tests depending on the dust/powder processing and handling con-
ditions. End points in the chart suggest that the test results lead to site-spe-
cific dust explosion protection determinations and guidelines. Other flow
charts for dust explosion assessments are shown in Section 3.8. Dust explo-
sion protection methods are described in Chapter 6.

4.3.8 Fire Exposure Tests

Concerns with regard to fire exposure are: (1) the particulate material may
become unstable and undergo some type of violent self-reaction, (2) materi-
als may spread the fire to the point that it cannot be controlled using conven-
tional fire suppression methods and amounts of suppression agent; (3) the
exposure fire may breach the container or packaging and allow the release of
toxic or radioactive material; and (4) the material may react violently with
the fire suppression agent.

The first concern (material instability) has been addressed in Section
4.3.2, which describes various laboratory tests for thermal instability. Mate-
rials that have been shown to be prone to thermal instabilities have special
packaging requirements intended to reduce the fire heat flux passing
through the container. DOT and U.N. hazardous materials transport regula-
tions describe those packaging requirements.

The second concern (fire spread and suppression difficulty) is
addressed, for transportation fire exposures, in the laboratory dust layer
combustion test described in Section 4.3.5. This test includes a provision to
determine the propensity for the fire to spread beyond the region of pre-
wetted particulate. However, the test is primitive in that there is no measure-
ment of either the critical heat flux for ignition or the fire heat release rate,
which is the most important fire hazard parameter in contemporary fire test-
ing and analysis. The most commonly used fire testing apparatus for mea-
suring critical/ignition heat fluxes and heat release rates per unit surface area
is the cone calorimeter (Babrauskas, 2002, 2003).

In the case of warehouse storage fire exposures, combustible particulate
materials are generally considered to be free-flowing materials that tend to
smother the exposure fire when released from their container (NFPA 13),
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TABLE 4-15
Dust Cloud Explosibility Test Methods
Test Standard Applications Advantages Limitations
Minimum ASTM E Prevention via The measured MEC  Measured MEC value
Explosible 1515 dust value can be is based on a
Concentra  cgN prEN concentration  compared to in-situ  pressure rise of one
tion 14034-3 control, e.g.in  measurements of atmosphere above
(MEC) pneumatic suspended dust the pressure due to
conveying concentrations in the igniter;
conveyors and other  explosions with
process equipment, smaller pressure rises
and can be used to can occur at
verify concentration ~ concentrations below
is below MEC. the reported MEC
value.
Minimum ASTME Safe operating MAIT is valuable BAM (horizontal)
Cloud 1491 temperatures  data for both oven yields lower
Auto [EC 1241-2-1 in heated particulate material MAIT values than
Ignition process manufacturing and ~ Godbert-Greenwald
Temp: equipment. for post-production  (vertical) furnace.
(MAIT) processing by other
companies and
facilities.
MAIT value depends
on the residence time
of the dust cloud in
the heated
equipment, and with
the area of a heated
surface.
Minimum ASTM E Electrostatic MIE value Measured MIE value
Ignition 2019 ignition determines depends on dust
Energy IEC 1241-3 hazard precautions needed  cloud turbulence
(MIE) evaluations; in silo/bag filling level as well as
FIBC material ~ and other particulate amount of inductance
classes handling operations.  in spark generation
circuit.
Maximum ASTM Deflagration K, is often Measured K, value
Explosion  E1226 containment, considered the most ~ depends on both
Pressure ISO 6184 deflagration important parameter  ignition energy and
(P a) and venting or to characterize dust dust cloud turbulence
st suppression material level as determined
combustibility. by time delay
between dust
injection and ignition.
Limiting ASTM E Inerting per Provides valuable Measured LOC
Oxygen 2079 NFPA 69 and explosion prevention values vary with
Concentra  cgN prEN NFPA 654 data. ignition energy and
tion (LOC)  14034-4 with particular inert
gas used in test.
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and are therefore classified as Class IV commodities. However, some prod-
ucts and commodities may raise special fire control/suppression issues
beyond whether or not they are free flowing. Fire tests have been developed
by Factory Mutual (Zalosh, 2003, p. 144) to classify commodities into the
NFPA 13 sprinklered warehouse storage categories: Classes I, II, III, IV, and
Group A, B, and C plastics. These tests involve eight pallet loads of commod-
ity tested for fire development in the presence of water application simulat-
ing ceiling sprinkler discharges. Fire researchers are also trying to develop
laboratory-scale tests to correlate with the commodity classification tests
(Tewarson, 1995), but additional research is needed before a reliable
correlation is developed.

Container breach considerations—the third concern for special hazard
materials—are addressed in different ways depending on the application
and associated standard. For example, in the case of storage applications, the
new International Fire Code (2000) requires stringent isolation of materials
that are categorized as either toxic or “highly toxic” based on the inherent
toxicity of the material as measured by its LCs, value for a 4-hour exposure.
The issue of deriving four-hour LCsy values from laboratory toxicity test
data is discussed in Section 4.3.9. The NFPA standards do not have a corre-
sponding generalization for storage restrictions, but do require prominent
display of the NFPA 704 symbol designating the material’s instability,
flammability, and toxicity categories plus an indication of water reactivity
hazards where applicable. There are also separate NFPA standards for cer-
tain categories of chemicals such as oxidizers.

The DOT and Nuclear Regulatory Commission require fire exposure
tests for packages/containers of certain radioactive materials. The test
requires the package/container to be fully engulfed in a hydrocarbon
fuel-air fire with an average flame temperature of at least 800°C for a period
of 30 mintes (10 CFR Part 71.73). Hovingh et al. (1999) have described some
facilities used for conducting such tests and the instrumentation used to
characterize the response of the package to this exposure. Similar tests and
associated package responses are described by Pinton et al. (1999) and Bur-
gess (1993).

Concern about possible violent reactions of the material with fire sup-
pression agents is addressed in the discussion of Section 4.3.3 of general
reactivity hazards, and water reactivity hazards in particular. Many metal
particles are known to react violently with both water and some other fire
suppression agents. Nelson (2002) has described the development of special
suppression agents for metal powder fire suppression.

4.3.9 Particulate Toxicity Testing

The main purpose of toxicity testing is to provide a data base that can be used
to assess and manage the risk associated with exposure to a chemical agent.
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Toxicity testing results are used to manage risk in a wide variety of ways
including (Casarett and Doull, 1991):

* registering and permitting the manufacture and sale of products,

* determining acceptable exposure levels for the public and the envi-
ronment,

* determining appropriate packaging, labeling, shipping and storage
requirements,

e communicating the hazards of the material,

* determining short-term and long-term exposure limits for workers,

* designing health monitoring programs for workers,

* designing manufacturing processes,

* selecting appropriate personal protective equipment for workers,

* development of appropriate antidotes and treatment regimes for poi-
soning, and

* development of analytic techniques to detect residues of chemicals in
tissues and other biologic materials.

The toxicity testing required for a specific particulate solid depends on
applicable regulations, company policies, intended use of the material,
potential for exposure, known toxic effects of the material, and suspected
toxic effects based on known toxic effects of structurally similar compounds.
Toxicity testing can be very expensive, especially for long-term exposure
testing in multiple animal species; but careful design of the appropriate
studies can minimize the cost. Toxicologists should be consulted to deter-
mine the toxicity testing required, to design and manage the testing pro-
gram, and to interpret the test results.

In the United States there are several federal agencies involved in the
administration of dozens of statutes involving human exposure to chemi-
cals. These agencies include the Food and Drug Administration (FDA), the
Environmental Protection Agency (EPA), the Occupational Safety and
Health Administration (OSHA), and the Consumer Product Safety Commis-
sion (CPSC). Depending on the particular statute involved, each regulatory
agency can require or recommend a variety of toxicity tests. As an example,
the EPA New Chemicals Program requires the proposed large-volume man-
ufacturer or importer of new chemicals to submit a Pre-Manufacture Notice
for EPA review (http://www.epa.gov/opptintr/newchems/). The type of test
data required in a Pre-Manufacture Notice depends on whether the new
chemical falls into one of 45 chemical families defined in the EPA New
Chemical Program. Some chemical families require human health toxicity
test data, while others require environmental toxicity data, and /or safety test
data.

Determination of acute oral toxicity is usually the initial step in the eval-
uation of a material’s toxic characteristics. In an acute toxicity study, the
toxic effects are determined for a progression of doses administered as a
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single short-term exposure involving one or more animal species (usually
rats). The EPA (2002b) describes a recommended method for determining
the median lethal dose (LDsy) using animal testing. The acute toxicity tests
give a quantitative estimate of acute toxicity for comparison to other sub-
stances, identify target organs and other clinical manifestations of acute tox-
icity, establish the reversibility of the toxic response, and give dose-ranging
guidance for additional studies. Acute dermal or acute inhalation studies
may be performed if there is reasonable likelihood of substantial exposure
via those routes. All small particulates are capable of producing adverse
respiratory effects when people or animals are exposed to them at suffi-
ciently high concentrations or doses. One of the primary issues in particulate
inhalation testing is separating respiratory system overload effects from the
inherent toxicity of the particulate material.

Subacute toxicity tests are performed to obtain information on the toxic-
ity of the chemical after repeated administration of short-term doses, and to
help establish the doses for subchronic studies.

Subchronic tests can last for different periods of time, but 90 days is the
most common test duration. The principal goals of the subchronic study are to
establish a no-observable-effect level and to further identify and characterize
the specific organ(s) affected by the test compound after repeated administra-
tion by the route of intended exposure (usually oral). The subchronic toxicity
studies not only characterize the dose-response relationship of a test sub-
stance following repeated administration, but also provide data for determin-
ing appropriate doses for chronic exposure studies. If significant exposure to
the chemical is likely to be by dermal contact or inhalation, subchronic dermal
or subchronic inhalation experiments might also be required. Subchronic
inhalation studies are particularly difficult to conduct for particulate solids.
Special methodologies must be used to administer accurate doses over long
periods of time, and to prevent the material from accumulating on the ani-
mal’s fur and subsequently being ingested during grooming activities.

Chronic toxicity tests are used to determine the effect of long-term expo-
sure to a substance. The period of exposure is longer than 90 days (in
rodents, usually 6 months to 2 years), and the length of exposure is some-
what dependent on the intended period of exposure in humans.

Other toxicity tests that may be required or recommended include:

* Dermal and ocular irritation

* Skin sensitization

* Delayed hypersensitivity reaction

* Carcinogenicity

* Developmental and reproductive toxicity
* Mutagenicity

* Immunotoxicology

* Toxicokinetics
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Epidemiological studies may also be required or recommended to deter-
mine exposure effects in human populations.

4.3.10 UN Testing Scheme for Classification of Materials as Explosives

The U.N. Recommendations on the Transport of Dangerous Goods: Manual of
Tests and Criteria Third Edition (1999) describes the testing and associated
criteria for designating materials as explosives, and for determining the
appropriate category of explosive material. The determinations require a
lengthy test program consisting of various series of tests as illustrated in Fig-
ures 4-77 and 4-78. The three possible results of these tests are:

1. The material is not designated as an explosive (UN Class 1) and
should be tested to determine the appropriate nonexplosive class.

2. The (packaged) material is considered too unstable for transport.

3. The material is a Class 1 and falls into one of the six divisions for explo-
sives within Class 1.

Figure 4-77 is used to determine provisionally if a new material (includ-
ing new mixtures of previously tested materials) or newly packaged mate-
rial should be designated as an explosive for transportation purposes. If the
material has not been previously tested for this purpose, and if it is not man-
ufactured for use as an explosive, the flow chart begins on the left column
with Test Series 1 and Test Series 2. Based on the results of either Test Series 1
or 2, it is possible that the new material may be considered to be sufficiently
insensitive or inherently nonexplosive. The specific tests conducted in Test
Series 1 are listed in Table 4-16, and those in Test Series 2 are shown in Table
4-17.

In the case of packaged potentially explosive materials, the flow chart in
Figure 4-77 begins with Test Series 3, and depending on the test results, may
require additional testing to classify the package. Figure 4-78 is used to
determine into which of the six categories of Explosive the packaged mate-
rial should be classified, and/or if the material can be packaged in such a way
that it sufficiently reduces the hazard so it should not be classified as a Class
1 material.

4.4 SCALING CONSIDERATIONS IN APPLYING
LABORATORY TEST DATA

Some of the tests described in Section 4.3 have been developed from funda-
mental considerations of scaling up laboratory test data to larger scale indus-
trial facilities. Two examples are the oven tests for spontaneous heating and
the near-adiabatic (low ¢ value) thermal instability and chemical reactivity
tests. The theoretical basis for scaling spontaneous heating test data is
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TABLE 4-16
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Explosives Classifications Test Series 1

Koenen Test

1c (i)
Time/Pressure
Test

1c (ii)
Internal
Ignition Test

of heating bulk
material under
confinement with a
small vent.

Determine if
ignition in a closed
tube causes a
deflagration with an
unacceptably large
Ppressure.

Determine whether
igniting bulk
material under
confinement causes
deflagration-to-
detonation
transition.

expendable steel tube 7
cm long, 2.5 cm diameter,
with a vented end cap
and one of several orifice
plates with different size
orifices.

Steel pressure vessel 8.9
cm long and 6 cm in
diameter equipped with
an electric fuse-head and
a pressure transducer.

3-inch Schedule 80 steel
pipe 46 cm long and 7.4
cm in diameter with a 15-
amp igniter.

Test Objective Apparatus Result Criteria
la Determine the Expendable steel tube 4.8  Detonation
UN Gap Test ability of bulk cm diameter, 40 cm long,  propagation is
material to with 160 g explosive determined by tube
propagate a charge atoneend anda  fragmentation or by a
detonation. 3mm thick witness plate  hole in witness plate.
at the other end.
1b Determine the effect  Propane flame exposed Tube fragmentation

indicating an
explosion has
occurred with an
orifice of 1.0 mm
diameter or larger.

Pressure rise of at
least 2070 kPa (300

psig)-

Pipe or end cap
fragmentation.

described in Section 4.3.4. The near-adiabatic instability/reactivity tests may
not have a formal scaling procedure, but the rationale is based on the prem-
ise that scaling to larger vessels inherently implies going to a more adiabatic
system. In other cases, such as the 20-liter sphere dust explosibility testing,
there is no inherent theoretical justification, but there are empirical scaling
test data to provide some measure of confidence as far as size effects are con-
cerned (turbulence effects do not have a demonstrated scaling basis).

Many other tests described in Section 4.3 are entirely empirical without
benefit of any systematic scaling investigation. Readers should use caution
in applying the results of these tests directly to large-scale industrial facili-
ties. Since there is no generally accepted scaling basis for many of these tests,
it may be necessary to seek expert assistance, or to use due diligence in
researching the current thinking as expressed in recent reports, technical
papers, and technical presentations. The Center for Chemical Process Safety
and the American Institute of Chemical Engineers Loss Prevention Sympo-
sia are good resources for obtaining current information of this nature.
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TABLE 4-17

Explosives Classifications Test Series 2

259

Koenen Test

2¢(i)

Ignition Test

sensitivity of
confined bulk
material to intense
heat.

Determine if

material under
confinement causes
deflagration-to-
detonation
transition.

flame exposed expendable
steel tube 7 cm long, 2.5
cm diameter, with a
vented end cap and one of
several orifice plates with
different size orifices.

Steel pressure vessel 8.9

cm in diameter with a 10-g
black powder ignition
source.

Test Objective Apparatus Result Criteria
2a Determine the Similar to 1a, i.e., Complete
Detonative detonative Expendable steel tube 4.8  fragmentation of tube
Shock sensitivity of cm diameter, 40 cm long, or hole in witness
Sensitivity confined bulk with 160 g explosive plate.
Test material charge separated by a 5
cm long PMMA gap
spacer. There is a 3mm
thick witness plate at the
other end.
2b Determine the Same as 1b, i.e., Propane Tube fragmentation

indicating an
explosion has
occurred with an
orifice of 2.0 mm
diameter or larger.

Time for pressure to

Time/pressure ignitionin a closed  cmlong and 6 cm in increase from 670 kPa
Test tube causes a diameter equipped with (100 psig) to 2070 kPa
deflagration with an electric fuse-head and a (300 psig) is less than
an unacceptably pressure transducer. 30 ms.
large rate-of-
pressure-rise.
2(d) Determine whether  3-inch Schedule 80 steel Pipe or end cap
Internal igniting bulk pipe 46 cm long and 7.4 fragmentation.

4.5 LARGER-SCALE TESTING AND THEORETICAL
MODELING

When a particulate material’s hazard cannot be assessed solely with existing
laboratory-scale or small-scale testing, there is a need to develop a new
approach, usually entailing large-scale testing or theoretical modeling. Inter-
mediate-scale or large-scale testing is most appropriate when an empirical
hazard assessment is warranted, often for a particular application or facility.
Theoretical modeling is most appropriate when the hazard phenomenology
is well understood and either a generalization is sought or there is a need to
analyze an application that is not amenable to testing.

For example, consider the dust explosion hazard associated with the
return air duct from a dust collector. Although the return air duct is usually
dust free, a dust explosion in the collector can cause burning dust to be
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vented into the return air duct and possibly cause a secondary dust explo-
sion in the particulate processing building. A key question is how long can a
vented explosion propagate in an initially dust-free duct. John Valiulus set
out to answer that question by conducting an extensive series of intermedi-
ate-scale tests for his master’s thesis (Valiulis, 2001). He scaled his duct
diameters as the one-third power of the ratio of the full-scale collector
volume (typically 60 m? to 180 m®) to his primary test chamber volume (0.64
m?). His results showed that some combinations of dust Kg,, primary cham-
ber vented explosion pressure, P4 and duct air velocity, can cause the
vented flame to propagate a distance of at least 27 m in the test duct (Valiulis
etal., 2000), possibly corresponding to a full-scale distance of 122 m to 177 m.
Since these distances are larger than would be available in most facilities, a
prudent approach would be to install some type of deflagration isolation
system in the return air duct. However, the flame velocity in the Valiulis’
tests had decreased significantly by the time it reached the end of the duct,
and it is not clear whether there would have been sufficient flame and distur-
bance to cause a secondary explosion. Thus, in some cases, there is reason to
think that full-scale tests may reveal that weak/slow flame propagation may
not be sufficient to cause secondary explosions in at least some facilities.

Another special dust explosion hazard is the scenario in which a smol-
dering nest or hot spot may be carried along with the un-ignited particles
into a pneumatic conveying line, and possibly ignite a dust explosion in the
conveying line or in the equipment at the downstream end of the conveying
line. Lunn (2002) summarized several large-scale test programs designed to
determine the conditions under which smoldering nests are capable of caus-
ing dust explosions. One set of experiments involved glowing nests contain-
ing approximately 10g of powder fed into 10-cm diameter ducting in which
there an air velocity of either 10 m/s or 20 m/s. The nests continued to glow
while transported as far as 68 m in the dust-free duct. However, as additional
powder was added to the air flow in the duct, the extinguishment occurred
at significantly shorter distances as shown in Figure 4-79. Other experiments
reviewed by Lunn (2002) involved smoldering nests dropped into silos con-
taining dust clouds at concentrations above the MEC. Results indicated that
dust explosions occurred sometimes with large nests (0.5 to 1.0 liter volume),
but in other cases extinguished or produced fires in the settled dusts. Thus,
large-scale tests would be needed to determine whether smoldering nests
are or are not a credible ignition source in a particular application.

Metal dusts also represent a special dust explosion hazard (because of
their exceptionally high flame temperatures and Kg; values) warranting
larger scale testing to determine appropriate protection via deflagration
venting or suppression. Going and Snoeys (2002) have described tests in the
Fike 1-m3 chamber to confirm that rapid detection and high suppressant con-
centrations can successfully suppress aluminum dust explosions. Deflagra-
tion venting tests in the 1-m3 chamber and in a 2.6-m?® chamber indicate that
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the general deflagration venting guidelines may need to be revised to
require disproportionately larger vent areas for aluminum dust explosion
applications. Similarly, the spatial extent of the vented flame and associated
hazard zone is significantly larger than would be predicted based on existing
guidelines.

One example of a hazard that is amenable to theoretical modeling is the
spontaneous ignition of thermally unstable particulate stored in a large silo.
Zoghlami et al. (1997) developed a theoretical model intended to determine
whether or not ignition would be expected for various size particles in silos
of varying size, geometry, and convective cooling at the silo walls and roof.
Their results showed that for a material with a heat of reaction of 300 kJ/mol
and an activation energy of 58.24 kJ/mol stored in a 200 m? silo, spontaneous
ignition would be expected for particle diameters less than or equal to about
7 mm. The time-to-ignition was about 40 days, and did not vary much with
particle size, but could be delayed significantly or prevented by increased
natural convection at the silo walls, possibly by increasing the silo surface
area for a given volume. Readers are cautioned that this type of theoretical
calculation entails the use of possibly proprietary computer software that
needs to be validated against realistic test data. After successful critical
review and validation, the calculations have the potential to reduce
conservatisms inherent in simpler analytical formulations and data scaling
procedures, such as those described in Section 4.3.4.

Although pyrophoricity is usually considered a hazard requiring empir-
ical (laboratory-scale) testing for evaluation, Glassman et al. (1992) have
described a simple theoretical model to determine the critical particle size
below which a particular metal becomes pyrophoric. Their hypothesis is that
small metal particles will be pyrophoric if/when the initial oxide coating that
forms upon exposure to air generates sufficient heat to vaporize the remain-
ing metal and the initial oxide coating. Based on this hypothesis, Glassman et
al. developed a steady-state heat balance in which the heat of oxidation gen-
erated by the initial oxide layer is just balanced by the heat required to bring
the metal and oxide coat to their respective boiling points. This criterion
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explains that metals such as lithium, sodium, and potassium are pyrophoric
because they have relatively high heats of oxidation and relatively low boil-
ing points. Other metals such as the first four listed in Table 4.6-1 can be
pyrophoric at particle sizes that are on the order of 0.01 um. There is good
agreement with experimentally measured critical particle diameters for
those metals. On the other hand, there is poor agreement for the last two
metals listed in Table 4-18. Glassman et al. explain the poor agreement for
those metals in that their oxide layers merely crack rather than vaporize to
allow continued combustion of the nascent metal. These two exceptions
demonstrate the limitations of relying entirely on theoretical analyses with-
out some experimental data. It can be argued that the main value of theoreti-
cal analysis is in extrapolation of the experimental data to situations in which
additional testing would be difficult or inconvenient. Examination of
pyrophoricity effects in nanoparticles is one such application.

At the present time, computer modeling is not a viable substitute for
larger scale testing to provide a definitive hazard assessment in the absence
of at least some test data. However, advances in computer modeling, partic-
ularly in the use of Computational Fluid Dynamics (CFD) models with a par-
ticulate phase and a gas phase, offer hope that CFD codes may ultimately be
able to do hazard assessments for particulates in the manner they are cur-
rently being used for gaseous combustion and reactivity hazard assessment.

TABLE 4-18
Critical Metal Particle Size for Pyrophoricity
(data from Glassman et al., 1992)

Oxide Coating Calculated Critical Measured Critical
Metal Oxide Thickness (A) Diameter (mm) Diameter (mm)

Al Al,O, 25 0.0273 0.03

Cu CuO 45 0.0091 0.01-.03

Fe FeO 35 0.0101 0.01-.03

Pb PbO 31 0.0157 0.01-.03

U uo, 25 0.0133 10

Zr ZrO, 50 0.0324 3.0
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EQUIPMENT HAZARDS AND
PREVENTIVE/PROTECTIVE
MEASURES

5.1 INTRODUCTION

Many different types of equipment are used for the storage, handling, and
processing of particulate solids (powders, bulk solids, granules, pellets,
flakes, etc.). A great number of particulate solids that are in these items of
equipment are potentially hazardous as they may be combustible, may self-
decompose, may react with air or water, and may adversely affect the health
of operators and non-plant people who come into contact with them.

This chapter is concerned primarily with discussing potential hazards
associated with various types of equipment, systems, and containers used in
particulate solids processes and operations. It also presents information on
methods of accident prevention and protection of these items of equipment
from the occurrence of fires, explosions, and unwanted health-hazardous
emissions. Case histories are presented of incidents to illustrate the types of
hazards that may be present which can lead to serious consequences.

Many young, and even more experienced, chemical engineers (process
design, production, project, and maintenance) and process safety/loss pre-
vention specialists who will be using this book may have a limited knowl-
edge of the construction and operating principles of the various types of
equipment, systems, and containers used in particulate solids processes and
operations. Therefore, detailed descriptions and discussions of these are pre-
sented in Appendix B, which, it is felt will lead to a better understanding of
how equipment construction and operation can contribute to safety prob-
lems. A knowledge of this can often help an engineer to select a more appro-
priate type of equipment which will avoid an accident or, if it should occur,
minimize its consequences.

273
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5.2 SAFETY ASPECTS OF BATCH VERSUS CONTINUOUS
OPERATION

Whenever feasible, consideration should be given to using continuous-type
equipment rather than batch-type equipment for handling and processing of
particulate solids as continuous-type equipment is often inherently safer.
This is because continuous-type equipment contain smaller quantities of
hazardous particulate solids than batch-type, and thus, if a fire, explosion, or
unwanted emission occurs, the consequences will be, most likely, less
severe. Also, batch-type equipment would normally have more frequent
startups and shutdowns, more product changeovers, more frequent clean-
ing requirements, and more opening and closing of the system. Thus, safe
operation can be affected by loss of inerting or difficulty in sealing the
system and possible cross-contamination.

Continuous types of equipment are available for blenders/mixers, drying
equipment, screening and classifying equipment, size enlargement equip-
ment, and size reduction equipment. Their practicalities should always be
evaluated for use in a process before batch-type equipment is selected.

5.3 PARTICULATE SOLIDS PROCESSING EQUIPMENT
HAZARDS AND PREVENTIVE AND PROTECTIVE
MEASURES

This section discusses the potential hazards of various types of process
equipment used for the storage, handling, and processing of particulate
solids and presents information on measures for preventing fires, explo-
sions, and unwanted emissions, and protecting equipment (minimizing the
consequences) should these incidents occur.

5.3.1 Bag Openers (Slitters)

Fires and explosions can occur in bag slitters due to the generation of dust
clouds and electrostatic charging of the solids from the action of the belt con-
veyor and tearing rollers. A highly critical area is the entrance hood, and
installation of a suppression system in this hood will not only quench an
explosion, it will also prevent the propagation of an explosion from the
machine into the work area where a secondary explosion could have devas-
tating effects. A complementary pressure relief device (rupture disk) on the
hood will not only reduce pressure build-up to an acceptable level, but also
vent combustion gases and suppressant from the suppression system to the
atmosphere. Also, since the protective devices installed in the entrance hood
cannot fully prevent an explosion from propagating into the main machine
casing, this casing should be fitted with a rupture disk sized in accordance
with the mechanical strength of the casing. Figure 5-1 is a schematic of a bag
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Figuree 5-1 Automatic bag opening device protective features. 1, conveyor belt; 2,
intake hood; 3, slittingmachine; 4, crushing cylinders; 5, sieve drum; 6, solids
receiver; 7, bag compactor; 8, filter; 9, suppressant bottle; 10, pressure sensor; 11, 12,
rupture disks; 13, relief vent pipes.
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slitting machine showing the types and location of explosion protection
equipment

Bartknecht (1981) presents more details on protection of bag slitters.
Proper grounding and bonding of the bag slitter is necessary to minimize the
potential for dust cloud ignition by electrostatic discharges, and the motor
has to be in accordance with the appropriate National Electrical Code (NEC)
area classification (se Section 6.4.1).

The trash (empty bags) compactor should also be properly bonded and
grounded and also requires the appropriate motor NEC area classification.

As a preventive measure against secondary explosions from combusti-
ble and reactive solids and operator exposure to toxic solids, dust emissions
must be minimized and not allowed to accumulate in the work area where
the slitter is operating. This can be achieved by:

1. Maintaining a slight negative pressure on the slitting chamber at all
times when dust is being generated, and
2. Making the machine casing of dust-tight construction.

For toxic dusts (those that present health hazards, including long-term
sensitization), the operator may have to wear personal protective equip-
ment. This decision should be made by a qualified industrial hygiene spe-
cialist, although the process design engineer can assist in the final decision
by discussing the equipment construction and operation with the industrial
hygiene specialist.

5.3.2 Blenders/Mixers

Fires and explosions can occur in blenders and mixers for particulate solids
for a number of reasons, such as, heat generation due to frictional heating of
solids or rubbing of internal parts against each other, electrostatic charging
of the solids, dust formation inside of the equipment, etc. A case history is
presented below describing an incident in a solids mixer.

Case History of an Explosion in a Conical Orbiting Screw Mixer

Whitmore et al. (1993) present the following case history of an explosion
in a blender.

An explosion occurred in a 3.7-m* Nautamixer (conical orbiting screw
mixer) during the blending of azodicarbonamide (AC) with an aqueous
solution of salts to produce an AC formulation. During the batch blending
cycle, hot water (80°C) was circulated through the blender jacket for sev-
eral hours, and the vacuum in the blender was released by purging with
nitrogen. The explosion caused the mixer vessel to rupture and two large
sections of the top were torn out completely and struck the floor above.
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There was extensive damage to the building, windows were broken up to
90 meters away by the pressure wave, and missiles were projected up to
120 meters away. The four people in the plant at the time of the explo-
sion were shaken up, but uninjured, while there were a few cuts to
people in nearby buildings due to flying glass. The TNT equivalence of
the blast was estimated at 3.3 kg. Subsequent experimental testing indi-
cated that the explosion was caused by a decomposition which reached
high rates due to a critical degree of confinement. The initiating source of
the decomposition was not primarily identified, but it was assumed the
heat was generated by mechanical friction due, for example, to the screw
rubbing on the vessel wall. Another possibility is that a small metal item
found its way into the vessel and became trapped between the screw and
the wall.

Ed. Note: A number of things could have been done to avoid this accident,
among them being the following:

1. The material being mixed, AC, should have been tested for the poten-
tial for thermal decomposition.

2. An overload trip on the motor should have been installed to shut
down the motor if the orbiting screw contacted the mixer wall, which
results in an increase in power draw.

3. A deflagration venting system might have prevented the mixer from
rupturing.

Discussed below are safety concerns and preventive/protective mea-
sures that should be considered to avoid fires and explosions in certain types
of blenders/mixers.

1. Tumbling type blenders/mixers can cause electrostatic charging of the
powders by the tumbling action, especially in glass-lined units. They
can often operate under vacuum, which can suck in air, but can be
easily inerted. Tumbling blenders/mixers fabricated of metal should
be properly bonded and grounded to minimize the potential for spark
ignition.

2. Ribbon, single rotor, and double rotor mixers have the potential to
cause friction sparks if the mixing elements come in contact with the
trough wall. Tramp metal may also cause friction sparks. Frictional
rubbing may also cause localized heating and subsequent fires. They
often do not operate with the trough completely filled so that a dust
explosion can occur. Inerting, as well as deflagration suppression, is
often used to avoid a dust explosion. Explosion venting may be feasi-
ble, even if the blender is in a building, if a vent duct is installed to
direct the fireball and burning particles outside the building. If instal-
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lation of a vent duct is not feasible, a flame-quenching device (see Sec-
tion 6.6.1) can be installed, which obviates the need to run a vent duct
through the building wall. Fugitive emissions can occur at the shaft
bearing seals and special mechanical seals or inert gas- purged seals
can minimize this problem.

3. Vertical, orbiting screw blenders can cause friction sparks and subse-

quent dust explosions if the screw comes in contact with the vessel
wall (see the case history above). A screw rubbing against the vessel
wall can cause gouging and eventually result in severe damage to the
vessel or its mechanical failure (creation of a hole in the vessel wall).
Rubbing of the screw on the vessel wall will usually result in an
increased motor load, and providing an overload trip on the motor to
shut it down can prevent severe gouging from occurring. Protective
measures such as inerting, deflagration venting, and deflagration
suppression can all be used. The bottom bearing for the shaft is a
potential spot for wear and subsequent dust emissions and it should
be purged to keep erosive solids out of the bearing.

4. In-bin blenders are also susceptible to dust explosions and protective

measures such as inerting, deflagration venting, and deflagration
suppression can also be applied.

5. Continuous blenders/mixers can have dust explosions due to electro-

static charging of the solids, and rubbing of the mixing elements
against the trough, depending on the design. Providing an overload
trip on the motor to shut it down can be used to prevent damage to
continuous blenders/mixers from rubbing of the mixing elements
against the trough. Inerting and deflagration suppression are
common protective measures applied. In some cases (e.g., ribbon
blenders, Zig-Zag® blender, etc.) it may be feasible to have the blender
designed for deflagration pressure containment (see Section 6.6.3).

The following general safety measures should be considered:

* For each type of blender/mixer, consideration should be given to the

various types of protective measures that may be applicable. Discus-
sions with the vendor are often invaluable as they may have experi-
ence from other similar applications.

Wherever electrostatic charges can be generated, proper grounding
and bonding should be provided for metal units.

If a blender/mixer is used for a toxic solid (especially if wet with flam-
mable or toxic vapors) great effort must be made to prevent emissions
from covers and shaft seals. Covers with heavier flanges, frequent
bolting, and thick gaskets should be used to provide tight closures and
minimize emissions. Double shaft seals with a gas purge or maintain-
ing a slight vacuum on the unit will reduce emissions. If the solid is
toxic, it may be prudent to locate the blender/mixer in a ventilated
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enclosure and have the operators equipped with personal protective
equipment.

* Provisions should be made to prevent tramp metal from entering
blenders/mixers that have rotating internal elements and/or have
small clearances between the housing and internal parts. Tramp metal
can be excluded by a screen located before the blender/mixer to collect
larger solids. Normally, the largest screen opening allowed is 70% of
the clearance gap between the agitator and the housing (vessel wall).
Other ways to exclude tramp metal are brush sifters, magnets to
remove ferrous components, and electric field—actuated diverters.

* Locate agitator bearings outside of the vessel rather than within the
body of the blender/mixer to keep hot bearings as far away as possible
from the solids being mixed.

The hazards posed by ignition sources in a blender/mixer, even when
mixing very easily ignitable particulate solids, can be discounted under the
following conditions (Nelson, 2002; Jaeger and Siwek, 1999):

* When filling and emptying a mixer, the same conditions and safety
measures apply as for filling and emptying vessels.

* When filling and emptying a mixer, mixer components must only run
with tip velocities of <1 m/s, safeguarded by technical measures (e.g.,
motor speed controller and shutdown system).

* During operation in a closed condition, the rotational speed of the mixer
parts (internal rotating elements) is not limited if the blades are com-
pletely covered by the material or if the filling level is 70 vol. % or more.

* To avoid propagating brush discharges on the inner wall of a mixer,
no insulating lining with a high breakdown voltage (more than 4 kV)
must be allowed to form; corresponding testing of product build-up
should be done during maintenance.

* With orbiting screw mixers, having a bottom agitator support which
can heat up in operation, care is advised with solids that can undergo a
spontaneous decomposition.

¢ Circumferential velocities (tip speeds) of up to 10 m/s can be tolerated
during filling a mixer that is filled below 70 vol. % if the autoignition
temperature (AIT) of the solids to be mixed is above the limits given in
Table 5-1.

Discussions of safety hazards of particulate solids blenders and mixers
are presented by Eckhoff (2003) and the IChemE (1982).

5.3.3 Drying Equipment

Fires and explosions have occurred in drying operations fairly frequently.
The following case history cites one example.
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TABLE 5-1
AIT Limiting Values for Products Filled and Emptied in Mixers
While Running

MIE, m]J* <1° 1-3  3-10 10-30 30-100 100-300 300-1000  >1000
AIT,°C" Donotprocess 530 500 465 430 395 360 325

4 Minimum ignition energy determined in a Kuehner AG MIKE 3 apparatus with 1 to 2 mH inductance in
spark discharge circuit. Inductance causes the capacitor storing energy to discharge in a protracted
manner.

b Autoignition temperature of a dust cloud determined in a BAM furnace (BAM is the German Federal
Institute for Testing of Materials in Berlin).

¢ The MIE lies between the highest energy at which ignition fails to occur in 10 successive attempts to
ignite the dust—air mixture (1 mJ) and the lowest energy at which ignition occurs within 10 successive
attempts (3 m]).

Case History of a Fire and Explosion in
a Batch Rotating Vacuum Dryer

Drogaris (1993) cites an example of a fire and explosion in a batch rotat-
ing vacuum dryer used for drying a pharmaceutical powder. An operator
had tested dryer samples on a number of occasions without any prob-
lems. After the last sampling, he closed the manhole cover, put the dryer
under vacuum, and started rotation of the dryer. A few minutes later an
explosion and flash fire occurred, which self-extinguished. No one was
injured. Investigations revealed that after the last sampling, the dryer
manhole cover had not been securely fastened. This allowed the vacuum
within the dryer to draw air into the rotating dryer and create a flamma-
ble atmosphere. The ignition source was probably an electrostatic dis-
charge (the Teflon coating on the internal lining of the dryer could have
built up a charge). No nitrogen inerting had been used. After the inci-
dent, the following precautions were instituted to prevent similar acci-
dents from occurring in the future:

 Nitrogen purging is carried out before charging or sampling of the
dryer.

* If the absolute pressure rises to about 4 psia, the rotation is stopped, an
alarm sounds, and a nitrogen purge starts automatically.

Ed. Note: In addition to the measures taken after the incident, as indicated
above (nitrogen purging and absolute pressure monitoring), the SOP should
be revised to require the operator to make sure that the manhole is securely
fastened before starting up the dryer.

The protection methods that can be used in drying operations depend on
the material being dried and the type of dryer. In fact, the type of dryer used
depends often on the material to be dried. Based on a knowledge of the
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chemical structure of a material, plus the results of some simple laboratory
tests, substances can be grouped into the following categories (Abbott, 1990):

1. Type 1 materials defined as deflagrating or detonating explosives by
United Nations tests (UN, 1999);

2. Type 2 materials, which on heating, exhibit exothermic decomposition
with evolution of large volumes of gas, even in the absence of air (e.g.,
peroxides, blowing agents). If the amount of gas evolved is suffi-
ciently large, there may be a dangerous build-up of pressure with no
fire;

3. Type 3 combustible materials which can undergo exothermic oxida-
tion or decomposition when heated in air. Such materials may present
a fire hazard or a dust explosion hazard;

4. Type 4 materials which do not undergo either exothermic oxidation or
exothermic decomposition when heated in air.

As a general rule, it is dangerous to dry Type 1 materials in a general
purpose dryer. Special precautions specific to the explosives industry are
required and special regulation must be obeyed when handling these mate-
rials. It may also be dangerous to dry Type 2 powders by application of heat,
depending on the amount of gas evolved and the temperature at which
decomposition occurs. As with Type 1 materials, the hazard exists regardless
of the environment in which the heating is carried out. Type 3 powders can
usually be dried safely by application of heat provided the operating condi-
tions are chosen correctly, an appropriate method of explosion prevention or
protection is employed, and rigorous precautions are taken to reduce the
risk of ignition. Type 4 materials only present a fire or explosion hazard if
they are wetted with a flammable solvent or if the air is heated by direct oil or
gas firing.

Some general hazards (applicable to all types of dryers) that occur in
drying operations are:

1. In many dryers, the solids contain a flammable liquid that can vapor-
ize and form a hybrid mixture. Hybrid mixtures (combinations of a
flammable vapor and a combustible dust) present a greater explosion
hazard than that presented by the combustible dust alone. The greater
hazard is characterized by (1) the hybrid mixture may explode more
severely than a dust-air mixture alone, that is, the maximum pressure
and maximum rate of pressure rise may be greater, even if the vapor
concentration is below its lower flammable limit, (2) the MIE of hybrid
mixtures is usually lower than that of the dust-air mixture alone, and
(3) the minimum explosible concentration (MEC) of a dust is reduced
by the presence of a flammable vapor even if the latter is below its
LFL. Measurable effects are observed for vapor levels as low as 20% of
the vapor LFL. Such solids should be dried in inerted dryers or under
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vacuum. Another method of explosion prevention, which can be used
in spray and fluid bed dryers, is to use ventilation to keep the flamma-
ble vapor concentration well below its lower flammability limit (see
NEFPA 86, 1999).

. Direct firing of dryers creates a strong ignition source, and for dryers

containing flammable vapors direct heating systems are too danger-
ous to be employed.

. Other hazards in dryers arise if the unit is not operated according to

design conditions. Thus, if the feed rate is too low, the material may
become overheated and may ignite. Overheating may also occur if
material from a previous batch is exposed to hot air on start-up. Simi-
lar hazardous conditions can occur in shutdown or emergency situa-
tions. Therefore, the control of dryer operating conditions is particu-
larly important.

. The hot product from a dryer is another hazard, and it may be neces-

sary to cool it before storage if self-heating is to be avoided. This
hazard increases with increasing container size and increasing tem-
perature. One company recommends that the maximum size that can
be safely stored is 200 liters (Nelson, 2002).

. Electrostatic sparks are a common cause of dust and flammable vapor

deflagrations. Dryers and drying systems that can generate electro-
static charges must be properly bonded and grounded to drain off
these charges and minimize the possibility of deflagrations. Inerting is
often used to prevent the occurrence of a deflagration if electrostatic
sparks are a possibility.

. Frictional sparks and heating can result from a number of causes, such

as (1) overheated bearings, (2) frictional impact with shovels and
scoops used in removing product from a dryer, which may cause igni-
tion of materials with a low minimum ignition energy (MIE), such as
peroxides and sulfur, (3) rotating fan blades touching the casing, and
(4) tramp metals and stones fed with the solid into the dryer.

. Electrical equipment such as contact switches, fuses, circuit breakers,

etc. can discharge sparks with energy greater than the MIE of the dust
or flammable gas, and can cause a deflagration. Electrical equipment
must be specified with the appropriate area classification to avoid this
problem. They must also be properly installed and maintained or they
will not meet code requirements.

. Material autoignition can be a hazard, and all precautions must be

taken to ensure that at no stage of the drying operation, including
start-up and shutdown, does the material temperature exceed its
autoignition temperature. The exhaust gas temperature is a safe way
of controlling the material temperature in a dryer.

. The MIE of particulate solids can be greatly reduced at elevated tem-

peratures (they become more easily ignitable).
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10. Solids having a burning class of 6 (very rapid combustion with flame
propagation or rapid decomposition without flame) are very difficult
to control once they are ignited, and in the case of such solids, the
drying conditions must be specified based on an individual risk
assessment. Bartknecht (1989) and Jaeger and Siwek (1999) discuss
burning classes and test methods for determining them. Table 5-2 lists
burning classes and their characteristics.

Some hazards that are specific to certain types of dryers are as follows:

Spray Dryers

1. Spray dryers and drying systems (including ductwork and associated
equipment such as cyclones, dust collectors, etc.) are prone to accu-
mulation of deposits on dryer walls and ductwork. Solids often accu-
mulate on spray devices at the top of these dryers where the highest
dryer temperature is often experienced. Frequent cleaning and moni-
toring may be required to ensure that these deposits do not overheat
and autoignite. Tests should be conducted to evaluate the hazards of
dust deposit ignitability. The characteristics of materials deposited on
walls or other surfaces may change over time when the materials are
exposed to high temperatures or other process conditions and may
thermally decompose. Thermal stability testing is required to assess
this hazard. It should be recognized that some large spray dryers (e.g.,
milk dryers, which have chambers up to 1200 m®) may have inlet tem-
peratures very close to the self-heating temperature of the deposited

TABLE 5-2
Burning Class Definitions for a Powder Layer”
Test Result CL Reference Product
No ignition 1 Table salt
Brief ignition, rapid extinction No spreading 2 Tartaric acid
Localized combustion or glowing of fire 3 D + Lactose
with practically no spreading
Glowing without sparks (smoldering) 4 1-Amino-8-naphthol-3,6-
or slow decomposition without flame disulfonic-acid (H-acid)
Burning like fireworks or slow quiet 5 Sulfur
burning with flames Fire spreads
Very rapid combustion with flame 6 Blackpowder

propagation or rapid decomposition
without flame

4 Source: Bartknecht, W., Dust Explosions: Course, Prevention, Protection.New York: Springer-Verlag,, 1989.
Reprinted with permission.
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milk solids, so that there is always the danger of a fire or an explosion
(Tyldesley, 2004).

2. For spray dryers, loss of feed may result in overheating of the solids in

the dryer and downstream equipment.

3. The presence of explosive dust—air mixtures must be expected in the

lower part of spray dryers, at least. This is true even for spray drying
processes for which a calculation of the dust concentration indicates a
value below the LFL (MEC) of the dust.

Direct-Heat Dryers

1. Asdirect-heat (convective) dryers are usually operated at atmospheric

conditions (air is always present), the occurrence of explosive dust-air
mixtures must be expected as a matter of principle.

2. In pneumatic (flash) dryers dust explosions are most likely to occur in

the upper part of the drying tube and in the dust recovery section
where the particles are dry. However, the moisture content of the feed
to this type of dryer is often comparatively low, particularly when
recycled product is blended with the fresh feed, so the dust in the
lower part of drying tube may still be combustible. Deposits are likely
to occur at the top bend of the drying tube. They are most vulnerable
to ignition during start-up and shutdown operations. Deposits can
also occur near the dryer feed point due to stickiness of the wet feed.
Many pneumatic conveying dryer fires occur in this area.

3. In fluid bed dryers the concentration of dust in the fluidized bed itself

is too high to sustain an explosion (above the UFL), but the concentra-
tion in a portion of the space above the bed, and perhaps also in the
dust recovery equipment, may be within the explosion limits. The
most likely places for a dust layer to accumulate are corners and other
poorly fluidized areas on the distribution plate. Agglomerates which
are too large to fluidize will also collect on the plate. The plate is virtu-
ally at the temperature of the inlet air, and any fires starting here will
burn rapidly. In continuous fluid bed dryers, dust nay also be depos-
ited in the duct connecting the dryer to the dust recovery equipment if
the air velocity in the duct is too low. This deposit will only be exposed
to the exhaust air temperature during normal operation, but could be
exposed to higher temperatures during start-up and shutdown. Tarry
deposits can also form at the top of the vessel and in the exhaust air
ducting when drying certain materials.

4. Although rotary dryers are not generally used for finely divided mate-

rial, there is often some generation of fines by attrition and breakage in
the rotating drum. These fines are carried out by the exhaust air to
dust recovery equipment, which is where the dust concentration may
be above the MEC and a dust explosion could occur. If the material
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has any tendency to form a deposit adhering to internal surfaces, this
can create a fire hazard. The hazard will be greatest at the air inlet end
of the drum where the air temperature is highest.

5. In continuous through-circulation dryers the air velocity is usually
low enough not to blow dried material off the perforated plate or
screen, so there should be no dust explosion risk in this dryer. How-
ever, if the dried material is friable and has an appreciable fall into the
discharge chute, there could be a dust cloud having a concentration
above the MEC in the chute, and a dust explosion could occur.

Indirect-Heat Dryers

1. In agitated vacuum pan, spherical, and filter-dryers, agitation-related
events are probably the most frequent causes of problems, such as:
(a) Agitator drive power is often quite large , and even with no heating

present on the jacket, product temperature can rise significantly if
moderate speed agitation is maintained for prolonged periods of
time. Typically, with heat-unstable materials, the heating system is
controlled and alarmed to ensure that the product stays below the
AIT or decomposition temperature of the product by a safe margin
(50°C is reasonable for some, but not all, products). The agitator
should also be interlocked and/or alarmed with product tempera-
ture so that its heat work input does not increase the product tem-
perature to where it approaches its AIT or its decomposition
temperature.

(b) Product overheating can be caused by temperature control system
failure. The most reliable strategy is to control heat input based on
jacket temperature, maintaining the heat transfer fluid at a safe
margin below the instability temperature for the product being
dried. Filter-dryers sometimes use hot gas recirculation rather than
vacuum for drying. Proper temperature measurement location is
critical to good control and measurements should be taken on the
clean, inlet gas stream, not on the exhaust stream. Where combusti-
ble dusts or flammable vapors are present, the gas stream must be
inert, and be monitored to ensure that oxygen levels are below the
LOC by a safe margin (see NFPA 69). Product temperature mea-
surement is not particularly reliable and should be used for infor-
mation purposes only rather than for heating system control. Con-
tact measurement probes are flush-mounted with the wall on
dryers where axial agitator movement is a feature of the operation.
The face of the thermowell can get coated with product, leading to
lower than actual temperature readings (invasive thermowells on
dryers without axial agitator movement are also prone to this prob-
lem). Indirect temperature measurement devices such as infrared
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have their own issue such as keeping the “vision” window free of
dust (nitrogen sweeping of the window can help) and being set up
so that they can distinguish between other hot surfaces, such as the
vessel wall or agitator, and the product.

(c) Contact of moving parts can be a significant problem. Because of
the small clearance between the agitator and the walls and base,
contact is possible, for example, due to deflection under heavy
loads such as during startup with a wet product with too high den-
sity in the dryer. If a heated agitator is heated while the vessel is
still cold, thermal expansion may reduce clearances too much,
which in combination with small deflections, can lead to contact
and localized generation of heat or sparks which could initiate a
dust explosion. With filter-dryers, if the filter medium covering the
base is improperly fitted, or the agitator clearance is too small, the
medium can contact the agitator and be torn, or quite extensively
damaged, causing problems.

(d)Tramp metal can cause severe problems. If foreign objects (nuts,
bolts, cleaning spray devices, dust filter hardware, or other tramp
metal) fall into the dryer, they can be trapped between the moving
agitator and the vessel, possibly resulting in friction heating or
sparking, and a subsequent fire or explosion.

(e) Discharge valve leakage can also be a problem. One type of dis-
charge valve is a hinged door and O-ring type that is prone to
build-up of hard product on the seal faces after several discharges,
which can be a major source of air (oxygen) leakage inward during
vacuum operation. Manual cleaning of the valve after each dis-
charge may be necessary to avoid this problem.

(f) In operations when vacuum is not present such as charging and
discharging, it may be necessary to do this under an inert gas (usu-
ally nitrogen) blanket to avoid ignition of vapors or powder by
static charges where the powders have the ability to generate a dust
explosion, or are wet with flammable liquids.

2. Screw conveying, paddle, and disk dryers have problems similar to

agitated dryers with respect to tramp metal entering the dryer and
causing frictional heating. For some solids deposits tend to build up
on the shaft and blades, and on the inner surface of the trough. Depos-
its on the heat transfer surfaces will be approximately at the tempera-
ture of the heating medium, and consideration must be given to the
possibility of thermal decomposition. This should be assessed by ther-
mal decomposition testing. If, for some reason, the shaft of the dryer
stops rotating, the material held up in the dryer will attain the temper-
ature of the heating medium if the latter is not shut off promptly.

Fires and explosions in dryers can be prevented by:
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1.

2.

3.

Maintaining the concentration of the combustible dust outside of its
flammable range (this may not be feasible for all types of dryers).
Maintaining oxygen concentration below its limiting oxidant concen-
tration (LOC).

Excluding all possible ignition sources (this is not always possible).

Explosion protection can be achieved by:

1.
2.
3.

Deflagration venting

Suppressing the explosion

Designing the equipment so that it is strong enough to contain the
explosion.

Some operational and design safety features and recommended practices for
several types of dryers are presented below (Field, 1982; Nelson, 2002,
Palmer, 1973):

1.

Because major portions of some drying systems (spray and fluid bed
dryers) operate below the minimum explosible concentration (MEC),
partial-volume venting equations may be applicable (see NFPA 68,
2002). However, Tyldesley (2004) cautions against doing this without
a thorough analysis of the potential for unexpected conditions. It is
true that in steady-state operation, the upper parts of these dryers are
probably lean (below the MEC), while the lower parts are likely to be
above the MEC. However, dust explosions occur when things are not
running normally. For example, deposits often accumulate on the
dryer walls, and if these fall for some reason (perhaps as a result of a
small explosion near the dryer bottom), there could be enough dust
cloud generation to fill the entire dryer chamber. Therefore, the poten-
tial for a dust explosion could exist in the entire dryer.

A number of dryers (e.g., spray, plate, belt) often can be designed with
a closed-loop inert gas system (usually nitrogen).

Some dryers (plate, belt, etc.) can be designed in dust-tight and gas-
tight construction. This is especially important for dryers handling
toxic solids.

Some dryers (fluid bed, spray, etc.) can be designed to contain a defla-
gration pressure.

As a general rule, shock-sensitive solids should not be dried in thin
film dryers, paddle dryers with inserted metal rods, or flash dryers.
Solids that can undergo spontaneous decomposition should not be
dried in a drying apparatus holding large quantities of product, that
is, paddle dryers, filter-dryers, or fluid bed dryers. If the use of such
equipment seems unavoidable, supplementary tests should be done
to determine the velocity of the decomposition reaction, and to evalu-
ate the possibility of interrupting decomposition. In addition, the
dryer should be equipped with the appropriate protection devices/
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systems. Note that inerting or vacuum operation will not stop a spon-

taneous decomposition.

For direct-heat dryers (convective dryers) the following are

recommended:

(a) The temperature within the dryer shall not reach or exceed the igni-
tion temperature of the dry product (as determined for airborne
dusts). If the solids are wet with a flammable solvent, then the tem-
perature within the dryer must also be kept below the minimum
ignition temperature of the solvent.

(b) Direct-heat (convective) dryers should be operated with fresh air
only (i.e., the air must not be recycled), if the solids to be dried can
develop flammable decomposition gases. In this case, a closed
loop, inert gas system is a better way to operate the dryer.

(c) For convective dryers, provide controls to ensure that the fan or
blower will continue to operate long enough after turning off the
heating system to prevent heat accumulation. In case of a failure or
breakdown of the fan, the heating system should be switched off
automatically and an alarm should be triggered; it may be neces-
sary to provide additional automatic measures to prevent heat
accumulation. Also, in each individual case, it should be estab-
lished whether special precautions will be required with regard to
possible breakdowns in the supply of important utilities (e.g., elec-
tricity, water, steam).

For indirect-heat dryers (also called contact dryers) the maximum

allowable heating medium temperature (based on test data) should be

monitored and controlled by instrumentation (redundancy should be
provided as indicated by a process risk analysis).

Screw conveyor, agitated paddle, and disk dryers handling solids wet

with a flammable solvent should be inerted. However, inerting does

not provide protection against thermal decomposition with massive
gas evolution.

Field (1982) suggests that to protect vacuum dryers against possible

overpressure resulting from decomposition of the product, the nuts

on their doors or covers should be loosened after evacuation and
before the dryer is heated up, so that they can act as an explosion vent.

This is recommended only if the dryer is inerted to keep any air leak-

age inward below the LOC. However, if an inert atmosphere cannot

be guaranteed at all times, this may allow ingress of air and pose an

explosion hazard. It is preferable that the dryer be equipped with a

rupture disk explosion vent of suitable size. Vacuum dryers should be

heated up after evacuation only. In special cases, e.g., with solids
having a strong tendency towards foaming, it may be possible to heat
up some dryers, such as paddle dryers, with the doors or covers not
fastened, at ambient temperature and up to a heating medium tem-
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11.

12.

perature of 80°C, if the product is solvent-free and has a burning class
less than 3 (localized combustion with practically no spreading) at
100°C.
For solids with a burning class of 4 [glowing without sparks (smolder-
ing) or slow decomposition without flame] or class 5 burning like fire-
works or slow quiet burning with flames), or solids which develop
noticeable quantities of flammable decomposition gases at 220°C, it is
recommended to apply the following additional measures to vacuum
dryers:

(a) The dryers should be charged only when cold and heated up only
after closure or evacuation. Exceptions should be agreed upon with
company safety department.

(b) At the end of the drying process, as a matter of principle, the
vacuum should be broken with nitrogen.

(c) Vacuum dryers may be aerated and discharged only when the
product temperature has fallen below the temperature allowable
for atmospheric air-drying or, if that value is not known, below
40°C.

(d) Vacuum failure must be indicated by an alarm, and the dryer must
then be inerted immediately and cooled either automatically or
manually.

For spray dryers the following are recommended:

(a) If solids with a burning class of 4 or 5 are to be processed in a spray
dryer, it is recommended that the dryer be fitted with a water spray
deluge system. This is recommended even for inerted dryers pro-
cessing solids with a burning class of 4 or 5.

(b) For spray dryers, tests should be performed for determining the
lowest temperature at which an exothermic decomposition in air
can be observed; in case of an inerted dryer, a supplementary test
in a mixture of 92% nitrogen and 8% oxygen should be carried out
(Grewer test). If in this test a decomposition temperature higher
than 200°C is observed, the air inlet temperature (for an inerted
dryer this is the inlet temperature of the inert gas) should be
selected by knowledgeable specialists in accordance with the test
results. The air or inert gas outlet temperature should not normally
exceed 150°C. Exceptions may be possible with consent of knowl-
edgeable specialists.

(c) If a spray dryer processing a product with a low MIE (less than 10
m)J) has to be opened (e.g., for inspection), particular care should be
taken due to the possible presence of smoldering material . As a
minimum precaution, cooling down to less than 40°C is required.
The procedure to assure sufficient cooling should be agreed upon
with the company safety experts. Explosion safeguards and moni-
toring of the oxygen concentration (including automatic corrective
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measures) may be inactivated only when the dryer has been cooled
to room temperature. It is recommended, where feasible, to thor-
oughly wet all the product still present in the dryer with water
prior to opening the dryer or inactivating any safety devices.

13. For fluid bed dryers, tests should be performed to determine the exo-
thermic decomposition temperature in a fresh air stream, and the
lowest temperature at which an exothermic reaction can still be
observed in a 24-hour hot storage test (or other acceptable test, e.g.,
aerated solids screening test). For inerted fluid bed dryers, the test
should be done in a mixture of 92% nitrogen and 8% oxygen. The max-
imum permissible air inlet temperature should be specified so that no
exothermic reaction will occur in the 24-hour hot storage test. Excep-
tions would have to be agreed upon after more thorough testing of the
product. The maximum air inlet temperature should normally remain
below the melting point or melting range of the product. The surface
temperature of the air heating elements should be kept as low as pos-
sible. Indirect heating of the air by steam, hot water, etc. is recom-
mended. If electrical resistance heating is used, the heating elements
should not be installed within the dryer, but in the air supply system
at a far distance from the inlet screen. It is recommended that a metal-
lic air filter be installed between the heating elements and the product
chamber to prevent entrainment of hot particles (e.g., rust) into the
dryer.

In recent years there have been a number of fires and explosions in
dryers used for the drying of sewage sludge (Tyldesley, 2004). There are a
variety of sludge dryer designs. The ones with large rotating drums have
experienced problems and explosions because they create a dust cloud in the
drum. Sludge dryers with a heated screw, that are effectively full, probably
cannot have an explosion in the dryer section itself, but can produce burning
and glowing material which can act as an ignition source in downstream
equipment. Sludge dryers tend to self-inert during steady-state operation as
the steam evolved displaces air. But a number of explosions that occurred
during start-up and shutdown, showed that the material could self-heat to
ignition at temperatures close to the operating temperature. A possible solu-
tion to this hazard is to provide nitrogen inerting for start-up and shutdown,
linked to gas analysis to monitor the oxygen level in the dryer. In a most
recent incident in the UK, dry fines were being fed back into the system that
was being allowed to cool down. Actually, it started to heat up again, and the
fines were fed into a system that was actually on fire for 15 minutes (which
was evidently unknown) before the explosion occurred.

Abbott (1990) presents a comprehensive overview of the prevention of
fires and explosions in dryers, in which he discusses the hazards, potential
ignition sources, safety from explosions, process specification, equipment
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specification, and operation and maintenance of several types of commonly
used dryers (spray, pneumatic conveying, fluid bed, rotary, band, batch
atmospheric tray, batch vacuum, and trough dryers). Other good reviews of
dryer safety are presented by Field (1982), Gibson et al. (1985), Palmer (1973),
Markowski and Mujumdar (1995), and Roques (1996). Bartknecht (1981)
presents detailed discussions of the protection of fluid bed dryers and spray
drying installations specifically. NFPA 86 (1999) also discusses dryer safety.

5.3.4 Dust Collectors

This section discusses hazards associated with four types of dust collectors
(cyclone separators, electrostatic separators, fabric filters, and wet scrub-
bers), as well as preventive and protective measures for them.

5.3.4.1 Cyclone Separators

Cyclone separators are less susceptible to fires and explosions than fabric fil-
ters, but they do occur. Often the source of ignition is not at the cyclone itself
but dust electrostatically charged in the process upstream of the cyclone. If
the dust cloud in the cyclone is above its MIE and its dust concentration is in
the flammable range, an explosion can occur if newly entering charged dust
is discharged and ignites the cloud. Fires can be caused by ignition of dust
deposits on the cyclone walls.

Tyldesley (2004) reports an incident at an aluminum powder production
unit containing multiple small cyclones which had caked aluminum dust on
their inside walls, which somehow was ignited.

The most common protective measures for cyclones are venting and
suppression. Vent sizes should be calculated by the procedures given in
NFPA 68 (2002). Deflagration suppression is preferred over venting if the
cyclone is handling toxic dust. Also, cyclones may be designed to contain the
maximum explosion pressure, which is also preferred over venting if the
cyclone is handling a toxic dust. Proper grounding and bonding is critical to
avoid build-up of electrostatic charges. Preferably, cyclones should be
located outside plant buildings, on the ground or roof, so that vent ducts to
route the exhaust gases/vapors from a room, are not required (the vent dis-
charges directly into the atmosphere).

If it is known that the dust being handled can self-decompose or is
highly reactive, and has a propensity for caking on walls, then inspection
ports should be installed on the cyclone to check on cake formation on a reg-
ular schedule, and means provided for removing the deposits (e.g., water or
solvent spray nozzles where applicable).

Additional information on protective measures for cyclones is presented
by Eckhoff (2003), Field (1982), and Palmer (1973).
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5.3.4.2 Electrostatic Precipitators

Electrostatic precipitators may develop fires as a result of either electrical
discharges resulting from dust accumulations reducing clearances within
the unit to below the voltage breakdown distance, or because of particles
ignited outside the unit being collected in the ESP and igniting other dust.
These units are often cleaned by rapping mechanically and burning dust dis-
persed in this way could cause an explosion.

The following protective measures for ESPs handling combustible dusts
are recommended by FM Global (FMG 7-73, 2000):

1. Provide automatic sprinkler protection at a minimum of 0.25 gpm/ft?
for the following;:

(a) Inside ESPs with oil-bath reservoirs.

(b) Inside ESPs collecting combustible material.

(c) Over ESP oil seals and associated oil settling tanks, reservoirs and
piping and for 20 feet beyond.

2. Provide an interlock to automatically de-energize the ESP on actua-
tion of automatic sprinkler or automatic water spray systems.

3. For ESPs and associated ducts serving two or more pieces of process
equipment:

(a) Automatic open head water spray in the ducts and in the ESP, as
follows:

(i) Inthe ducts provide a minimum density of 0.2 gpm/ft>.
(ii) In the ESP provide a minimum density of 0.25 gpm/ft>.

(b) Locate an automatic sprinkler inside each duct penetration at roof
level. Locate an automatic sprinkler inside the duct at each floor
penetration for multistory buildings. Ensure that the sprinkler tem-
perature rating is 50°F higher than gas temperatures in the duct.

(c) Provide for drainage of sprinkler water. Slope ducts so that water
flow is toward the ESP. Provide a separator tank for ESPs used to
collect hydrocarbon mists so that the discharge of the water spray
system does not result in a release of hydrocarbons which could
expose plant buildings or property. This is especially important if
the tank is inside the building.

(d)Interlock the fan on the exhaust system to shut down on actuation
of the water spray detection system.

(e) Provide access ports in the duct so that detectors can be checked
and water spray nozzles serviced.

4. Use special protection systems such as water spray, carbon dioxide or
steam where frequent losses have occurred.

5. Arrange ESPs processing hybrid mixture (solids with flammable
vapors) to be purged with inert gas before the introduction of the
hybrid mixture on start-up and before the introduction of air on shut-
down. Provide combustibles/oxygen analyzers to monitor oxygen
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concentration in inlet gas. Interlock the analyzer to sound an alarm at
1% concentration of oxygen and shut down power to the ESP at 2%
oxygen concentration.

6. Provide flow meters for wet ESPs designed for continuous water
washing of collecting surfaces during normal operation. Interlock
flow meters to sound an alarm and de-energize the units in the event
that water flow drops below a preset minimum value. Automatic
sprinkler protection is not normally necessary.

7. Donotuse ESPs where dry combustible dust concentrations in air may
exceed the MEC due to the possibility of ignition by arcing in the ESP.

5.3.4.3 Fabric Filters

Over the years, fabric filters have experienced many fires and explosions, as
well as loss of containment (dust emissions) due to broken bags.

The following two case histories illustrate dust explosion incidents in
baghouses:

Case History of an Explosion in a Flash Dryer Baghouse

An explosion occurred in a dust collector used to collect a pharmaceutical
product from a hammer mill/flash drying operation. The impact hammer
mill had been operating for approximately 10 minutes when the operator
heard unusual grinding sounds coming from inside the mill. He immedi-
ately shut down the mill just as an explosion occurred within the dust col-
lector, located inside the building on the second floor. The pressure wave
caused the explosion vent (a hinged panel) of the dust collector to open,
and the explosion products and unburned powder were directed outside
the building via a vent duct. However, a screen had been securely fas-
tened at the end of the duct to prevent birds from entering, and as the
vent panel swung upward and outward, it struck the screen and opened
no further. It is estimated that the screen prevented the explosion vent
panel from opening to no more than 50 percent of the vent area.

With the vent partially obstructed, the access door to the dust collector
failed under pressure and released a dust cloud into the building, which
ignited. The flame front went through the vent duct and followed the
dust cloud through the access door, resulting in a fireball at both loca-
tions. Also, on the first floor, a fireball was seen exiting the vicinity of the
rotary valve outlet at the bottom of the dust collector, which feeds a sifter.
There was no secondary explosion on the first or second floors. However,
windows were blown out at both floors. The ensuing fire in the dust col-
lector engulfed the wool filter bags (which were burned up) and the
remaining powder in the collector hopper, but the fire was quickly extin-
guished by the automatic sprinkler system inside the dust collector.
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A subsequent investigation of the incident revealed that a carbon steel
bolt from the inside of the feeder (which feeds wet powder to the
hammer mill/flash dryer) had become loose and fell into the hammer
mill. The bolt became trapped inside the 3600 rpm mill, where it became
heated to above the autoignition temperature of the powder. The hot
metal ignited some of the powder in the mill which was pneumatically
conveyed into the dust collector. In the collector, a dust cloud created by
the blow ring (pulse jet), was ignited by the hot powder conveyed in from
the hammer mill. An inspection of the feeder revealed that six 3/8-inch
carbon steel bolts were missing.

Note: The following measures should be taken to avoid this incident

from occurring again:

1. The vent duct opening should not be obstructed in any manner.

2. Preferably use a diaphragm-type vent closure with a vent duct rather
than a hinged panel type vent closure. The effect of the vent duct on
the baghouse P4 or vent area should be checked by the method in

NFPA 68 (2002).

3. Any interior nuts and bolts in the feeder should be tack-welded to the

housing to prevent them from becoming loose due to vibration.

Case History of an Explosion in a Packaging Room Baghouse

An incident of an explosion in a packaging room baghouse is presented
by Pickup (2001). A baghouse dust collector, located outside of the
building, drawing dust from a packaging room and container packer
experienced a dust explosion shortly after a metal collection drum was
emptied and returned to its prior position. The drum was transported
under the baghouse on a wheeled trolley. The drum cover was con-
nected via a flexible connection to a slide gate valve at the bottom of the
baghouse. Normally, the negative pressure in the baghouse would have
pulled the cover onto the drum, forming a tight seal. However, in this
case, the operator noticed that the drum was not correctly positioned
under the baghouse and the cover had not engaged. As the operator
reached in to position the drum, the baghouse automatically pulsed.
When the operator moved the drum, a dust explosion occurred directly
above him in the baghouse, causing the explosion vent to open and send
a large fireball out directly above his head. The operator ran into the
building to warn his co-workers. However, as he entered, the other oper-
ators were evacuating the building due to the quantity of dust that was
thrown into the air inside the packaging room. The operators fortunately
managed to exit the building to a safe location before the dust cloud



5.3 Particulate Solids Processing Equipment Hazards 295

found a source of ignition and exploded, approximately 2 minutes after
the explosion in the baghouse. Ninety seconds after the second explo-
sion, a third violent explosion occurred that caused significant structural
damage to the building. The pressure that occurred during the baghouse
explosion was high and was transmitted throughout the “nuisance” dust
collection system ducting, and led to the suspension of significant quanti-
ties of dust inside the packaging room. The accident investigation con-
cluded that the drum located on the wheeled trolley became charged
and was isolated so that an electrostatic spark discharge occurred and
ignited the dust that became suspended by the air pulse. The trolley had
a high electrical resistance from drum to earth and the drum lid was con-
nected to the dust collector bottom by an elastomeric flexible connector
internally supported by a spiral wire. Subsequently, the trolley was
removed so that the drum sits on the ground and a flexible metal connec-
tor joins the drum to the dust collector.

Ed. Note: A number of safety measures would have prevented this accident,
as follows:

1. The slide gate valve should not have been opened until the drum was
properly connected to the baghouse.

2. The metal drum should have been bonded and grounded.

3. The baghouse should have been isolated from the rest of the dust col-
lection system to prevent flame propagation back into the system and
packaging room. Either a rapid-acting valve or a flame front diverter
could have been used.

The main hazard from the presence of dust collected in dust collectors
(baghouses and cartridge filters) is an explosion from electrostatic spark dis-
charges. These may be capacitance, brush, and propagating brush dis-
charges. Capacitance and propagating brush discharges are incendive for
dusts, whereas brush discharges are incendive for flammable vapors. If
hybrid mixtures are present (this can occur under normal operating condi-
tions), then brush discharges are capable of being an ignition source. Dust
explosions occur quite frequently in baghouses because the likelihood of the
presence of an easily ignitable fine dust atmosphere is high and there is high
turbulence, which can causes electrostatic charge accumulation on the dust
particles. Another ignition source is the entrance of hot, glowing, particles
into the baghouse from upstream equipment.

Isolated conductors that become charged, usually through extended
periods of field inductance and a high resistance path to ground, are a
common hazard. Typical sources of isolated conductors are wires in car-
tridge filters, clamps and filter bag supports (cages). Cleaning mechanisms
(e.g., air pulsing, shaking) may jostle the charged conductors and make pos-
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sible closer movement to a grounded part of the collector and potential
energy discharge by a capacitance spark.

Brush discharges can arise from the charging effect that occurs when
powder is captured on the filter medium surface. However, these are not
incendive to dusts having MIEs >3 m]. In fact, recent studies by Larsen et al.
(2001) indicate that brush discharges are incapable of igniting even
microfine sulfur (MIE of ~1 m]), except in oxygen-enriched atmospheres.

Propagating brush discharges can occur during pneumatic conveying into
a dust collector when a deflection plate coated with plastic is present to deflect
the incoming gas-solids stream. The plastic coating behaves as a dielectric in a
capacitor if it possesses a breakdown voltage of greater than 4 kV.

Fabric filters can be protected from fires and explosions by venting, sup-
pression or containment. In the U.S., vents should be designed in accordance
with procedures given in NFPA 68 (2002). In Europe, VDI 3673 (2002) is often
used for the design of deflagration vents for baghouses. One problem with
the design of such vents is that the vent area may become blocked by bags
that are displaced by the dust explosion, and full venting is not achieved.
Systems for the suppression of fires and explosions should be designed in
accordance with procedures given in Chapter 7 of NFPA 69 (2002). If a fabric
filter is not too large it can be purchased as a cylindrical unit which can be
designed for deflagration containment.

Where frequent accidents have occurred in fabric filters, FM Global rec-
ommends the following practices to reduce frequency and minimize
damage and downtime (FMG 7-73, 2000):

1. Provide automatic water protection at a minimum density of 0.2
gpm/ft? in the bag section, in the clean air plenum, and in hoppers
shielded from protection in the above areas. In the bag area provide a
maximum 50 ft? head spacing. In the hopper area provide one head
per hopper and a maximum 100 ft*> head spacing. In the clean air
plenum provide one head per 100 ft%. This protection can be either of
the following;:

(a) Automatic sprinkler protection with heads at a 212°F temperature
rating.

(b) A closed-head water spray system, or open-head spray system
activated by an infrared or continuous line type detection system.

2. Interlock the rotary valve at the hopper bottom to stop on actuation of
the collector fire extinguishing system to prevent transfer of burning
dust into another part of the process.

3. Install high speed infrared detectors in the duct between the process
and the collector. Interlock the detectors to actuate an extinguishing
system in the duct or in the collector. Arrange the detection system to
stop the rotary valve to prevent burning material from being trans-
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ferred out of the collector, unless the material can be diverted to a safe
location.

Subdivide collectors into smaller fire areas (100 bags or less). Install
partitions of 30 minutes fire resistance in collectors without sprinklers.
Partitions may be constructed of 18 ga. (1.3 mm) sheet metal in collec-
tors with sprinklers.

Install a spark-arrester or settling chamber in the duct between the
process and the collector. A cyclone collector, scrubber, or similar
device that would deflect or extinguish heavier embers or sparks from
the gas stream is acceptable.

Ensure that manual extinguishing equipment is available to personnel
performing maintenance on a collector. For small collectors, portable
extinguishers (preferably water-type units) are acceptable. For larger,
walk-in type collectors, install 1%2-inch hose with a combination water
spray straight-stream nozzle near the door outside the collector. Pro-
vide access ports for all areas of the collector where necessary for
effective manual firefighting.

Provide rupture disks, hatches attached with springs, or other reliable
devices where it is possible to accumulate enough water from hose
streams or sprinklers to result in structural damage to the collector.
They should actuate at 1.5 psig or less, and be located as close as possi-
ble to the bottom of the hopper.

Provide deflagration isolation in the duct between the process equip-
ment upstream of the baghouse to prevent flame propagating from
the baghouse back into the process equipment.

Other recommended safety practices are:

1.

2.

Preferably locate the fabric filter outdoors so that a vent duct is not
required.

Properly ground and bond the fabric filter components (housing,
tubesheet, cages, clamps, etc.) to dissipate electrostatic charges.
Install a broken-bag detector to sound an alarm if a bag break occurs
and interlock the broken bag detector to the exhaust fan to shut it
down so that dust emissions are minimized. This is especially impor-
tant when handling toxic dusts.

Interlock the exhaust fan to shut down on actuation of the collector fire
extinguishing system.

Install a high-temperature sensor and alarm to warn of a possible fire
in the collector. This can be interlocked with an automated block valve
in the water supply piping to the water protection system.

For dusts having a MIE of 3 m]J or less or for hybrid mixtures, some
companies require that an electrostatically conducting filter medium
be used. However, this type of filter medium may actually increase
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the ignition hazard if such bags are not properly grounded when
installed.

7. Allinternal walls, on which dust can impact with a high velocity, must

have no insulating lining with a high resistance (the breakdown volt-
age must not exceed 4 kV).

Additional information on hazards of fabric filters and their protection is
presented by Bartknecht (1981), Field (1982), and Palmer (1973).

5.3.4.4 Wet Scrubbers

Despite the fact that wet scrubbers operate with large amounts of water, they
still can have fires, as shown by the following case history.

Case History of a Fire in a Wet Scrubber

An incident involving a fire in a wet scrubber is described by Ness (2002).

A wet scrubber on a dryer air exhaust sustained damage when a fire
occurred in the area of the bottom tray. Full water flow was put on the
scrubber, the dampers to the fan were closed, and the dryer train was
shut down. A ¥i-inch layer of resin had accumulated in an “I-shaped”
channel beam that was supporting the bottom tray. A charred layer of
resin was found in the deposit. The bottom and middle spray nozzles had
become blocked by solids, so there was no water flow from the spray
nozzles, allowing the resin to dry out. The resin was known to have ther-
mal stability problems upon aging and on contamination with iron. The
scrubber was made of carbon steel and rust was visible, and the deposit
clearly built up over a long time.

To prevent a reoccurrence, the following steps were taken:

1. Weekly external inspections were started to check for nozzle
blockages.

2. Monthly internal inspections were started to check for rust.

3. Afilter was installed on the spray water recycle line to minimize possi-
ble blockages.

4. The spray water recirculation pump capacity was increased to create
higher flow to reduce the potential for blockages.

5. Flow indicators were installed on each set of spray nozzles.

Wet scrubbers do not usually pose a fire or explosion hazard because the
particles are wet. However, if the scrubbing liquid (usually water) flow is
stopped, combustible or toxic particles can be emitted. Therefore, low flow
or low pressure switches and alarms should be provided and interlocked to
prevent operation of the scrubber if the flow of scrubbing liquid is stopped.
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FM Global recommends the following practices (FMG 7-73, 2000):

1. Wherever possible, use noncombustible materials for scrubber con-
struction, linings, and packing materials.

2. Provide automatic sprinkler or automatic spray protection inside col-
lectors of combustible construction, or having combustible lining, or
packing materials.

3. Maintain the liquid level above the level of sludge (wet solids), or
arrange for sludge to be continuously drained and disposed of
properly.

4. Remove sludge subject to spontaneous heating from collectors as soon
as they are shut down.

5. Arrange for chambers of scrubbers handling dusts, such as magne-
sium, that produce hydrogen when wet to be vented to the atmo-
sphere. A 1-inch diameter hole in the top of each section of the scrub-
ber will serve to dissipate hydrogen formed during shutdown and
usually will not interfere with normal operations.

5.3.5 Extruders

Since extruders usually work with wet powder masses, fires and explosions
do not often occur. However, fires can result from leakage from lube oil or
hydraulic fluid systems associated with extruders. If any fire protection
measures are provided, they are usually installed before or after the
extruder. However, excessive compaction and overpressure can occur,
which can damage the die. Considerable work is expended to force a wetted
powder through the die of the extruder and temperature rises of 15°C have
been recorded, especially when the die holes are small (i.e., 0.6 mm in diame-
ter), and higher temperature rises are possible. A dryer usually follows an
extruder, where more energy is added, and the combination of temperature
increases across the extruder and dryer may initiate self-heating degrada-
tions in more sensitive powders when the hot extrudates reach a storage
vessel downstream of the dryer, or when the product is packaged, and then
allowed to remain for extended periods.

Appropriate tests, such as the Bowes-Cameron basket tests (see Section
4.3.4), are necessary to determine the maximum allowable exposure temper-
atures. If processed material has dangerous properties determined in safety
testing, such as the powder burns through the sample without stopping
(train fire properties) and the onset temperature of decomposition is suffi-
ciently low, then general rules can be made about “quarantining” the mate-
rial after completion of the operation for a designated period of time (usually
12 or 24 hours). If there is no self-heating during the quarantine period, the
material is safe to ship to customers.
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In a small number of cases powder being extruded can react with water,
after an induction period, and result in an undesired exothermic decomposi-
tion reaction. Such a situation can happen if the process is stopped for an
extended period, such as a day, and the extruder is not cleaned out of wetted
material. In a worst case, the liberated heat can cause a fire or an explosion. If
a fire is detected, the extruder should be cleared of in-process materials,
which then have to be put in a safe place and given proper treatment, such as
being flooded with water.

Since compaction and overpressure can damage the die, one extruder
manufacturer uses a hydraulic clamping system to hold the extrusion die in
place. If a high extrusion pressure is generated, the end plate is pushed away
from a proximity switch, which is interlocked with the motor and shuts
down the extruder. Appropriate electrical area classification for the motor
should be considered, particularly when flammable vapors can be present.

5.3.6 Feeders and Rotary Valves

Hazards and preventive/protective measures for volumetric feeders (which
includes rotary valves) and gravimetric feeders are discussed below.

5.3.6.1 Volumetric Feeders

SCREW FEEDERS: The risk of initiating an explosion in a screw feeder is rela-
tively small, and fires are a more likely occurrence. Excessive local heat
caused by metallic contact between the screw and the casing can act as an
ignition source. Contact could arise from excessive deflection in long screws,
center tubes that are not straight due to welding or manufacturing anoma-
lies, the use of over-tight flight tip clearances and/or alignment problems,
and from poor casing tolerances or external damage. End clearance between
the screw and the casing end plates should be adequate to allow for differen-
tial thermal expansion, tensile stress of weight or end thrust, and for manu-
facturing and assembly tolerances. Another ignition source may be foreign
bodies, or elements of the material being conveyed and becoming trapped
between the screw and the casing, and high contact pressure under slip con-
ditions may give rise to excessive friction that generates heat. Care should be
taken when handling hard, granular type material, that the working clear-
ance is adequate to accommodate the largest combination of pieces that may
occupy this clearance space. Itis good practice to install temperature sensors,
interlocked with the feeder motor to shut it down, if the heat generation
becomes very high, especially for reactive solids.

Bearings and seals can generate heat and they should be closely scruti-
nized to see that they do not add heat to the material. Intermediate bearings
are a particular problem as it is virtually impossible to eliminate the ingress
of material into the bearing. Product build-up between the shaft and the
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bushing is almost inevitable and heat input occurs. Also, center bearings
present an obstruction to flow and material has to be pushed past the gap in
the flights and through the housing supports. The use of such bearings is not
recommended where the material is prone to an explosion. The use of plain
end bearings is also not recommended because of the prospect of “hot spots”
or seizures developing, and ball or roller bearings should be checked to
detect wear and signs of rough running. It is not uncommon in many plants
for packed glands to be overzealously tightened. This can cause significant
heat input to be carried to the screw shafts and their housings. All bearings
should be external, if possible, to the powder carrying components, and pro-
vided with temperature sensors that will alarm on high temperature
reading.

It is often desirable to install pressure sensors to detect flow blockages
that may occur at outlets, transfer points, and any intermediate region along
the casing that may have features which prevent the smooth passage of
material. Apart from the intensive pressures that may be generated, it is also
possible for the screw to be damaged and to rub against the casing or cover in
extreme circumstances, as something has to “give” if powder is to move
towards a blockage. As the power allowances for screw feeders includes a
safety factor (for startup and unusual operating conditions), when a block-
age occurs, all surplus power, plus the overload capacity of the drive is con-
centrated at the final point of contact between the screw and the material.
This can cause significant work input and generate high pressures. It may be
desirable to provide an explosion vent on the top cover with a vent duct to
convey the flame and burning dust to a safe location.

End seals or packing glands are required to contain the product and any
fire that may occur, and they may also need to resist the loss of gas under
pressure. The inclusion of a lantern ring between gland rings and injection of
a purge gas (usually nitrogen) offers a resistance to the egress of particles by
gas back-flow into the system where there is a leakage potential. The gas
leakage rate can be monitored or checked, if required. A purge gas will also
help to keep abrasive particles out of seals and prolong their life.

Proper grounding and bonding is necessary to dissipate any electrostatic
charges, and the motor should have the proper electrical area classification.

BELT FEEDERS: Belt feeders are usually enclosed to contain any dust and as
the solids only occupy a small fraction of the enclosure, they can be subject to
explosions. The belt can generate electrostatic charges, and therefore, should
be of anti-static material. Overheating can occur in belt feeders due to a
jammed idler roller, or if the belt jams, and the drive rollers continue to run.
Therefore, for combustible and reactive solids, the enclosure should have
explosion protection, such as venting or suppression, and fire protection
such as an automatic water sprinkler system or a deluge water spray system.
For toxic dusts the enclosure must be dust-tight, and it may be desirable to
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have the enclosure connected to an exhaust collection system to contain fugi-
tive emissions.

Details of fire protection systems are given in FM Global Loss Prevention
Data Sheet 7-11 (FMG 7-11, 2003).

Proper electrical area classification is required for the motor.

VIBRATORY FEEDERS: Vibratory feeders are not usually prone to explosions as
they are usually open (no enclosure), but it may be possible to electrostati-
cally charge the particles as they are projected forward. Therefore, the feeder
should be grounded and bonded to dissipate any charges generated. It may
be desirable to provide sprinkler or water deluge protection if the solids are
reactive. If the solids are toxic, the feeder should be enclosed to minimize
fugitive emissions, and it also may be desirable to connect the enclosure to an
exhaust collection system.

ROTARY VALVES: Rotary valves by themselves usually are not a hazard; in
fact they are often used as a choke to prevent the transmission of a dust
explosion (Eckhoff, 2003). Bartknecht (1989) states that rotary valves (rotary
air locks) will act as a mechanical flame barrier against dust explosions if the
following criteria are met:

1. Two vanes per side are engaged (are near the housing walls),
2. The gap between the rotor and housing is < 0.2 mm, and
3. The vanes (tips) of the rotor are made out of metal.

It is not always possible to maintain the desired small gap between the
rotor and the housing as blade tips tend to suffer wear, especially when han-
dling highly abrasive solids. It is possible to specify rotor blades made of
special abrasion-resistant metal, which will help to minimize this problem. It
also may be desirable to maintain a plug of solids above the valve inlet by
means of a low-level sensor and switch in the hopper above the valve which
will shut the valve off when the solids level in the hopper gets low. This will
maintain the effectiveness of the valve to act as a “material choke.”

Eckhoff (2003) presents a nomograph for estimating the maximum per-
missible clearance between the rotor blades and the housing for prevention
of transmission of dust explosions through rotary valves.

Excessive friction in the bearings of a rotary valve can result in the gener-
ation of sufficient heat to cause local temperatures above the minimum igni-
tion temperature of the solids being handled. This can result in the solids
catching on fire and if the rotary valve is not shut down immediately, the
smoldering solids can be transmitted to downstream equipment. If a solid is
highly combustible or reactive, it may be desirable to install a temperature
sensor in the valve body to detect a fire in the solids, and interlock the valve
motor to shut it down if this occurs.
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There is a divergence of opinion as to whether a rotary valve has to be
vented. If venting is done, and the solid is toxic, the vented air (which may
contain toxic dust) should be directed to control equipment (e.g., a fabric
filter or a wet scrubber).

Flooding is a problem that is common to all feeders and is associated
with the bin or hopper to which the feeder is attached. The basic problem of
flooding involves fluidization of the powder. The solid particles lose contact
with each other and the internal shear stresses become virtually zero. If
flooding is not prevented, excessive solids flow may result in equipment

malfunction, plugging, and spillage of solids onto the floor or other adja-
cent equipment. This could result in a dust explosion or health hazards to
operators if the solids are toxic.

Flooding is caused primarily by:

* Funnel type flow pattern in the bin or hopper.
* Exceeding the critical exit velocity from the bin or hopper.
* Insufficient retention time of aerated materials in the bin or hopper.

Decker (1975) recommends the following design guidelines to prevent
flooding from occurring:

1. Silo/Hopper Capacity: The silo/hopper must have adequate capacity to
allow a minimum of 10-15 minutes retention time for deaeration to
cushion the impact of the material.

2. Silo/Hopper Filling: The type of vessel filling system, filling rate, and the
effect of the powder are of major concern. The least amount of aeration
must be provided. Impact over the vessel outlet must be prevented.

3. Venting: The vessel must be equipped with adequate venting capacity
regardless of how it is filled because the solids entering the vessel are
continuously displacing air.

4. Low Level Control: A minimum level must be maintained in the vessel
to cushion the impact of new material and to allow ample deaeration
time.

5. Silo/Hopper Configuration: The hopper slope angles and wall lining
must be selected to provide a mass flow pattern. If a mass flow
silo/hopper cannot be provided due to headroom limitations, then a
special type of flow-promoting device (e.g., live-bottom or other dis-
charger) may have to be installed to avoid flooding.

6. Discharge Opening: The outlet opening of the vessel must be large
enough to prevent arching. This dimension can be calculated based on
flow properties from shear cell test data, or from experience. Velocity
aeration should be prevented and the maximum exit velocity should
not exceed 6-7 ft/min. A positive cutoff gate (valve) should also be
considered.
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7. Feeder: The feeder chosen must be matched to the outlet size of the
silo/hopper. If provision of adequate retention time is not possible, a
combination of a live-bottom and positive feeder seal should be
considered.

5.3.6.2 Gravimetric Feeders

The hazards and protective measures for the three types of gravimetric feed-
ers are essentially the same as those for volumetric feeders.

5.3.7 Hoses, Loading Spouts, and Flexible Boots and Socks

Hazards associated with the use of hoses, loading spouts, and flexible boots
and socks are discussed in this section, and preventive/protective measures
are recommended.

Hoses

Case History of an Explosion Caused by Use of a Polyethylene
Hose in Pneumatic Transfer of Acrylic Powder

Luttgens (1985) reports a series of explosions caused by the improper use
of insulating polyethylene hose in the pneumatic transfer of acrylic
powder from a silo to a railroad hopper car. No injuries were incurred,
but two railroad hopper cars were damaged and required repair. The
weather was wet and snowy on the day of the accident. The accident
investigation revealed that all metallic sections of the transfer line were
bonded and grounded properly, but that a section of flexible polyethyl-
ene hose had been installed for easier handling of the transfer line. The
outside surface of the hose, exposed to the weather, was wet with precip-
itation. The water served as a conductor, and so the insulating polyethy!-
ene material acted like a capacitor, storing sufficient electrostatic energy
for a very strong propagating brush discharge that ignited the powder.
This hypothesis was verified by subsequent tests performed on another
railroad hopper car being filled in the same way, but with nitrogen
inerting to prevent an explosion.

Particulate solids flowing through hoses will generate electrostatic
charges. Powder transfer through hoses typically generates a greater rate of
static charge than liquid flow, abrasion is greater, and the hose or loading
spout may frequently contain an ignitable mixture. Conductive hoses should
preferably be flexible metal so that bonding does no rely on continuity of a
breakable element. Other types of conductive hose should be designed so
that end connectors are bonded to the grounding elements in the hose, while
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breakage of a conductive element cannot create a spark gap. To avoid spark
gaps formed in this manner, a semiconductive hose design might be consid-
ered. Lightweight semiconductive hoses having no metal bonding elements
are commercially available. These have a typical end-to-end resistance of a
few thousand ohms per meter, depending on hose size (Britton, 1999).

Nonconductive hoses or hoses with a nonconductive liner can produce
propagating brush discharges. When a hose is made with a nonconductive
liner or entirely of nonconductive material, both conductive and
nonconductive particulate solids passing through the hose will exchange
electric charges between the solids and the hose, and even between the solids
themselves in some situations. The higher the flow rate of the solids and the
more dense the solids phase in the gas phase also present, the greater the
charging. The nonconductive liner in a hose acts as a dielectric in a capacitor,
and the conductive boundary of the hose (the metal wall, spiral wire, the
metal wrapping of insulation, or water wetting) is the plate of the capacitor.
The dielectric acts to enable greater charge accumulation on the plate, and
through induction, there is a charge separation between the flowing solids
and the metal boundary. A dipole is created in the dielectric that tends to
counter the field of the capacitor with a smaller field of its own that acts in
the opposite direction. When the voltage difference becomes great enough, a
weak spot in the dielectric will fail, that is reach its breakdown voltage, and
the energy available will concentrate at the breakdown location where a
spark leaps the dielectric. The spark can be quite energetic, easily 1 Joule of
energy, which is sufficient to ignite the solids in the air present should the
degree of turbulence be sufficiently subdued to allow the spark energy to
remain concentrated.

Bulking brush discharges (cone discharges) can also be produced by
particulate solids flowing through hoses. Charges can develop on particu-
late solids passing through a hose in the following two circumstances:

1. If the solids are electrically nonconductive, solids flowing through
either a conductive or nonconductive hose can become charged.

2. If the solids are conductive and the hose is nonconductive, then a
charge can develop in the solids.

When the charged solids fall into a container or vessel and accumulate into
a volume that exceeds at least 1 m®, then enough concentration of charge occurs
so that there is the potential for bulking brush discharges to occur. Typically, the
phenomenon is greatly enhanced when there is a range of particle sizes present
in which there are coarse sized particles and fines. The coarse particles are the
charge generators and the fines are the fuel and normally there is potential com-
bustion with the oxygen in the surrounding air. See Section 6.3.1.1. for a more
detailed discussion of bulking brush discharges.

Nonconductive hose incorporating an internal bonding spiral is not rec-
ommended except for pellets or noncombustible dust service in unclassified



306 Chapter 5 Equipment Hazards and Preventive/Protective Measures

areas. This is because if the spiral breaks, internal and possibly external
spark gaps may be created. In some cases, hose designs have omitted to bond
the end connectors together via the spiral. Sometimes there are two spirals
present in the hose, but hoses with more than one internal spiral is not rec-
ommended, because determining if one of the spirals has lost its continuity is
not possible (NFPA 77, 2000).

Jones and King (1991) recommend the following concerning the use of
hoses:

1. Never use nonconductive hose in powder handling operations.

2. Never wrap foil or wire around such hose in an attempt to make it
“conductive.”

3. Avoid the use of hoses constructed with insulating laminations.

Loading Spouts

Particulate solids flowing through loading spouts likewise generate electro-
static charges depending on their materials of construction. The spouts
should be properly grounded and bonded. It may be desirable to have the
railcar or hopper truck purged with nitrogen before loading begins and then
do the loading under a nitrogen blanket. All electrical components should
have the proper NEC electrical area classification.

Flexible Boots and Socks

A nonconductive boot could give rise to either brush discharge or propagat-
ing brush discharge. Propagating brush discharge cannot happen with a
sock, because of the low breakdown strength of the air gaps in the weave.
However, there are conditions where socks can produce brush discharges
(e.g., where used with FIBCs). NFPA 77 (2000) recommends the following
for boots and socks:

1. For combustible dusts, the end-to-end resistance of boots and socks
should be less than 10® ohms and preferably less than 10° ohms, mea-
sured with a megohm meter.

2. Flexible boots and socks should not be depended on for a bond or
ground connection between process equipment. Separate bonding
and grounding connections should be used (i.e., the bonding and
grounding connections should be attached to the upstream and
downstream equipment).

5.3.8 Mechanical Conveyors and Bucket Elevators

5.3.8.1 Mechanical Conveyors

All mechanical conveyors involve the risk of fires and explosions due to igni-
tion from electrostatic charge generation, overheating due to mechanical
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failure (e.g., frictional rubbing of one part against another or powder against
a part of the conveyor), overheating of the powder due to compaction, or
thermal decomposition.

Consideration should be given to the need for, and practicality of, pro-
viding closed conveyors with some method of explosion protection (e.g.,
inerting, deflagration venting, suppression, and containment). Some con-
veyors such as flight or en-masse conveyors, usually do not generate large
dust clouds because of their construction, which does not provide much free
space; however, if they are handling solids that can self-decompose, they
may require explosion venting or be designed for deflagration containment.

BELT CONVEYORS: Belt conveyors have the same hazards as belt feeders and
should have the same protective measures (see Section 5.3.6.1). Some addi-
tional discussion is presented here.

The primary ignition hazard of belt conveyors is friction from misalign-
ment or at a stalled roller. Belt material is usually combustible (unless
noncombustible material has been specified) and therefore, a fire is possible
in the belt as well as in the material being conveyed on the belt. This ignition
source can be conveyed to the discharge point of the conveyor, where dust
and air are in suspension usually, and a dust explosion can occur.

Belt materials can be specified with special fire resistant properties to
minimize the potential for a fire to occur (advice from belt manufacturers
should be sought about the options available).

Some general safety recommendations are as follows:

1. The transfer point(s) should be designed for minimum dust accumula-
tion, such as sloping all surfaces towards the downstream equipment.

2. Access for removal of solids accumulations should be provided along
the entire length of the conveyor, such as by hinged panels along the
side of the housing (if the conveyor is enclosed). A program for regu-
larly removing dust from points of accumulation should be instituted.
Housekeeping inside the conveyor enclosure should be generally as
good as the remainder of the plant.

3. Zero-slippage switches should be provided to automatically stop the
conveyor upon detection of belt slipping.

4. Misalignment switches, interlocked to shut down the conveyor,
should be considered for long belts where misalignment is judged to
be a potential problem.

5. Automatic sprinkler or deluge water spray protection should be pro-
vided in accordance with FMG 7-11 (2003) where the belt and/or mate-
rial being conveyed are combustible.

Conveyor belts with trippers may pose a problem as it is difficult to
properly enclose the tripping device to avoid dust release and accumulation
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on outside surfaces. In such installations, frequent (sometimes daily) dust
accumulation removal (housekeeping) may be necessary (Tyldesley, 2004).

SCREW CONVEYORS

Case History of an Explosion in a Screw Conveyor

A case history of an accident with a screw conveyor described by Field
(1982) is presented below:

Three employees were killed, and two seriously injured, and a factory
building completely destroyed in an explosion involving skimmed milk
powder conveyed by a screw conveyor. The milk powder was fed into a
screw conveyor from a feed hopper and then carried to a blender. A
deformation occurred in the screw conveyor housing, causing parts of the
screw flights to grind against the housing. The grinding produced suffi-
cient frictional heat and sparks to ignite the dust-air cloud in the free
space of the conveyor. The primary explosion burst the screw conveyor
housing, dispersing a significant amount of additional dust into the air
from the freshly filled feed hopper. A secondary explosion was then
ignited by the flames of the primary explosion.

The same hazards exist as in screw feeders and the same protective mea-
sures can be applied to screw conveyors (Section 5.3.6.1).

VIBRATORY CONVEYORS: Vibratory conveyors have the same hazards as
vibratory feeders and can be provided with the same protective measures as
discussed in Section 5.3.6.1.

CHAIN-TYPE CONVEYORS: Apron conveyors are not normally used for han-
dling of powders or hazardous solids. They also operate at slow speeds so
that dust clouds are not formed normally. However, if they are used for con-
veying combustible or reactive solids, they can be provided with deflagra-
tion suppression systems.

Drag flight conveyors can generate electrostatic charges on solids as they
are dragged along the surface of the trough. Therefore, proper grounding
and bonding is necessary to dissipate the charges. For handling toxic solids
operation under a slight negative pressure (connected to a ventilation
system and fabric filter) can eliminate most of the leakage from seals or
bolted joints. Also, purging with an inert gas (usually nitrogen) can clean
deposits of toxic solids from chains and housings. Flight conveyors do not
usually generate dust clouds as the free volume is small, even when the
flights fold back on the return leg, so that explosion venting or suppression is
not normally provided (Tyldesley, 2004).
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En-masse conveyors can generate electrostatic charges on the solids as
they drag them along the inner surfaces of the housing. Here, too, proper
grounding and bonding is necessary to dissipate these charges. They move
at fairly low speeds and the free volume is small, so that they do not generate
large dust clouds, and dust explosions do not normally occur. However, if
the solids being transported can self-decompose, then venting or contain-
ment should be considered. Containment can be provided by designing the
conveyor casing to be sufficiently strong enough to withstand the full explo-
sion pressure (which can easily be done for tubular conveyors). Nitrogen
inerting has also been used for providing explosion protection for en-masse
conveyors. For toxic solids, explosion containment or suppression is prefera-
ble over venting to avoid exposing nearby personnel to emitted toxic
material.

Flooding is a potential problem and hazard with mechanical conveyors
as it is with feeders, and the causes and preventive measures for mechanical
conveyors are the same as for feeders (see Section 5.3.6.1)

Two useful safety publications dealing with mechanical safety aspects of
mechanical conveyors are by ANSI (1996) and Schultz (2000). The ANSI
standard has been incorporated into regulations by OSHA

5.3.8.2 Bucket Elevators

Bucket elevators have experienced many dust explosions with devastating
effects (e.g., in grain elevators and foodstuffs plants to name two facilities
where this has occurred often). A case history below cites one such incident,
followed by a discussion of hazards and preventive/protective measures.

Case History of a Bucket Elevator Explosion in a Sugar Refinery

A dust explosion in a bucket elevator in a sugar refinery is reported by
Field (1982). A dust explosion caused two injuries and severely damaged
the plant. The factory had been shut down for a 9-day period and the
explosion occurred within two minutes of restarting the plant. Before the
shutdown, all sugar dust had been removed from the pit of the elevator
shaft, but during the shutdown sugar had accumulated in the pit via a
leaking flap-valve. The bucket elevator ran through all 13 stories of the
building, collecting sugar from ground level and transferring it to the
appropriate processing equipment. On startup, the bucket elevator was
under a load for which it was not designed. The strain caused a tensioning
device to fail, and the bucket chain slackened, and the elevator buckets
ran out of alignment. The frictional heat produced by the rubbing metal
surfaces was sufficient to ignite the sugar dust suspension in the elevator
shaft.



310 Chapter 5 Equipment Hazards and Preventive/Protective Measures

Ed. Note: Several measures can be taken to avoid this problem in the
future, such as:

* Provide adequate explosion venting in the elevator casing

* Provide explosion suppression in the elevator casing

* Provide sensors to detect metal-to-metal contact inside the elevator
and shut it down upon detection

* Provide a strain gauge sensor and an interlock between the chain
tensioning device and the elevator motor to prevent it from starting up
if the tension is not correct.

Bucket elevators are extremely prone to having fires and explosions.
Because of their design, dust clouds are likely to be continuously present
during their operation, particularly in the head and boot of the elevator. In
addition, they have many moving parts, such as sprockets, chains, belts, and
buckets, that can break or come loose; shaft seals or side plates can leak pow-
ders. The buckets are regularly subjected to impact and the belt supporting
the buckets can slip on the pulleys and generate frictional heat. As a result, a
source of ignition and a dust suspension can be present simultaneously,
which can cause a fire or explosion. Explosion venting and suppression can
be used to protect bucket elevators handling combustible and reactive solids.
Explosion suppression is preferable when the bucket elevator is located
inside of a building and when the solids being conveyed are toxic.

NFPA 654 (2000) has several specific requirements for the design and
operation of bucket elevators.

Modern high-capacity bucket elevators, with separate delivery and
return legs, have a reduced risk because of the reduced volume per unit
weight of solids conveyed. Palmer (1973) recommends that the use of bucket
elevators should be avoided for solids known to be readily ignited by friction
(e.g., sulfur). If a bucket elevator is selected for a specific application, it
should preferably be located outside of a building and supported by the out-
side wall.. The intake and delivery points should be isolated from the rest of
the solids handling equipment by means of “chokes’ or isolation valves to
prevent flames from propagating from an explosion in the bucket elevator to
equipment on both sides of it. For combustible or reactive solids the elevator
casing should be constructed of fire-resistant materials, sufficient to retain a
fire, and for toxic solids, it should be dust-tight.

Steps should be taken when designing bucket elevators to minimize the
generation of ignition sources. These steps may include the provision of
strong anchoring of the buckets to the belt and strong bearings for all shafts,
external to the casing, provided with sensors (with alarms) for the detection
of overheating. The main drive to the elevator should be external. NFPA 654
(2000) states that no bearings shall be located within the casing. Belt slip
within the casing can be detected by belt speed meters, and anti-runback
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devices should be provided. These measures will reduce the development of
friction within the casing.

Holbrow et al. (2001, 2002) present venting guidelines for bucket eleva-
tors. This methodology is based on the results from an experimental pro-
gram carried out by the Health and Safety Executive (HSE) and was a collab-
orative effort with funding from the HSE and manufacturers and users of
bucket elevators through the British Materials Handling Board (BHMB).
Two bucket elevators were used in the project—a single leg elevator and a
two-leg elevator. Four dusts were used, with Kg; values up to 211 bar-m/s.
Dust clouds were produced both by dust injection and by normal operation.
Reduced explosion pressures due to the venting were measured, and guid-
ance criteria were derived from the results. The recommended guidelines
are as follows:

SINGLE LEG ELEVATORS: Vent openings should have an area equal to the
cross-section of the elevator leg and the minimum requirement is that vents
should be fitted in the head and as close as practicable to the boot. This gen-
erally means a vent should be located within 6 meters of the boot or within
the recommended spacing, whichever is the lesser. The spacing between
vents along the elevator is a function of the dust Kg,, the vent burst pressure
(values of 0.05 or 0.1 barg were considered), and the reduced explosion pres-
sure (P,4), as listed in a table in the article.

For dusts with Ks; values up to 160 bar-m/s, a vent spacing of 6 meters
will limit the reduced explosion pressure to 300 mbarg, when the static burst
pressureis 0.1 barg. For dusts with a Ks; value of 80 bar-m/s, a vent spacing of
20 meters will limit the reduced explosion pressure to 250 mbarg.

TWIN-LEGGED ELEVATORS: Vent areas and spacing should be the same as for
single-leg elevators (as given above). The static burst pressure of the vent
closure should no exceed 0.1 barg. The spacing of additional vents depends
on the Kg, of the dust, as follows:

1. With dusts of low K, (<100 bar-m/s) the pressures generated are not
significant, and no additional vents are required.

2. Dusts with a K, value of 150 bar-m/s are able to develop significant
pressures, although the likelihood of explosion propagation though
the elevator is low. Vents additional to those at the head and boot may
be required on long elevators if the casing is comparatively weak.
Graphs in the article should be used to estimate the reduced explosion
pressure for a given K¢, value and vent spacing.

3. Dusts with K, values above 150 bar-m/s will propagate explosions,
and vents additional to those in the head and boot are required on ele-
vators taller than 6 meters. Graphs in the article should be used to esti-
mate the reduced explosion pressure for a given K, value and vent
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spacing. The strength of the elevator should then be designed
accordingly.

4. No data are available for dusts with Kg, values greater than 211 bar-
m/s.

It is essential that a bucket elevator stop quickly in the event of an explo-
sion. This may be achieved by trip switches on vent panels, but because of
the uncertainty of as to which panels may open, a trip on a single panel is not
likely to be sufficiently reliable. Either a sensitive pressure switch, or
switches, or trips fitted to more than one panel are recommended.

Vents on bucket elevators located inside buildings should not open
inside the building unless they are fitted with a device that extinguishes the
flame and collects the hot particles, for example, a Q-Rohr™ or FlamQuench
[I™ device (see Section 6.6.1). Otherwise, the vents should be fitted with vent
ducts to convey the fireball and hot particles outside of the building to a safe
location where they will not impinge on other equipment or personnel.

Field (1982) and Palmer (1973) present additional discussions of bucket
elevator protection.

5.3.9 Pneumatic Conveyors

Pneumatic conveying systems have a high rate of risk for fires and explo-
sions (they usually occur in the downstream equipment) for the following
reasons:

e Static electricity is generated by contact between particles themselves
and between particles and the pipewall.

* Dust concentrations within the explosible range can arise at the deliv-
ery point where the solids are separated from the conveying gas (silos,
cyclones, baghouses).

* Heated particles which are created during grinding or drying may be
carried into the pneumatic conveying system and fanned to a glow by
the high gas velocity. These particles can then cause an ignition in the
storage or collection system at the end of the pneumatic conveyor.
Tramp metal in pneumatic conveying systems may also cause fric-
tional heating or sparks as it passes though the system.

* Segments of conveying piping or tubing can be isolated and sparking
is possible between line segments and nearby conductive pieces at dif-
ferent potentials.

* Charged powder can leak from joints to the atmosphere and electro-
static sparking can occur resulting in an explosion.

The following design and operating recommendations and practices for
pneumatic conveying systems should be considered. These are based on
information from several sources such as Barton (2002), Kirby (2001), NFPA
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654 (2000), Palmer (1973), and design guides from several operating
companies.

1.

2.

3.

4.

5.

6.

If the conveying system is located inside of a building, and air is used
for the conveying, vacuum systems are generally preferable over posi-
tive pressure systems to minimize dust leakage into the building.
For positive pressure systems the conveying piping should be air-tight
to prevent the escape of dust from the system into the surrounding
area where it might present a fire, explosion, or health hazard. If oper-
ating under a negative pressure the system should be air-tight to pre-
vent pulling in air or other contaminants.

The conveying system should be strong enough to remain intact and
tight under normal operating conditions, including vibration; and in
some cases to withstand or contain explosive pressure. Pipe flanges,
rather than standard couplings, should be used to provide robustness
against explosion pressures that could develop during a deflagration.
For most organic dusts and dilute phase conveying at low initial pres-
sure, a piping specification that will safely contain 150 psig is
adequate.

Pneumatic conveying lines should be made of electrically conductive
materials (e.g., metals), and accumulation of electrostatic charges
must be minimized by proper grounding and bonding. This includes
jumpering across nonconductive insulators such as sight glasses, gas-
kets, and most types of couplings. Some Victaulic® type couplings are
designed to provide continuity across the coupling. Bolted-flange
couplings, even with Teflon® coated bolts, provide adequate electrical
continuity to protect against electrostatic discharges, but may not pro-
tect against low-voltage sources such as stray currents. Where jump-
ers are not provided across couplings, continuity checks should be
done at least yearly and each time the piping is reassembled after
being taken apart. Electrically isolated metallic objects within the
system may accumulate dangerous static charges. Wire braid within
rubber-covered transfer hose may act as a static accumulator. The line
segments of the conveying line should be bonded together and the
bonded units grounded if it is possible to isolate sections by noncon-
ductive gaskets at flanged joints. Bonding conductors between seg-
ments should be visible so that visible checks can be made rather than
using resistance measurements for other than periodic preventive
maintenance checking.

The electrical installation must meet the electrical area classification
imposed by the solids being handled as well as the surrounding
environment.

Materials of construction compatible with the solids being conveyed
and the surrounding environment must be used.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Chapter 5 Equipment Hazards and Preventive/Protective Measures

Screens, magnets, and metal detectors should be installed for the
detection or removal of any foreign material that might create hazards
in the system.

Appropriate special materials, such as nonferrous metals (e.g., alumi-
num), to minimize mechanical sparking in the event of misalignment
or failure of moving parts within the process stream, should be
considered.

High conveying velocities (3000 to 4000 ft/min) will minimize particle
settling and therefore reduce frequency of cleaning. Joints and open-
ings should be suitably located to facilitate cleaning or unplugging.
An adequate program of maintenance and inspection must be insti-
tuted to assure proper alignment of drives, proper clearances, dust
tightness, electrical grounding and bonding, and control of ignition
sources. This is now a retroactive requirement of NFPA 654 (2000).
System air intakes should be located outside of buildings and in areas
where flammable vapors are not present. Also, consideration should
be given to providing a flammable gas detection system (alarm and
shutdown interlock) in the air inlet piping where flammable vapors
might occur.

The conveying system should be designed to minimize passage of
dust through the fan or blower casing (usually a guard filter is
installed ahead of the fan or blower). Particles impacting on the impel-
ler may cause it to experience metal fatigue and subsequently fail.
Misalignment of the impeller may cause it to rub against the casing,
creating a hot spot. Both of these failures are may create ignition
sources.

Blower, fan, compressor, or vacuum pump motors should be pro-
vided with an overload trip.

The need for installation of gas pressure relief valves and check valves
should be considered.

Consideration should be given to the need for installing detectors at
the feed point to sense and extinguish hot metal and/or sparks which
will shut down the system if these are detected.

At start-up, the conveying gas supply should first be established and
then solids fed in at its optimum rate as quickly as possible.

At shutdown, the solids supply should be stopped quickly and the
conveying gas continued at the optimum rate until all solids have
been removed.

Pneumatic conveying lines should be designed and laid out so that
they do not contain any dead areas where solids can accumulate and
subsequently plug the lines.

Pneumatic conveying systems, and connected equipment, can be pro-
tected from fires and explosions by the following methods:
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1. Venting: The design and installation of explosion vents for pneumatic
conveying systems should be in accordance with NFPA 68 (2002). If
the pneumatic conveyor is located inside of a building, vent ducts
should be attached to the vents to direct the fireball and unburned
solids to outside of the building to a safe area (where they will not
impact on equipment or personnel). Alternatively, conveying ducts
can be vented inside of a building if a flame quenching device (such as
the Q-Rohr™ or FlamQuench II"") is attached to the vent opening.

2. Suppression: Explosion suppression systems for pneumatic conveying
systems shall be designed, specified and installed in accordance with
NFPA 69 (2002).

3. Pressure containment: The piping system can be designed to withstand
the maximum explosion pressure that can develop (based on test
data). It also may be possible to design the equipment at the down-
stream end (cyclone, dust collector, and receiving vessel) for explo-
sion containment. If not, then these items of equipment will have to be
provided with other explosion protection systems (e.g., venting,
suppression).

4. Deflagration isolation: The pneumatic conveying system can be isolated
from the downstream equipment by the installation of fast-acting
valves or flame diverters so that a deflagration occurring in down-
stream equipment will not propagate backwards into the conveying
system.

5. Spark detection and extinguishing systems: These systems can prevent the
spread of sparks or embers from one part of a pneumatic conveying
system to another and minimize the possibility of a fire occurring.

6. Use of an inert conveying gas: The potential for a dust explosion to occur
in a pneumatic conveying system is minimized if an inert gas (usually
nitrogen) is used as the conveying gas rather than air. Because nitro-
gen is costly compared to air, this is usually done in a closed-loop
system so that nitrogen is only lost when makeup is required. Makeup
nitrogen is determined by an oxygen analyzer which constantly moni-
tors the limiting oxidant concentration (LOC) in the loop and admits
fresh nitrogen when the LOC goes above a pre- selected value. Crouch
(2000) presents a detailed discussion of the design of closed-loop, inert
gas systems for dilute phase and dense phase pneumatic conveying
systems. Sleicher (1998) also discusses the use of closed-loop pneu-
matic systems for the safe handling of polymer pellets. NFPA 654
(2000) now requires that if an oxygen monitoring system is used, it
shall be installed in accordance with ISA S84.01 (1996).

Several inherently safer approaches to pneumatic conveying system
safety are:
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1. For toxic solids use a vacuum pneumatic conveying system so that
fugitive emissions into the surrounding atmosphere will be
minimized.

2. For friable solids use a dense phase pneumatic conveying system,
which uses lower conveying velocities, so that fines production will
be minimized, reducing the potential for an explosion to occur.

3. Use an inert gas rather than air for conveying of dusts if the MIE of the
sub-200 mesh fraction is less than 10 mJ, and the sub-200 mesh fraction
constitutes more than 5 wt. % of the as-received product. This is one
company’s practice (Kirby, 2001).

Jaeger (1997) presents another company’s practice, which states that
there is no need to consider ignition hazards due to electrostatic charges in
pneumatic conveying systems if all of the following conditions are present:

* The conveying pipe diameter is less than 1 meter.

* The MIE of the particulate solids is greater than 1 m].

* The piping is electrically conductive and is grounded.

* The piping is not lined with an insulating material of more than 2 mm
thickness or with a breakdown voltage of greater than 4 kV.

Additional information on safety aspects of pneumatic conveying

systems is presented by Palmer (1973), NFPA 650 (1998), and NFPA 654
(2000). Britton (1999) discusses electrostatic hazards of pneumatic conveying
systems and protective measures, as does Glor (1988).

5.3.10 Portable Containers

The main safety hazard with portable containers (multiwall paper bags, fiber
drums, FIBCs, and RIBCs) is the accumulation of electrostatic charges and
their discharge as the containers are filled (conical pile discharge) and emp-
tied. The hazard consists of the possibility of charge accumulation on the
product handled (if the material is an insulating one), on the portable con-
tainers, on parts of the filling and emptying equipment, and on the opera-
tors. In the case of ignition hazards caused by charges accumulating on the
solids, filling operations have the highest hazard potential for the following
reasons: in the course of the filling process, the solids pass through a disper-
sion phase (filling by gravity, pneumatic transport, etc.). The particle separa-
tion processes in the dispersion/transport phase cause the separation of
charges. Subsequently, the solids and thus the charged particles accumulate
in a small volume, and the charge cannot drain quickly to ground, even if the
receiving container is conductive and properly grounded. Thus, a high den-
sity of charge, that is, a strong electric field, can exist in this volume.

Many powders and granules are not electrically conductive —the electri-
cal resistivity is greater than 10!° ohm-meters. When these powders or gran-
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ules are filled into a container with a plastic liner, the charge on the solids is
maintained for an extended period of time (multiminutes or hours). This
allows charges to be induced on nearby isolated conductors over time. The
release of the energy stored on these isolated conductors to a grounded part
in the presence of a dust cloud of sufficient density has the potential for
causing a dust explosion.

To properly evaluate the hazards of filling and emptying portable con-
tainers, data on the following must be known:

* Specific resistivity of the powder (ohm-meters)

* Minimum ignition energy, MIE (m])

* Median particle size (mm)

* Volume and shape of the container (m?3 or gallons)
* Volatile (flammable vapor or gas) content

Jaeger and Siwek (1999) present matrixes showing the safety measures
that should be taken as a function of the items listed above for container vol-
umes of less than 0.2 m? (55 gal), between 0.2 m® and 2.0 m? (55 and 550 gal),
and greater than 2.0 m? (550 gal).

The hazard can be more serious if the container has a plastic (non-
conductive) liner so that the charge cannot be conducted to ground. Glor
(1988) states that brush discharges can be produced on a plasticliner of a bag.
Brush discharges cannot ignite a powder by itself, but are able to ignite flam-
mable vapors in the vicinity of the powder. Therefore, if the powder is wet
with a flammable solvent, when the container is emptied, these charges can
act as an ignition source and cause an explosion. To avoid this, the equip-
ment into which the charged solids are discharged must be properly
grounded and bonded, and it may be necessary to inert the vessel in which
the solids are being added. Where flammable vapors are present, only prop-
erly grounded static-dissipative or conductive plastic bags are acceptable.
However, sewn or glued-in nonconductive plastic liners are acceptable in
paper bags or fiber drums provided that the bag or drum is grounded, and
there is no possibility of the liner falling out of the container (Britton, 1999
and NFPA 77, 2000).

Another hazard is the failure (bursting) of multiwall paper bags and
FIBCs from exposure to a fire. When a bag or FIBC fails, there is the potential
for release of large amounts of powder, which can form dust clouds, and, if
ignited, could cause a severe dust explosion.

Specific discussions of the hazards associated with containers and pre-
ventive/protective measures are presented below.

Multiwall Paper Bags

Multiwall paper bags can be ignited and burned up by a fire already present
in an area adjacent to them or by such operations as shrink-wrapping. This
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can result in bag failure (bursting) and emissions of powders and possible

dust cloud formation which could lead to an explosion. The following case
history illustrates this potential problem.

Case History of a Fire Involving Pallets of Paper Bags

Tyldesely (2004) reports an incident involving 25-kg paper bags contain-
ing rubber crumb, stored on pallets. A pallet loaded with 46 bags in a
stack 2 meters high was ignited by a flame gun used for shrink-wrapping,
but the operator did not immediately notice the fire. As the pallet was
being moved using a forklift truck into a storage area, an extremely rapid
fire growth then occurred. The fire at this stage had spread to involve the
other pallets in the area loaded with bags that totaled 70 metric tons of
rubber crumb.

Subsequent tests at the Health and Safety Laboratory (HSL) with piles of
bags of rubber crumb showed that under certain circumstances, a fire
which starts at the base of a pile of bags made from combustible packag-
ing, can grow up the outside of a stack, causing a series of bags at higher
level to fail, and to allow powdered material to flow into the fire. Some of
this powder burns before it reaches the floor. This results in a fire, which
grows much more rapidly, involving neighboring bags, than would be
possible if the burning powder formed a simple heap on the floor. Fur-
ther HSL tests were undertaken to determine how other powdered prod-
ucts behave in similar circumstances. Not all the tests produced the rapid
fire growth that is a consequence of burning of powder that is either fall-
ing from a burst bag, or being carried upward on convection currents
from the fire. Lower fire growth rates sometimes occurred because the
powder softened and would not flow, because it charred and did not
flow, or because the inherent cohesive forces within the powder did not
permit free flow. As a result of thee tests, it was postulated that under
slightly different conditions, any of the products tested could be capable
of burning effectively as a dust cloud and cause the rapid fire growth rate
seen in the original rubber crumb incident. For a large range of powdered
products, it must be assumed that a tall stack of bags, or a release from a
tall single container caused by fire at low level, can create a fire capable of
growing very suddenly, with a risk to people in the vicinity.

This incident and the subsequent tests show the great need to minimize
ignition sources in areas where large quantities of stacked bags are stored,
and to be extremely cautious when using flame guns for shrink-wrapping.
All easily combustible waste materials must be kept out of the area near the
stacks.
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Fiber Drums

A major hazard of using fiber drums is the possibility of dust cloud forma-
tion and ignition (usually from an electrostatic discharge) when emptying a
drum into a process vessel. The following case history illustrates such an
incident.

Case History of a Dust Explosion That Occurred during Dumping
of Powder from a Drum with a Metal Chime into a Vessel

Pratt (1997) reports the following incident:

An operator was dumping a “dusty” powder from a polyethylene drum
into a vessel through a manhole. The drum had a metal chime which was
provided to protect the drum from the rigors imposed by its handling.
The vessel into which he was dumping the powder was made of metal
and was well grounded. As the powder was dumped it slid down the inte-
rior of the plastic drum and into the vessel. During dumping, the metal
chime on the lip of the drum was ungrounded and free-standing. After
dumping, the operator withdrew the drum toward himself and touched
the metal chime to the metal vessel. As this metal gap was closed, an
incendive spark occurred which ignited the dust cloud.

Ed. Note: To avoid this problem several things could have been done, such as
(1) ground the metal chime as well as the metal vessel, and (2) inert the
closed vessel before and during the charging of the powder into it, so that the
oxygen concentration in the vessel would be below the LOC.

Therefore, when dumping powder from a fiber drum directly into a pro-
cess vessel, the following actions should be taken:

* Make sure that the metal chimes on the drum are properly grounded.

* Gently dump the drum’s contents so that dust cloud formation is min-
imized.

* Inert the vessel to an oxygen concentration below the LOC of its con-
tents before the drum is emptied into it.

* Use a closed charging system (see Section B19) rather than directly
dumping the drum’s contents into the vessel.

These precautionary measures are especially important if the process
vessel already has a flammable liquid (and associated vapors) in it.

Flexible Intermediate Bulk Container (FIBCs)

Hazards of using FIBCs include electrostatic discharges and failure
(busrting) of an FIBC due to a fire, with subsequent release of large quanti-
ties of powder into a room, and possible dust cloud formation and explosion.
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The following case history describes an incident that occurred during filling
of an FIBC.

Case History of a Fire That Occurred during FIBC Filling

The following case history is reported by Philiph (2002):

A company routinely filled FIBCs with a powdered food additive. After a
tramp metal detector was installed in the filling nozzle, a series of inci-
dents occurred in which there was an ignition and flash of the powder in
the FIBC as it was filling. Although there was no major damage, the inci-
dents charred the material and frightened the workers. Investigation of
the incidents revealed that the body of the tramp metal detector was a
nonconductive plastic tube that was graphite-coated on the outside sur-
face only. This allowed a static charge to build up on the inside of the
plastic tube until it discharged to an adjacent conductive surface and
ignited the powder flowing past it (this was most likely a propagating
brush discharge). The problem was resolved by replacing the
nonconductive plastic tube with a conductive plastic tube and bonding it
to the rest of the filling apparatus.

Ed. Note: When installing a metal detector before a FIBC it should be specified
to have all components made of conductive material and the detector should
be properly bonded and grounded. Also, nonconducting tubing or liners
should not be used if they have a breakdown voltage of greater than 4 kV.

The choice of which FIBC should be used and the protective measures
that should be taken depends on the MIE of the solids and whether there is a
flammable atmosphere inside and outside of the receiving vessel. Table 5-3
lists protective measures that should be taken for FIBCs depending on the
solids MIE and operating environment (Jaeger, 1997).

For Type B FIBCs, the following requirements are recommended:
* Any inner polyethylene coating/liner should not be thicker than 20-30
microns.
* No plastic enclosing wrapper on the outside of the FIBC should be used.

For Type C FIBCs, the following requirements are recommended:

* The FIBC must be appropriately labeled to indicate its conductivity
and the grounding requirement during charging and discharging.

* The FIBC must have a clearly marked area for the attachment of the
grounding clamps.

* The lifting straps must also be made of conductive material and have a
leakage resistance of less than 10® ohms to the FIBC body. The bag
should be permanently grounded during the whole period when the
bag is being filled or discharged.
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TABLE 5-3
Protective Measures Required for FIBCs (From Jaeger, 1997)
Environment
No Explosible Explosible Dust Flammable Gases or
Bulk Material Atmosphere Atmosphere Vapors

MIE"> 1] A B C

3m] <MIE"<1] B B C

MIE" < 3 m] C C C

4MIE measured without inductance in the electrical circuit.

A = No special requirements

B = Breakdown voltage of the FIBC wall material must not exceed 4 kV in order to prevent propagating
brush discharges.

C = The bag material, including the slings, must be electrostatic conductive. The resistance to the ground
measured at any bag location (inside and outside) must be less than 100 MQ (108 Q). The flexible bulk
bag must have a grounding tap. The conductivity and the necessity for gorunding must be clearly
marked.

Ebadat et al. (2002) present data that indicates that the leakage resistance
of 108 ohms, as specified for Type C FIBCs, may not be suitable for Type C/D
FIBCs. This is because a Type C/D FIBC having a resistance-to-ground of less
than 10® ohms is likely to give rise to incendive spark discharges when used
as a Type D FIBC (electrically isolated from ground). The authors discuss a
“surface voltage” criterion for qualifying FIBCs as Type C/D. It is suggested
that an FIBC having a resistance-to-ground exceeding 10® ohms may never-
theless qualify as Type C/D if, when grounded, the surface potential during
filling and emptying does not exceed approximately 4 kV.

Rigid Intermediate Bulk Containers (RIBC)

Conductive or static-dissipative RIBCs should be properly grounded when
being emptied to dissipate any electrostatic charges that may have accumu-
lated during filling. If the RIBC is made of plastic this may not be possible,
and consideration should be given to inerting the vessel into which the RIBC
is being emptied. If a RIBC is mounted on wheels, the wheels should prefera-
bly be made of conducting material.

5.3.11 Portable Container Emptying (Unloading) Equipment

5.3.11.1 Drum and Box Dumpers

There are two main problems when using drum and box emptying (unload-
ing) equipment:
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1. Electrostatic charging of the solids as they flow out of the drum or box
into a reactor or slurry mixing tank.

2. Emissions of fines (dust) into the atmosphere and causing operator
exposure.

Electrostatic charging of the solids is increased if the drums or boxes
have plastic liners. If the receiving vessel is made of metal this problem can
be minimized by proper grounding of all parts of the vessel, and inerting of
the vessel. If the vessel is glass-lined or plastic-lined, grounding is not effec-
tive, and a closed charging system should be used if flammable vapors are
present in the vessel. Usually, volumes of drums and boxes are too small for
propagating brush discharges to form, and brush discharges are not
incendive to combustible dust clouds (Gravell, 2004).

If the contents of a drum or box are charged to the vessel through an
open manhole, emission of dust fines often occur. To minimize the emission
of fines a ventilated chute funnel (see Figure B-88) should be used. This
funnel is inserted through the manhole and fits snuggly in the opening and is
connected to an exhaust system so that any fines emissions are contained
and conveyed to a control device such as a baghouse of scrubber. This mini-
mizes operator exposure to health-hazardous solids and the operators
should wear specified personal protective equipment, determined from per-
sonnel protective equipment assessment, as called for by OSHA 1910.132.

Proper selection of electrical equipment should be in accordance with
the appropriate National Electrical Code (NEC) area classification scheme.

An article describing and discussing the use of a drum dumper and a
ventilated charging funnel, and their emissions control effectiveness, is pre-
sented by Betz (2000). The use of a ventilated charging funnel helps to mini-
mize fugitive emission of fines into the atmosphere. However, when solids
are added to a vessel, air also enters the vessel with the solids from the porta-
ble container and from induction of air from outside the vessel by the falling
solids. If the vessel is already filled with a flammable liquid, or if the solids
are wet with a flammable solvent, then there is a greater potential for a fire or
explosion to occur (a hybrid mixture now exists). To minimize this hazard
potential, the vessel should be purged of air before the liquid and solids are
added, and a small flow (a sweep) of inert gas should be applied during the
dumping of the solids. The amount of sweep air should be determined by
tests. As air can still enter the vessel, it is good safety practice to check the
oxygen content of the vessel (to make sure it remains below the LOC of the
hybrid mixture) by periodic or continuous oxygen analysis. The inert gas is
usually nitrogen, but carbon dioxide, which is heavier than air, can also be
used as it is more effective in preventing air ingress.

It should be noted that adding solids through an open manhole into a
vessel containing a flammable liquid using a drum or box dumper is inher-
ently unsafe and should be discouraged. A better way to do this is to use a
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closed charging system (see Section B19) or follow the recommendations of
NFPA 77 (2000) which advocates that manual addition of solids through an
open port or manhole to a vessel containing a flammable liquid be done only
in 25 kg batches. Itis also recommended that in this operation the operator be
grounded if the MIE of the dust is <30 m] (Gravell, 2004).

5.3.11.2 Bag Dump Stations

The hazards associated with bag dump stations are essentially the same as
with drum and box dumpers. Electrostatic charging of the solids occur as the
solids leave the bag, especially if the bag has a plastic liner. Proper ground-
ing of the bag dump station will minimize this hazard. In proprietary units
the integral filter and fan control the emissions of fines generated by the bag
dumping. If the solids are toxic, consideration should be given to providing
additional local exhaust ventilation near the dump station or using an auto-
matic bag opener (slitter). Provide the operator with specified personal pro-
tective equipment. Proprietary and “homemade” units can be fitted with bag
compactors so that the operator does not have to handle the empty bags.

The fan motor must be specified with the correct NEC area classification.

An evaluation of the dust control effectiveness of bag dump stations is
presented by Heitbrink, McKinnery, and Rust (1983).

5.3.11.3 Vacuum Pneumatic Conveyor Unloading System

Electrostatic charging is a concern and proper grounding and bonding of the
system components are required to minimize this hazard. Nonconductive,
plastic piping should not be used for pneumatic conveying unloading sys-
tems. For unloading of open drums or boxes, it is one company’s practice to
ground the operator if the MIE is less than 25-30 m]J (Nelson, 2002). The
grounding of operators should also be considered if flammable vapors are
present in the area. In addition, it is recommended to have an area where the
portable container is positioned to be unloaded that has an electrostatically
conductive floor and the operator must wear conductive shoes, or the opera-
tor has a conductive tether attached to him and the ground.

To provide an extra measure of safety, inert gas (usually nitrogen) can be
used instead of air as the conveying gas, and the nitrogen is circulated in a
closed loop. When ingress of air occurs, nitrogen is vented from the system
via a bleed valve which can be controlled by a pressure controller or oxygen
analyzer, or on a calculated volumetric flow basis. Some companies use an
oxygen analyzer connected to the closed loop system to monitor the oxygen
level and automatically admit enough nitrogen to bring the oxygen concen-
tration down below the limiting oxidant concentration (LOC). A rupture
disk often is provided to vent the system should a deflagration occur.
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5.3.11.4 Flexible Intermediate Bulk Container (FIBC) Unloading Systems

Dust cloud and/or flammable vapor fires and explosions may be possible
from operations involving unloading of FIBCs if the solids are reactive or
combustible, and especially if the solids contain residual flammable liquid,
or are being discharged into a vessel containing a flammable liquid. Britton
(1993) reports a number of accidents with FIBCs. One of these is presented
below to illustrate the possible problems.

Case History of an Incident Involving FIBC Unloading

An antistatic FIBC was used to transfer a vinyl resin to a 6000-gallon
mixing tank containing a xylene-MEK mixture. the FIBC was woven poly-
propylene with a 1 mil internal polypropylene coating. It was equipped
with thin conductive wires running lengthwise through the spout and
connected to a bare stranded aluminum wire and alligator clip. The FIBC
was hoisted above the tank using a fork lift and the resin was dumped
through a circular port on a hinged tank cover. The tank was inerted at 15
SCF/min with combustion gas (mainly CO,) introduced through a flow
meter. There was no independent venting of displaced vapor and the
tank lid was not gas tight. The operator reported that the ground wire was
missing from the FIBC but proceeded to dump the FIBC anyway. The
hinged portion of the tank lid was open allowing solvent vapor to escape
freely into the operating area. Accounts at this point differed as to
whether the fire occurred immediately or after the FIBC was about three-
quarters empty. In any case, the operator was standing a few feet from
the tank and turned away when he observed a flash. The side of his head
was singed, the back of his neck was burned, and he received second
degree burns on his right arm. The flash was outside the tank and the tank
contents did not catch fire. The source of ignition was assumed to be a
spark from the ungrounded FIBC during emptying. Since it was known
that the vinyl resin had a very high MIE in air, it could be assumed that
flammable vapor was a major contributor to the ignition process.
Although the operator was not grounded, he was not considered a likely
source of a spark owing to his location. Since the operation involved
making lacquer for can coatings, antistatic shoes would probably have
been ineffective owing to the possibility of a film of lacquer on the floor
around the tank.

Ed. Note: The importance of grounding FIBCs was not properly recognized
since a false sense of security had been instilled after long experience dump-
ing from 50-pound bags. The powder had only been recently started being
supplied in FIBCs rather than bags. Recognition of the increased ignition risk
associated with the large transient mass flows from FIBCs would have lead
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to more thorough training on FIBC grounding requirements that could have
averted the accident.

The type of the FIBC used depends on the hazard potential of the solids
and has an effect on the safety methods needed during unloading (see Sec-
tion B11 for a discussion of the various types of FIBCs and their characteris-
tics, and see Table 5-3 for protective measures required). If a FIBC has a liner
(they are often required to provide resistance to intrusion of air or moisture,
or to meet regulatory requirements), the liner must be analyzed for its poten-
tial to create a hazardous situation. Conductive liners inside the FIBC must
be grounded; if they are not, they represent an isolated conductor which can
become electrostatically charged and subsequently pose an ignition risk.

For free-flowing particulate solids, FIBCs can empty quickly, thus
increasing electrostatic charging and subsequent ignition.

FIBC unloading hazards arise primarily from electrostatic charges, as
follows:

* From brush discharges when flammable vapors are greater than 20%
of the LFL.

* From propagating brush discharges when the FIBC bottom rests on a
metal surface.

e From inductive charging of nearby conductive materials as well as
people.

Some general preventive/protective guidelines for avoiding accidents with
equipment unloading FIBCs is to ensure that:

1. All parts of the installation must be conductive and properly grounded.
2. Use the appropriate type of FIBC as discussed in Section B11.

Where a combustible solid is emptied from a FIBC into a vessel contain-
ing a flammable liquid, the vessel will often contain flammable concentra-
tions of vapor. Flammable vapor at only a fraction of its LFL may signifi-
cantly increase the ignition sensibility of a flammable dust suspension.
Although it is common practice to unload a FIBC directly into such a vessel,
NFPA 77 (2000) recommends that only batches up to 25 kg be added to a
vessel containing a flammable liquid. Transfers should preferably be done
via an intermediate grounded metal hopper with a rotary valve or its equiva-
lent (e.g., gate lock valve), keeping both the receiving vessel and the hopper
inerted throughout the transfer. These precautions isolate the flammable
vapor from the FIBC and the operator. The vessel vent line should be appro-
priately sized to minimize flammable vapor entry into the hopper.

If the solids are toxic, there should be a containment sleeve from the bag
unloading spout to the nozzle of the receiving piece of equipment to prevent
emission of toxic dust.
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Britton (1993, 1999) presents a good discussion of FIBC hazards and pro-
tective measures. Other good sources of information on FIBC unloading
system hazards are the papers by Gravell (2001) and Luttgens et al. (2001).

5.3.12 Portable Container Filling Systems

5.3.12.1 Small Bag Filling Systems

The filling of small bags, both open top and valve bags, can result in electrostatic
charging of the solids, but the potential for an explosion is not usually great if
the solids do not contain any flammable solvents. Paper bags are unlikely to
produce spark hazards, except in the case where either paper or plastic bags
contain a metal layer applied either as a surface film or as an inner-plied foil
layer (these are sometimes used as moisture barriers). The conductive metal
layer can become charged during powder flow and create a spark ignition
hazard unless special grounding measures are taken (Britton, 1999).

One safety (health) problem that does exist is that fugitive dust emis-
sions occur during filling, especially with open top bags. As a minimum,
local exhaust ventilation near the bag top should be provided to contain the
fugitive emissions. Various types of capture hoods, booth-type hoods, and
complete enclosures can be used to provide better dust emissions control
(Cooper, 1986). A built-in vacuum system along the bag filling and moving
station is often provided to remove spilled solids. If the solids are toxic, the
operator also may have to wear personal protective equipment.

5.3.12.2 FIBC Filling (Packing) Systems

FIBC filling systems can also result in electrostatically charged solids enter-
ing the FIBC, especially those with plastic liners, but fires and explosions
have rarely occurred. It is possible to inert the FIBC with nitrogen before
starting filling so the potential for ignition from a static spark is minimized.
Electrostatic hazards during filling can occur from the cone of a pile during
rapidly filling and when the pile is greater than 1 m?, the MIE <10 mJ, the
material contains substantial amounts of coarse (particle diameter >1 mm)
and fine fractions, and the pile is nonconductive (Glor, 1988).

When filling FIBCs with toxic solids, the operator may require personal
protective equipment, and the filling machine should be provided with good
ventilation to control and minimize emissions of fines to the surrounding
vicinity.

5.3.12.3 Drum Filling (Packing) Systems

Filling of drums can also result in electrostatically charged solids entering
the drums, but here too, fires and explosions have not normally occurred.
Fugitive dust emissions are quite common due to the relatively large open
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top. To minimize dust cloud formation and fugitive emissions problems,
especially with toxic solids, a bottom-filling probe that minimizes dust cloud
formation and an exhaust ventilation system can be used. Designs for the
ventilation of drum filling systems are presented in the ACGIH Manual
(1998). Here, too, operators may require personal protective equipment.

The metal chimes on the drum ends may have to be properly grounded
as they can be isolated conductors. Normally, a dedicated grounding con-
nection to the drum is not required if the conveyor upon which the drum sits
is conductive and grounded. However, this should be confirmed by mea-
surement. Grounding of the operator should be considered if the dust MIE is
<30 mJ and there is a potential for exposure of the operator to a combustible
dust cloud (Gravell, 2004).

5.3.13 Samplers and Sampling Systems

Fires and explosions do not usually occur during sampling of particulate
solids from process streams and equipment unless the solids are pyrophoric.
Pyrophoric solids should be sampled using an inerted sample container.

However, when a solid is toxic, it is critical that the exposure to the oper-
ator be minimized. This can be accomplished by automatic samplers
installed in a specially designed enclosure that isolates the operator from the
toxic material. Such a system is described in a NIOSH report (SRI, 1980). The
sampling device is contained within a ventilated box. A rubber dam on the
front of the box is split so that the operator may push a sample container
through into the box under the delivery spout of the sampler. The box is
vented by a local exhaust system and the vent is discharged to an air cleaning
system. This permits sampling with minimal potential for operator exposure
and prevents the dumping of large amounts of powder into the workplace
during the sampling process. For toxic solids, it may be prudent for the oper-
ator to wear personal protective equipment.

If a sampler that is inserted into a stream of flowing solids is comprised of
metal and plastic parts, the metal parts should be bonded together and the
sampler properly grounded. If this is not done, the sampler can be an isolated
conductor and has the potential for an electrostatic discharge. in addition, if
there is a sensor on the sampling device, then the wiring should be checked to
make sure that it is properly connected. If the wiring becomes disconnected, it
could act as an ignition source and cause a dust cloud explosion.

Wang (1986) presents a discussion of the health and safety aspects of
solid material sampling.

5.3.14 Screens and Classifiers

The motion imparted to solid particles during screening can result in them
becoming electrostatically charged and also results in generation of dust
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clouds. Static charges can not only act as an ignition source, but also can lead
to screen blinding and significantly reduce the efficiency of the screen.
Therefore, all metal components of the machine (screens, frame, etc.) must be
properly grounded and bonded. This will remove the charges from the
machine itself, but a residual charge may persist on the solids. Jaeger (1997)
indicates that, in general, when sieving even with very easily ignitable par-
ticulate solids, the appearance of ignition sources can be discounted if the
following conditions are present:

 All parts of the equipment ate grounded, especially the screens, which
in many cases are mounted elastically, and are therefore insulated or
are clamped between two insulating gaskets.

* The relative velocities caused by the movement (shaking, rotation,
oscillation, etc.) are less than 1 m/s and jamming and heating by for-
eign objects to the ignition temperature of solids need not be taken into
account.

* The receiving vessel connected to the screening equipment is pro-
tected against fires and explosions.

Insulating sieve materials may be used as long as the MIE of the solids is
greater than 3 m] (Jaeger, 1997).

Palmer (1973) recommends that for dusts of low MIE, the operator
should use antistatic footware and clothing. However, antistatic clothing
may not be necessary according to a recent European standard (CENELEC,
2003). This standard states that “In spite of the fact that modern clothing,
made from synthetic textiles, can readily become electrostatically charged it
is not, in general, an ignition risk providing that the wearer is earthed by
means of suitable footwear and flooring. However, clothing should be as
close fitting as practical and should not be removed or unfastened in areas
where there could be flammable atmospheres (e.g., Zone 0, Zone 1, Zone 20
and Zone 21).” See Section 6.4 for definitions of the various zones used in
Europe for electrical area classification. Gravell (2004) recommends that
operators grounding should be required when the potential exists for opera-
tor contact with a combustible dust cloud having an MIE of <30 m].

Stone (1987) recommends several methods for overcoming static prob-
lems in vibratory screen separators.

Shaking, vibrating, and oscillating screen separators cannot be hard-
piped up to upstream and downstream equipment, and are connected to
these by flexible connections (often called “socks”), which are a “weak
point” in the system. If an explosion should occur, these “socks” would burst
and the fireball and burning solids would be ejected into the workplace sur-
rounding the screen separator, and a secondary explosion might occur.
Therefore, consideration should be given to locating these machines in an
isolated room at an outside wall of a building, and the wall should have
explosion vent panels designed in accordance with NFPA 68 (2002). It is
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good practice to provide some means of detecting when a flexible connection

“sock”) fails. This possibly may be done by installation of position monitors
(limit switches) at the top and bottom of the flexible connection to indicate
when one or both of the clamps holding a “sock” in place has broken or
become loose and the “sock” has become detached. Two other possibilities
are as follows:

1. Installation of closed circuit TVs in rooms where it is preferred that
operating personnel do not enter.

2. Installation of a sensitive pressure sensor in front of the “sock” to
detect a pressure increase due to the ejection of particulate solids.

Centrifugal sifters, because of their manner of operation do not usually
shake, vibrate, or oscillate, and can be hard-piped, usually, to upstream and
downstream equipment. They should also be properly grounded and
bonded.

If an explosion were to occur in a screening device it could propagate to
the upstream and downstream equipment, or vice versa, if an explosion
were to occur in upstream or downstream equipment, it could propagate to
the screening equipment. Therefore, if a hazard analysis indicates that these
explosion scenarios were highly likely to occur, consideration should be
given to protecting the screening equipment on both sides by isolation
devises (e.g., fast-closing valves, rotary valves, deflagration suppression,
etc.) as per NFPA 69 (2002).

NFPA 654 (2000) presents some safety criteria for screening equipment.
It states, however, that screens and sieves shall not be required to have
explosion protection. This is because, as a practical matter, screens are diffi-
cult to protect against explosions by deflagration venting or suppression.

For toxic solids, it may be necessary to enclose the screen separator in an
enclosure operated under a slight negative pressure (connected to a dust
control system) to prevent escape of dust into the workplace which could
expose the operator to a health hazard.

Because of the severe mechanical stresses to which these machines are
subjected, they should be of strong construction and all components sub-
jected to particularly severe stress, such as bearings, should be outside of the
working parts of the unit, and kept dust-free. This is to prevent overheating
and ignition of dust which could deposit on them. The drive motor must also
be specified in accordance with the appropriate NEC electrical area
classification.

5.3.15 Silos and Hoppers

Fires and explosions in silos and hoppers have occurred quite frequently
over the years, especially in agricultural grain storage facilities. Silos also fail
due to errors in design, construction, and utilization.
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Eckhoff (2003) describes a number of explosions in silos, two of which
are presented here.

Case History of a Grain Terminal Explosion

An explosion occurred at a grain terminal in St. Joseph, MO in April
1980. One person was killed and four injured, and the material damage
was estimated at $2 million. The explosion probably started in the dust
cloud in one silo of a series of silos that was used for receipt and delivery
of grain. The probable ignition source was an electric arc between the
electric wires of the lower level indicator in the silo. Repeated filling and
discharge of grain had pulled the level indicator from the wall and the
electric arc occurred between the bare wires that had subsequently been
pulled out of their conduit. There was severe structural damage to almost
all of the silos in the head house and moderate damage to most of the
head house structure. Most of the head house silo roofs were blown up,
destroying the spout floor and the top of the cleaner floor. Rupture of the
silos around the edge of the head house caused failures in the outside
wall. The casings of all bucket elevators, steel as well as concrete, had
opened up in many places. A silo complex comprising 18 cells suffered
severe explosion damage to the gangway connecting it to the head
house, to the gallery, to the far end of the tunnel, and to a small group of
silos centered around an air shaft approximately one-third of the way
along the gallery. At the location of the air shaft, the gallery roof and wall
had been completely destroyed.

Beyond this point he explosion damage to the gallery was still significant,
but not as severe. The exterior concrete silo walls had been extensively
shattered, leaving in many places only the reinforcing rods. Concrete
fragments from this area of the plant had been thrown about a hundred
meters into the adjacent railroad yard.

Case History of an Explosion in a Silo Storing Rape Seed Flour

An accident occurred in a silo in Stavanger, Norway in November 1985
that was storing a solid organic material. The incident was not primarily a
dust explosion, but an explosion of combustible gases released from the
organic solid during self-heating. The explosion occurred in a fairly
modern reinforced concrete silo complex used for storage of various feed
stuffs. Pellets of Canadian rape seed flour had been stored in one of the
silos for some time when it was discovered that the material in the bottom
part of the silo had become packed to a solid mass and could not be dis-
charged through the silo exit nozzle. Some time later, one week before
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the explosion, flames were observed in the silo. The fire brigade was
called and covered the pellets in the silo with foam from above. Various
unsuccessful attempts were then made to discharge the pellets mass at
the silo bottom. During this phase there was considerable development
of smoke, which mixed with the air not only in the silo in question, but
also in the silo loft above the othersilos. It is probable that the smoke con-
tained combustible gases, e.g., CO, and that the strong explosion that
occurred just as the top of the pellets had been covered with foam once
more, was mainly a gas explosion. However, any dust deposits in the loft
may also have become involved. The entire roof of the building was
blown up, and debris was thrown into the surrounding area. Because the
explosion occurred in the middle of the night (3 a.m.), and just after the
fire brigade had left, nobody was killed or hurt.

The following case history, presented by Carson and Holmes (2001),
describes a silo failure due to mechanical causes.

Case History of a Mechanical Failure of a Bolted Fly Ash Silo

At approximately 10:00 p.m. on a cool September evening in 1996 in
southwestern USA, a thunderous cracking sound rang out to shatter the
calm. The only employee in the vicinity of a new 80-ft. diameter fly ash
silo realized that he had just heard the warning sound of imminent
danger. In the dark of night, he had only his instincts to lead him at full
speed away from the failing structure. The first rays of the next morning’s
sun revealed the devastated silo and the very spot he’d stood at, not 90
feet away, buried under 20 feet of fly ash.

The purpose of this brand new bolted silo was to store 9000 tons of fly ash
from the adjacent power generation station. The silo split apart about two
weeks after it was first filled to capacity. Up to this point, no ash had ever
been discharged. Curiously, the collapse occurred at night when the silo
was being neither filled or emptied.

During the course of the investigation into this failure, several deficiencies
were revealed. Calculations showed that the silo was underdesigned and
did not identify or account for a phenomenon called thermal ratcheting.
The walls of outdoor metal silos expand during the day and contract at
night as the temperature drops. If there is no discharge taking place and
the material inside the silo is free flowing, it will settle as the silo expands.
However, the material cannot be pushed up when the silo walls contract,
so it resists the contraction, which in turn causes increased tensile stresses
in the wall. The effect is repeated each day that the material sits at rest.
The investigation also revealed that some cost-saving measures taken by
the silo supplier during the construction of the silo contributed to the fail-
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ure. The design specified that bolts of a particular classification, size, and
strength be used in the construction. Bolts of the specified type have a
distinct marking on their head which identifies that the bolts have been
tested and meet recognized standards. Fewer than 1% of the bolts that
were recovered from the failed silo had the specified marking and none
of the marked bolts had been used in the critical vertical seams. Strength
tests on the unmarked bolts revealed that some had tensile strengths less
than the specified minimum.

Many contributing factors acted together and if any one had not been
present, the collapse of the silo might have been avoided. Had the potential
for thermal ratcheting been recognized at the design stage and had correct
design parameters been selected, the collapse may not have occurred. If
proper bolts had been purchased and used, the silo collapse may have been
avoided. If the silo had been inspected by an independent silo expert either
during the construction or after construction was complete, perhaps the
incorrect bolts would have been noticed and corrective action could have
been taken. Had the operation of the silo been such that material was dis-
charged more frequently, the condition of accumulated stresses that precipi-
tated the collapse could have been prevented.

When filling a silo or hopper with powders of low conductivity, charges
will accumulate in the solids, causing continuous small brush discharges,
and under certain circumstances, sometimes discharges will also occur with
higher “energy value” on the surface of the solids. Such a discharge (also
called “conical pile discharge”) presents a potential hazard while handling
highly insulating solids. Since the energy of these discharges depends on the
geometry of the pile and the particle size of the solids, the following simple
rules can be applied (Jaeger, 1997):

1. If the MIE of the solids is greater than 10 m], the volume of the solids in
the silo or hopper is <2 m3, and the particle size is less than 200
microns, there is no hazard due to a conical pile discharges. If the
solids volume is less than approximately 2 m? there is a slow charge
buildup and fast dissipation, and there are no ignition concerns.

2. If the solids volume is greater than approximately 2 m?, the charge
buildup in the pile cannot dissipate quickly, and there is a concern
about ignition occurring.

There is a potential for ignition of combustible powders from bulking
brush (conical pile) discharges if the MIE of the powder is less than the value
calculated from the following equation (Glor and Schwenzfeuer, 1997 and
CENELEC, 2003):

W = 5.22 (D33)(d1462) [5-1]
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where Wis the equivalent energy of cone discharge in mJ, D is the silo diame-
ter in meters, and 4 is the median of the particle size distribution of the prod-
uct forming the powder heap in mm.

The exact conditions for a bulking brush (conical) discharge to occur
during silo filling are not well understood. However, the following general
factors that are known to increase its probability have been identified by
Glor (1988):

An increase in the resistivity of the powder, greater than 10!° ohm-m.
An increase in the particle size of the powder, greater than | mm.
Anincrease in the charge density of the powder, greater than 1 °C/kg.

L e

An increase in filling rate:

(a) For granules with a diameter greater than 1 to 2 mm, a filling rate
greater than 2000 kg/hr.

(b) For granules with a diameter of about 0.8 mm, a filling rate greater
that 20,000 to 30,000 kg/hr.

Inadvertently entrained isolated conductive objects within the silo (e.g.,
tools dropped into the silo, metal chips contained in the incoming solids,
etc.) will be charged and form a capacitor with the silo.

As can be seen from the above two case histories fires and explosions in
bins and hoppers can occur from a number of operating conditions and igni-
tion sources. Among these are:

* Dust cloud generation from powders mechanically conveyed or pneu-

matically conveyed directly into the silo or hopper.

* Electrostatic sparks.

* Glowing particles produced by frictional heating upstream of the silo

Smoldering combustion.

* Combustible gas released from the powder by self-heating.
* Flames from welding or cutting during maintenance.
* Electric sparks caused by faulty electrical wiring.

Several things can be done to minimize or prevent the occurrence of the above-
mentioned explosion-causing conditions and ignition sources, such as:

1. To minimize dust cloud generation during silo or hopper filling, the
solids should first be sent to a cyclone or fabric filter and then into the
vessel. It may even be desirable to feed the solids from the cyclone or
fabric filter into the vessel via a rotary valve to reduce turbulence and
suspension of fines.

2. Provide a magnetic separator upstream of the conveying system to
remove any tramp metal prior to conveying and avoid the possibility
of frictional heating of the tramp metal.
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3. If a silo or hopper requires a plastic lining for corrosion protection, it
should be an electrically-conducting liner, a static-dissipative liner, or
a liner having a breakdown voltage of <4 kV.

4. For combustible and reactive solids use only metal vessels.

5. For metal silos and hoppers properly ground and bond all compo-
nents of the vessel.

6. Provide instrumentation (level, temperature, pressure) that is in
accordance with the required NEC electrical area classification. Install
these instruments so that they will not be damaged by the flow of
solids along the vessel wall.

7. If it is deemed necessary to see the condition of the inside of the silo,
provide illumination installed on the outside the silo.

Even after the above preventive measures have been taken, it is usually
necessary to provide protective measures, which can be any of the following:
venting, suppression, containment, inerting, and fire protection. These are
discussed below.

Venting is probably the most economical and widely used method used
for the protection of silos and hoppers containing combustible and reactive
particulate solids against explosions.

A general and more detailed discussion of venting is presented in Sec-
tion 6.6.1. The following paragraphs discuss specific aspects of venting as
they apply to silos and hoppers.

Venting should not be normally used for explosion protection of silos
and hoppers containing toxic solids as the solids will be ejected into the sur-
rounding atmosphere and could cause a health threat to personnel in the
area. If the silo or hopper is located outdoors (the preferable location) then
the fireball and the unburned solids can be discharged directly to the atmo-
sphere. If the vessel is located inside of a building, then vent ducts routed to
the outside or flame quenching devices inside the building will have to be
used (see Section 6.4.1 for more details). For low pressure vessels, such as
silos and hoppers, explosion vent design is simplified if the vents are located
on the vessel roof. Roof vents in cold climates should be designed for the
snow load or shielded to prevent the accumulation of snow. Vents should
not be located where personnel could be exposed to the fireball and pressure
effects of the vent discharge. For personnel safety or because of space limita-
tions, vent panels are often located on the vessel walls at the top. The panels
should be located so that they are accessible for maintenance, and must be
above the maximum vessel fill level. The vent discharge should not be
severely obstructed by adjacent equipment or structures.

Suppression can be used to protect silos and hoppers containing com-
bustible, reactive, and also toxic solids against explosions (see Barton, 2002
and NFPA 654, 2000). Explosion suppression may not be feasible for some
silos and hoppers if the maximum pressure of the suppressed explosion is
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greater than the design strength of the vessel (some silos and hoppers may
have low design pressures). Section 6.6.2 presents more detailed information
on explosion suppression systems design and installation.

Pressure containment can also be used to protect silos and hoppers stor-
ing combustible, reactive, and toxic particulate solids if the vessel is not too
large (larger vessels will require thicker walls, which may make the fabrica-
tion cost economically unfeasible). Test data will be required to establish the
maximum pressure that can result from an explosion. Pressure containment
is an inherently safer approach and may be desirable for toxic solids storage.
Section 6.6.3 discusses deflagration pressure containment.

Inerting (also called oxidant concentration reduction) is often used for
protection of silos storing combustible, reactive, and toxic solids against fires
and explosions. If the atmosphere inside of a silo or hopper is kept below the
limiting oxidant concentration (LOC), then a fire or deflagration of sus-
pended solids will not occur. However, it will not necessarily prevent smol-
dering. It is also often used if the solids stored in the vessel are water-reac-
tive, pyrophoric, or degraded by contact with oxygen. The inerting gas is
usually nitrogen, but for some metal powders, argon may be required as
they react with nitrogen. If inerting is to be used, it is imperative that a reli-
able, continuous, supply of gas is available, and that the supply piping be
provided with low pressure or low flow sensors and alarms. Section 6.5.2
discusses inerting system design and installation requirements in general for
all types of process equipment.

Smoldering fires in silos and hoppers can occur, and may develop into
large-scale fires with subsequent serious consequences if they are not
detected and extinguished. If large-scale fires develop, they can cause struc-
tural failure of a silo or hopper, possibly resulting in emission of large
amounts of combustible solids and a dust explosion. Therefore, some protec-
tive measures for detecting and extinguishing (suppressing) a smoldering
fire should be considered.

Detection of smoldering fires in silos and hoppers can be achieved with
methane and carbon monoxide (CO) detectors as recommended in NFPA
850 (2000). The detectors should be alarmed to alert the operators to a poten-
tial problem, and to take action. A CO concentration of 1.25% (by volume)
should alert plant operators according to NFPA 850. It would also be pru-
dent to install oxygen analyzers per the recommendations of Tuomisaari et
al. (1998), because the oxygen monitors provide a means of knowing if and
when suppression has been achieved. Locating and monitoring hot spots on
the silo/hopper wall (with an infrared camera) is another means of fire detec-
tion and confirmation of fire suppression.

It may be desirable in some cases to install water spray nozzles in storage
silos and hoppers to extinguish a fire if one should develop (this is not meant
to provide explosion protection). Wash systems provided for cleanout
between product changes can also provide effective fire protection. How-
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ever, when considering fire protection for storage silos and hoppers, the
hydraulic load that can be placed upon a silo or hopper and its foundation
during water spray operation must be taken into account. Most silos and
hoppers are severely limited as to the amount of water that can be safely
accumulated without causing sufficiently high hydraulic pressures to
damage the silo structure; so a way to drain the water must be provided in
such cases. Therefore, water discharge into a silo or hopper to extinguish a
fire may not always be desirable. It should also be noted that water spray dis-
charge into a silo/hopper can generate clouds of combustible solids, which
could possibly result in a dust explosion. It also has been found that low
expansion foam has been used successfully to extinguish fires in silos/hop-
pers both in tests at the Technical Research Centre of Finland (Tuomisaari et
al., 1998) and in several incidents (Zalosh, 2003).

The most success in extinguishing fires in silos/hoppers has been
achieved with using carbon dioxide, and to a lesser extent with nitrogen, in
tests where these gases were applied to barrels of smoldering wood chips
and peat (Tuomisaari et al., 1998). Zalosh (2003) describes and discusses
their work. Better results (earlier suppression) were achieved with bottom
injection of the suppressant gases (compared to top injection)

because the gases flowed up through the smoldering material and grad-
ually extinguished the fire.

NFPA 850 (2000) also has some guidance on the amounts of carbon diox-
ide (CO,) required to suppress smoldering coal fires in silos. Appendix A of
NFPA 850 cites experience at one utility that suggests the necessary amount
of CO, for fighting a coal silo fire should be 3 m® of CO, per m? of silo
volume. This is 3 times the amount recommended by Tuomisari et al. (1998)
based on their laboratory tests. The additional CO, is presumably needed
because of additional leakage and more nonuniformity in large silos.

Care should be taken to ensure that silo/hopper fires to be fully sup-
pressed before attempting to remove the particulate solids. A number of silo
fire incidents are described by van Wingerden and Alfert (1994) in which
explosions occurred because attempts to remove the burning particulates
prior to complete suppression actually generated combustible dust clouds
within the silo.

Some additional safety considerations for silos and hoppers are as
follows:

1. Where an explosion hazard exists, there shall be no intersilo venting,
i.e,, manifolding of vents from several silos (Section 3.2.3.1 of NFPA
654, 2000).

2. Where an explosion hazard exists, silos/hoppers shall be located out-
side of buildings, with the exceptions listed in Section 3.2.3.2 of NFPA
654 (2000).
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3. Factory Mutual Global recommends that air cannons should not be
used to break bridges in silos handling combustible materials if there
are particles smaller than about 400 microns within the material (FMG
7-76, 1998).

4. FMG 7-76 (1998) also recommends that when a silo has a dust collector
(bin vent filter) on the breather vent, explosion protection should be
provided for the dust collector as if the dust collector is a separate and
distinct vessel, if either of the following conditions exists:

(a) The duct connecting the silo to the dust collector has an L/D ratio
greater than 2.

(b) The cross section of the connecting duct is smaller than the explo-
sion venting area needed to protect the volume of the dust collector
alone.

The type of silo used can result in flow problems and subsequent haz-
ards. For example, funnel flow silos are prone to flow stoppages and irregu-
lar flow rates associated with the formation of an arch between the hopper
walls. Collapse of an arch can cause the sudden formation of large dust
clouds in the hopper and in the surrounding area. Dust clouds of toxic or
combustible materials pose an obvious hazard. Problems caused by a funnel
flow pattern can be cured by altering the pattern to mass flow, which
requires changing the hopper or discharge feeder design. Other methods to
fix poor flow include mechanical and chemical flow aid. These flow-correc-
tive techniques are discussed by Purutyan et al. (1998).

Some potential difficulties associated with mass flow hoppers are the
higher stresses created at the junction between the straight section and con-
verging section, abrasion of the wall due to higher particulate velocities at
the wall, and possible contamination of the particles with wall coatings
(Williams, 1990).

As was pointed out previously, silos can also fail from errors in design,
construction, and utilization. Carson and Holmes (2001) present an excellent
discussion of these causes and also provide suggestions and recommenda-
tions on how to avoid or minimize these.

Besides NFPA 68 (2002), additional information on protection of silos
and hoppers is presented by Barton (2002), NFPA 654, 2000), and NFPA 850
(2000).

5.3.16 Size Enlargement Equipment

Most size enlargement equipment cause electrostatic charging of the solids
and some generate more dust clouds than others due to the turbulence cre-
ated by the moving internal elements or rotation of the shell. In general, all
size enlargement equipment should be properly grounded and bonded.
Some types of size enlargement equipment are more prone to fires and
explosions than others. For example, because the fluidizing gas causes a very
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turbulent condition inside a fluid-bed granulator, electrostatic charging of
the solids occurs and there is a continuous dust cloud present. Therefore,
these units must be properly grounded and bonded. They are also usually
protected against explosions by venting or suppression. Nitrogen, rather
than air, can be used as the fluidizing gas to minimize the potential for an
explosion. Bartknecht (1981) discusses protective measures for fluid-bed
granulators. Detailed information is given on explosion venting and sup-
pression designs for round and square granulators. These units can also be
purchased designed and fabricated in accordance with explosion pressure-
resistant design and explosion pressure shock-resistant design criteria
(Bartknecht, 1989; Eckhoff, 2003).

Equipment that creates high turbulence can create dust clouds and could
have the potential for a dust explosion, and should be protected by venting
or by an explosion suppression system. A suppression system should be
used, rather than venting, if the solids are toxic. Shaft bearings should be
located outside of the housing so that they do not become coated with
powder which can result in overheating of the powder and a subsequent fire.

5.3.17 Size Reduction Equipment

Fires and explosions have occurred in size reduction equipment quite fre-
quently over the years. Two case histories of accidents presented below are
illustrative of such hazards.

Case Histories of a Fire and Explosion in a Grinder for Silicon

A chemical plant that processed silicon-based chemicals experienced a
fire and explosion in a grinder. Raw silicon was received in 1- or 2-inch
lumps which had to be ground to a 300-mesh powder before being used
in the chemical process. The air-conveyed silicon powder discharged
from the grinder passed through a cyclone and then through a bag filter.
An explosion and subsequent fire occurred in the system. The fire was
extinguished within 15 minutes by a water hose stream. The system had
explosion relief vents, but no sprinklers. Investigation showed that this
incident was caused by hot spot ignition resulting from grinder parts
scraping against the inside of the housing. This ignition mechanism was
supported by observation of high current draw on the grinder motor
before the incident occurred (CCPS, 1998).

Ed. Note: This accident could have been mitigated by measuring current-
draw and possibly interlocking current-draw with the motor to shut it off
when too high, and/or also with a water deluge system to activate it.
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Case History of a Hammer Mill System Explosion

A chemical company had been milling an intermediate stage powder in a
hammer mill for 2 years without an incident. Processing involved a man
with a scoop feeding the mill which in turn fed a plastic-lined fiber drum.
An incident occurred in which the mill and drum exploded with such vio-
lence that it caused structural damage to the building, and the operator
was injured by the blast. Metal was discovered on the mill screen, giving
rise to the possibility of frictional spark ignition. Laboratory tests revealed
that the material had a very low MIE and AIT in bulk, and at low tempera-
tures, the powder was found to decompose spontaneously and energeti-
cally to liberate gas. Therefore, it appears that this material was not suit-
able for conventional milling, and that inadequate protective measures
were in place. Milling under nitrogen would not have prevented this inci-
dent as decomposition could still occur under inert conditions, and the
liberation of gas would still have pressurized and ruptured the mill (Anon,
1999).

Ed. Note: This powder should have been tested to see if it could spontane-
ously decompose before selecting a hammer mill. Using a mill with a gentler
motion (slower tip speed) might have been a safer approach. Also, the mill
should have had a magnetic separator installed upstream of the mill to
remove any tramp metal. In addition, specifying the mill for shock-resistant
construction would have prevented the rupture of the mill.

Size reduction equipment must always be regarded as providing igni-
tion sources because of the presence of friction and hot surfaces arising from
the energy used in the comminution process. A number of ignition sources
can occur during grinding and milling, such as:

1. Friction or impact ignition can be caused by the presence in the feed of
tramp metal, stones, etc. These should be removed upstream of the
size reduction equipment by the installation of magnetic separators or
electric field type detectors for removal of metal or cyclones to remove
material of greater density than the feed material. It should be noted
that magnetic separators will only work with ferrous or cobalt metals,
but not with stainless steel.

2. Hot surfaces may develop in a mill if the rate of feed is far from the
optimum, and fire and explosion hazards can occur whether the mill
is overloaded or underloaded (Palmer, 1973). Therefore, maintaining
the proper rate of feed to a mill can minimize the occurrence of fires or
explosions.

3. The powder may have a low melting temperature and the energy
added in milling raises the internal energy and temperature to cause
melting. Melted material accumulates, continues to heat, eventually
degrading, and flammable gaseous degradation products result. Tem-
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peratures increase until the AIT of the flammable gases is reached and
a fire or explosion occurs.

4. The outlet of the mill becomes blocked, powder accumulates in the
mill, and the above degradation sequence occurs with like results.

For some types of size reduction equipment, such as hammer mills, con-
sideration should be given to providing vibration monitoring to detect if the
machine has thrown a hammer, main shaft bearing failure, etc., and shut-
down interlocks should be provided. Consideration should also be given to
providing high amperage or high temperature alarms and shutdown for
equipment subject to plugging.

Many types of mills for combustible and reactive solids can be designed
and fabricated in accordance with explosion pressure shock-resistant criteria
(e.g., ball mills, hammer mills, pin disk mills, fluid energy mills to name
several).

Most mills can be protected by venting (not directly on the mill itself
always, but certainly on the vessel receiving the milled product). Also sup-
pression is very commonly used to protect size reduction equipment against
explosions. ESCIS (1994) recommends that the explosion suppression
system be designed for St 2 dusts. Explosions of St 3 dusts and hybrid mix-
tures of all dust explosion classes can be suppressed only to a limited extent.
The mill must be designed for the expected overpressure of generally 0.5 to 1
barg in the event of a suppressed explosion. If this requirement cannot be ful-
filled, for example with old equipment, the sizing of the suppression system
must be modified accordingly. The response of a suppression system must
automatically initiate immediate shutdown of the milling installation. For
both venting and suppression, the propagation of an explosion into unpro-
tected parts of the plant (upstream and downstream equipment) must be
prevented, usually by special explosion barriers which are activated
automatically by an explosion (see Section 6.6.4).

Inerting is also frequently used to protect size reduction equipment
against explosions. One of the most common mills used in the chemical and
pharmaceutical industries is the hammer mill (e.g., the FitzMill®). This type
of mill is not normally enclosed and it can generate a large quantity of fine
particles due to high impact of the mill blades. It is suggested that the mill be
enclosed in order to control dust emissions and achieve an effective inert gas
blanketing. With an enclosed design, the charging hopper for the mill is
inerted, and the discharge side of the mill is sealed to a product receiver
(hopper or portable container), which is also inerted. The vent from the prod-
uct receiver can go to a dust collection system or can be recycled to conserve
nitrogen consumption. Since the product receiver is not usually rated for
vacuum or pressure, a sweep-through purge (see Section 6.5.2) may be the
most desirable inerting system in this case. Before starting the milling opera-
tion, the oxygen must be purged from the entire milling system (feed
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hopper, mill, and product receiver) to below the LOC of the solids. Once the
system is purged to the desired LOC, a continuous flow of inerting gas is
maintained during the entire milling operation.

Fluid energy mills that are used for solids having a severe explosibility can
be operated using an inert gas (nitrogen or superheated steam) in a once-
through or recycle arrangement. The ground product is separated from the air
or inert gas in a dust collection system (often a cyclone and baghouse in series),
and the dust collection system should be protected from fires and explosions.

Also, if a particulate solid has a severe explosibility hazard, it may be desir-
able to locate the mill in a separate room, located on an outer building wall, with
explosion vent panels. Entry into this milling room from the main work area
should be via a strong door opening inwards, and interlocked with the mill so
that operators cannot enter into the room while the mill is running.

For toxic solids, it is imperative that the mill housing be dust-tight (with
appropriate bolting and gaskets) to prevent any emissions into the atmo-
sphere. It may be possible to operate the mill itself under a slight negative
pressure which will minimize dust emissions. Also, locating the mill in an
enclosure connected to an exhaust system will minimize dust emissions into
the workplace.

All size reduction equipment should be properly grounded and bonded,
and the drive motor should be specified in accordance with the appropriate
NEC electric area classification.

Good discussions of size reduction equipment hazards and protective
measures are presented by Bartknecht (1981) and Palmer (1973). A very useful
report on safety aspects of the milling of combustible solids is published by the
Expert Commission for Safety in the Swiss Chemical Industry (ESCIS, 1994).
In this report, combustible solids are divided into three safety classes for mill-
ing and recommendations for protective measures for each class are presented
(including drawings of milling systems and their safety features).

5.3.18 Solids Charging Systems

Charging of solids into a vessel is frequently done without a proper process
hazard review and without appreciation of potential hazardous results,
which often has lead to fires and explosions. The following two case histories
describe such accidents.

Case History of a Fire and Explosion Caused by Open-Manhole
Charging of a Reactor during Product Rework

A pharmaceutical powder had been stored in a warehouse in a fiber
drum with a plastic liner for a long period of time. The company received
an order for this product, and it was decided to rework it to remove any



342

Chapter 5 Equipment Hazards and Preventive/Protective Measures

impurities that might have contaminated the product while in storage. An
existing batch reactor was selected for this rework, and it was discovered
that it did not have a nitrogen line connected to it, so a work order was
written by the production supervisor to have this done over the week-
end. When the pipefitter arrived to do the connection for the nitrogen
line, there was no one there to give him any directions as to where the
connection was to be made. So he made a choice, which was unfortu-
nately the wrong place, and tied the nitrogen line into the reactor vent
line. When the reactor was started up on Monday morning, the operator
did not realize that the nitrogen line was hooked up to the vent line, and
started purging the reactor as per the SOPs. The nitrogen, did not go into
the reactor and purge it, but went out the vent line. Also, for some
unknown reason, the reactor had some residual alcohol vapors in it from
a previous run. Two operators brought the drum with the product up on
the operating level and tipped the drum up into the manhole and began
to empty the drum of the powder when a flash fire and explosion
occurred. The two operators on the platform, as well as a third operator,
were badly burned, and one of the walls in the building room was
knocked back about 6 inches from the explosion.

Ed. Note: This accident might have been avoided if:

1.

A management of change review had been conducted of the proposed
procedure, with the appropriate drawings and process safety infor-
mation available, before any work was done.

The engineer or production foreman had checked the new piping
arrangement before startup to see that the piping changes were prop-
erly made.

The operator had checked the reactor after the purging was done to
determine the oxygen concentration inside the reactor (the reactor
was not actually purged because the nitrogen went out the vent line).
The system had been modified to include a closed charging system
rather than charging through the open manhole.

Case History of a Fire and Explosion Caused by Open-Manhole

Charging of a Reactor during Varnish Manufacture

Drogaris (1993) presents the following case history of a reactor charging
accident.

During the addition of phthalic anhydride to a varnish kettle which con-
tained a mixture of soya-bean oil, glycerol, and caustic soda at 200°C, an
explosion occurred at the charging hatch (manhole). The operator was
blown back by the force and broke his arm as he fell to the ground. two
other operators standing nearby were not injured. The charging chute
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was also propelled upward and damaged the kettle agitator motor. The
contents of the vessel were unaffected. The rupture disk in the kettle
relief line did not rupture. The steel charging chute was not bonded to
the reactor because of the presence of a nonconducting gasket in
between them. Therefore, the most likely cause of the explosion was the
ignition of phthalic anhydride dust by a static discharge from the
unbonded chute.

Since this accident, the company has required that all equipment used to
transfer phthalic anhydride powder is bonded and grounded and has
amended the operating procedures to ensure that the dangers associated
with phthalic anhydride are highlighted.

Ed. Note: The following additional safety measures would have prevented
this accident from occurring: (1) the charging should have been done
through a closed charging system, and (2) the kettle should have been
inerted before and during the charging of the phthalic anhydride.

These two accident case histories point out the great danger from open-
manhole charging, and to avoid such incidents, many companies are now
using closed charging systems.

If it is decided to still use open-manhole charging, the following proce-
dures are recommended if the powder has a MIE of 10 m] or less, the powder
is wet with solvents, or when charging to a vessel containing a flammable
solvent (Pilkington, 2002):

1. Perform a formal hazard/safety review on the charging step.

2. If the vessel previously contained flammable liquids as part of other
stages of the process or for cleaning, check to ensure that the atmo-
sphere in the vessel is non-flammable prior to charging the solids.
Nonflammable is defined as having a vapor concentration <25% of the
LFL. Solvent vapors layer readily, so it is important to check for
vapors at all levels in the vessel.

3. Before solids are introduced into the vessel, perform inert gas purging
to achieve the desired oxygen level below the LOC in the vessel (see
Section 6.5.2 for discussion of the various inert gas purging
techniques).

4. Charging solids introduces air into the vessel and causes the oxygen
concentration to increase in the vessel. A continuous inert gas (usually
nitrogen) purge is necessary during the entire charging operation to
minimize the increase in oxygen concentration. The necessary inert
gas flow rate should be quantified based on tests and set at a consis-
tent flow rate for the continuous purge.

5. Where oxygen concentrations are not continuously monitored with
in-line oxygen analyzers, and multiple drums or bags are charged,
tests should be conducted to establish when to stop charging and
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repurge the vessel. This can be determined by charging with different
number of drums or bags and measuring the oxygen level in the
vessel.

6. Ventilation at the manhole should be considered, not only to minimize
the employee exposure during charging, but also to maintain the
flammable atmosphere below the LFL around the manhole. Be aware
that ventilation systems can affect the inert gas blanket in the vessel by
inducing air flow around the manhole. If ventilation is added to an
existing process, the inert gas purge rate should be revalidated.

7. When charging solids to an empty vessel, keep vents closed during the
charging operation, especially when the vent lines lead to a vent
header system (i.e., scrubber or baghouse), as a mechanical vent
system can quickly suck an inert gas blanket out of a vessel and intro-
duce air in its place. Any blowback out of a vessel can be handled with
local exhaust ventilation and respirators.

8. When charging solids into a flammable liquid, the vessel vent may
need to be open or partially open to help eliminate vapor emissions
out of the manhole. However, with this option, it will be necessary to
conduct tests to determine the optimum balance for the vent to both
lower the vapor emissions and maintain the oxygen level below the
LOC.

9. In systems where solids are added to a vessel containing a flammable
liquid, consider cooling the solvent to at least 5°C below its flash point
as an additional precaution.

10. Avoid preheating of vessels containing solids prior to the introduc-
tion of the solvent or other flammable liquids.

11. Assure that all equipment is properly bonded and grounded, and pro-
visions for grounding should also include operators. Operators
should not shake plastic bags into the vessel to empty residual
powder. Shaking of bags and plastic liners can have a significant
impact on the development of static charges and may be hazardous.

12. Plastic drum liners should be of the antistatic type as they can be an
ignition source when charging solids in flammable atmospheres.

13. Ensure that operators are educated in the special hazards of solids
charging operations.

Holbrow and Tyldesley (2003) discuss and describe a device for installa-
tion at the inlet of a charge chute for open-manhole charging that prevents or
minimizes explosion propagation (flame emission) from a reactor or mixing
vessel (see Figure 5-2). This device was developed and tested by the HSE, but
has not been patented by them.

Coal dust, anthraquinone dust, and milk powder were used as test
dusts. The following vent areas (charge chute openings) were used:
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Figure 5-2 Propagation prevention device for charge chutes.

1. For coal dust: 0.13 and 0.26 m?
2. For anthraquinone dust: 0.26 and 0.6 m?
3. For milk powder: 0.13 m?

In the tests with the coal dust and milk powder the device eliminated
flame emission from the chute. However, for the anthraquinone tests, there
was not complete flame elimination, but the emitted flame lengths were
reduced by 75%.

It is possible that electrostatic charges may exist on the solids as they are
fed into the hopper above the charging system devices, or they may become
charged flowing from the hopper into the charging devices. Therefore,
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charging systems should be properly grounded and bonded to remove these
charges. It is also possible to plug the charging system piping if wet vapors
from the reactor or slurry mixing vessels diffuse into the piping, causing the
solids to become sticky and “plaster” on the piping walls, and blocking off
the piping flow area. It is common practice to provide wash connections on
the piping walls to flush out any wet solids that accumulate on the piping
walls, and also to have air or nitrogen connected to the piping to dry out the
piping after washing.

5.3.19 Tableting Systems

Fires and explosions do not usually occur in tableting presses, but dust is cre-
ated by the “punching” operation and if not controlled could accumulate in
the working area around the presses, and be ignited if an ignition source was
there. Therefore, tableting presses usually have local exhaust ventilation that
removes the dust as it is formed.

Tablet presses for toxic solids (e.g., potent drugs) require special con-
tainment features, such as follows (Wood, 2001):

1. Air-pressurized neoprene channel gasket around each access door, for
positive sealing while closed.

2. Internal exhaust slots, engineered for efficient pickup at major dust
generation points within the compression chamber.

3. Internal compression chamber kept at negative pressurization.

4. Glove ports located and installed in the access doors of the compres-
sion chamber, with closures and safety switches for automatic carou-
sel lockout in the event any of the closures were opened.

5.3.20 Valves for Solids

Fires and explosions do not usually occur in valves for solids, but emissions
can be a problem. It is, therefore, important that the valve seals are properly
installed and maintained so that the valves remain dust-tight.

Some valves such as slide valves can become jammed if solids accumu-
late in the “tracks.” To avoid this, connections for air purging can be pro-
vided and a continuous small air flow can be applied to “sweep out” any
solids accumulations.

Bonding and grounding of valve parts, especially the moving part, is
necessary to avoid sparks from ungrounded conductors. Jaeger (1997) rec-
ommends that conductive parts of valves and flanges be bonded and
grounded in all cases if their size is equal to or larger than a nominal diame-
ter of 100 mm (4 inches).
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Britton (1999) reports that due to ball valve electrification sparking can
occur from valve handles insulated by the packing; special ball valves have
been designed which provide a resistance less than 10 ohms between the
ball, spindle, and outer housing. He also recommends that if electrical conti-
nuity with the valve body is not found with the handle in all possible posi-
tions, the handle should be separately bonded.

Because valves for solids usually encounter more severe erosive condi-
tions than valves for liquids or gases, it is very important that they are on a
preventative maintenance program to ensure their mechanical integrity.

For a discussion of rotary valve hazards, see Section 5.3.6

5.3.21 Weighing Systems

Properly designed weighing systems are usually not prone to fires and
explosions. Equipment located on load cells must be connected to other
equipment by flexible connections. These flexible connections should be of
the conducting type (i.e., metal); if they are made of non-conducting material
(plastic) they should be provided with a grounding strap, or the equipment
on the load cell should be grounded and bonded.

Load cells have to be installed with due regard to mechanical safety. If
tension and shear cells are to be used, the installation must take account of
the possibility of cells mechanically failing (e.g., shearing of support mem-
bers), and a means of limiting the fall of the equipment on the cells should be
provided. When vessels are mounted outdoors on load cells, there is the
potential for lifting due to wind, and the vessel should be restrained with
loose tie bolts.

Shock forces applied to a load cell, either during installation or in opera-
tion, can cause considerable damage. Therefore, a means should be provided
whereby the load may be lowered onto the cell in a controlled way. In situa-
tions where shock forces are likely, some means of shock absorption (the use
of rubber bridge mounts in conjunction with movement stops) should be
installed.

Electronic load cells systems may have to be shielded from stray currents
to ensure accuracy. They must also have the proper NEC electrical area
classification.

If a weighing system is located in an area where corrosion may be a
problem, it should be provided with a corrosion-resistant coating. If a
weighing system is located below grade, as for railroad car weighing, the
scale pit should have drains so that water does not accumulate and either
cause a short-circuit or create a corrosion problem. Low spots can also be
the location for accumulation of heavy gases and vapors which may be
ignited.



348 Chapter 5 Equipment Hazards and Preventive/Protective Measures

5.4 LOADING AND UNLOADING OF RAILCARS AND
HOPPER TRUCKS
5.4.1 Types of Railcars and Hopper Trucks

There are usually no major hazards associated with railcars or hoppers
trucks themselves. However, there are hazards associated with loading and
unloading them, which are discussed below.

5.4.2 Railcar and Hopper Truck Loading
Explosions have occurred during railcar or hopper truck loading. A case his-

tory of one such incident is presented below.

Case History of a Dust Explosion (Flash Fire) during Loading of a
Railcar with Polyvinyl Alcohol (PVA) Powder

Herrmann (2002) reports the following incident that occurred during the
loading of a railcar with PVA powder.

A flash fire occurred while loading PVA product into a hopper railcar.
Prior to the accident, more than 18,000 hopper railcars had been loaded
without incident.

PVA was conveyed to a bag filter located above the railcar using nitrogen
conveying. The PVA was separated from the nitrogen, and fed to distribu-
tion slides to distribute the PVA to the four railcar compartments. The dis-
tribution slides were connected to the railcar by a flexible hose (12-inch
diameter and 4 feet long). A small vent hose (4-inch diameter and 12 feet
long) was connected to a second opening in each railcar compartment to
direct the air displaced by loading the compartment back to the bag filter
for dust containment. All four compartments of the railcar fill at the same
time. The railcar compartments were empty, but did contain atmo-
spheric air. The railcar was electrically grounded. When the first amount
of PVA was introduced into the railcar, a fireball erupted from one com-
partment of the railcar. The resulting fireball filled the top of the loading
building (100 ft x 50 ft). The fireball lasted only a few seconds and quickly
subsided. The top edge of the railcar was slightly deformed, indicating
about 1 psia pressure developed inside the railcar.

During the investigation of the incident, it was verified that there was no
other flammable material in the railcar or unloading system. The flexible
hoses were analyzed and it was determined that they could not hold
enough electrical charge to initiate a spark. The spiral reinforcing wire of
the flexible hose was grounded and could not have been an ignition
source. The steel railcar had an internal spray-on liner to protect the PVA
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from contamination. This liner was tested and found to withstand greater
than 10 kV before break-through to the conductive railcar wall. As an
insulating material with a large surface areas, the liner can lead to propa-
gating brush discharges having discharge energies of several hundred mJ.

It was postulated that static charges developed during the emptying of the
loading bag filter due to the PVA resin flowing through the loading equip-
ment and into the railcar. The PVA became charged when dropping into
the railcar allowing a charge to develop on the railcar liner. Once a
charge developed on the liner, an equivalent charge was held on the
steel wall of the railcar, producing a very large capacitor. The charge
found a pinhole or thin spot in the liner and discharged, producing a sig-
nificant spark. This is the mechanism for “propagating brush discharges.”
These type discharges are known to have adequate energy for ignition of
PVA dust in the presence of air.

To prevent occurrence of such an incident, the railcar loading procedure
was revised to include purging the empty railcar compartments with
nitrogen and testing to ensure that oxygen was below 6 volume % before

introducing PVA into the railcar.

Ed. Note: An additional safety measure would be to specify liners for the
railcar having a breakdown voltage of <4 kV, or use antistatic liners.
Ebadat (1999) also presents a case history of this incident.
A number of measures can be taken to prevent explosions and other acci-
dents from occurring during railcar and hopper truck loading, such as:

1.

2.

Properly bond and ground the loading spout, pneumatic and mechan-
ical conveying equipment and piping, and the railcar or hopper truck.
Do not use coatings on the inside of railcars or hopper trucks unless
they are antistatic or have an electrical breakdown voltage of <4 kV.
Apply brakes to railcars or install chocks under the wheels of hopper
trucks so that they cannot move while loading is being done.

Install interlocks so that a hopper truck cannot be started up and
driven off unless the loading equipment has been disconnected.

If internal components of loading spouts are made of non- conducting
materials consideration should be given to having the railcars or hopper
trucks purged with an inert gas (usually nitrogen) until the oxygen con-
centration inside the vehicle is below the LOC of the solids and an inert
gas blanket maintained in the vehicle during the whole loading time.

If hoses are used for loading of railcars or hopper trucks, use conduc-
tive hoses (preferably flexible metal ones), or static-dissipative ones.
All hoses should be properly bonded and grounded. It should be rec-
ognized that nonconductive hoses incorporating an internal bonding
spiral may become a hazard because if the spiral breaks, internal and
possibly external spark gaps may be created.
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7. If particulate solids contain flammable liquids (hybrid mixtures), inert
the railcar or hopper truck before beginning filling.

Some particulate solids may be hygroscopic and prone to “caking,”
which could result in difficulty in unloading them when they arrive at their
final destination. Therefore, before the railcar or hopper truck is loaded, con-
sideration should be given to inerting them, using an inert gas with a low
dewpoint, to minimize ingress of any moisture.

5.4.3 Railcar and Hopper Truck Unloading

Explosions have also occurred during railcar and hopper truck unloading. A
case history is presented below which illustrates the hazards of unloading a
hopper truck.

Case History of an Explosion That Occurred during Unloading
Atomized Aluminum Powder from a Hopper Truck

Pratt (1997) presents the following case history of an accident that
occurred during unloading a hopper truck.

An explosion occurred when a bulk transport truck (hopper truck) was
offloading a consignment of atomized aluminum powder during a one-
of-a-kind operation where the operators made up the unloading proce-
dure as they went along.

In normal operations, the truck had always been offloaded into a atmo-
sphere of nitrogen in a closed railcar. The exhaust from the diesel engine
of the truck was the pneumatic transport fluid so that the rate of
offloading created a concentration of aluminum powder which far
exceeded the minimum concentration for a dust explosion. But since the
exhaust was oxygen depleted, the atmosphere in the hopper truck had
always been inert and there had been no problems.

In this instance, an order was cancelled and the consignment of powder
was sent back to the plant for offloading and reclassifying, an operation
that had never been previously performed. The plan was to pneumati-
cally move the powder from the truck to the entrance of the plant pneu-
matic transport system which was some distance away from where the
truck could be parked. The 3-inch hoses on the truck could not reach the
entrance so an additional hose, of similar construction but of larger diam-
eter, was placed into service. The flexible hoses had metal fittings on each
end and were made of rubber with a spiral of heavy wire within the
rubber running between the flanges. In this manner, an electrical con-
nection was maintained with the truck, which in this case was properly
grounded. However, the flanges on the two different size hoses could not
be connected.
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The operators devised a connection anyway by inserting the small hose
into the larger one and stuffing rags between them to seal the opening.
Thus, the last section of added hose was not grounded. The end of the
larger, ungrounded hose, was loosely placed into the entrance of the
plant pneumatic transport system where the end could move about and
bang on the wall of the grounded process equipment.

As if the ungrounded hose were not enough, the operators added another
element to the scenario. They recognized that the pneumatic transport
system of the truck may not have been powerful enough to adequately
move the product through the larger section of added hose. They therefore
inserted a ¥s-inch high-pressure plant air hose into the opening between
the couplings to “help things along.” In so doing, they defeated the inert
characteristic of the pneumatic transport fluid (diesel engine exhaust gas).

In normal operation, the pneumatic transport system in the plant was
operated in dilute phase mode well below the minimum concentration
for ignition of the aluminum dust. The plant system was therefore oper-
ated with air as the transport fluid. Air was pulled into the plant system at
its entrance where the truck hose had been inserted. The two pneumatic
systems were therefore mismatched since the density of the aluminum
powder being delivered by the transport medium of the truck was much
greater than that of normal operations in the plant, that is, an explosible
dust-air mixture was inserted into the plant system.

The offloading operation was started, and within a few minutes an alumi-
num dust explosion occurred, which propagated throughout the plant.
Because of the conditions, an electrostatic scenario for the ignition of the
aluminum dust was considered. Calculations by Dr. Pratt for the streaming
current, capacitance of the hose, and its resistance to ground showed that
an electrostatic discharge was a very credible scenario for the incident.

Ed. Note: to prevent such incidents from reoccurring, avoid using two differ-
ent size hoses, improperly connected together, which could cause any sec-
tion of hose to be not properly grounded.

Some general measures that can be taken to prevent explosions or other
accidents during railcar or hopper truck unloading are as follows:

1. Properly bond and ground the railcar or hopper truck, the unloading
equipment and piping.

2. Apply brakes to railcars or install chocks under the wheels of hopper
trucks so that they cannot move while unloading is being done.

3. Install interlocks so that a hopper truck cannot be started up and
driven off unless the unloading equipment has been disconnected.

For railcars or hopper trucks that are unloaded using air or inert gas
pressurization, care must be taken to ensure that the air or gas pressure is
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controlled to below the maximum allowable working pressure (MAWP) of
the railcar or hopper truck to avoid rupturing it. This can easily be done by
providing a safety valve in the pressurizing air or gas line after the pressure
reducing valve, set to relieve at below the MAWP of the railcar or hopper
truck. This will protect the railcar or hopper truck should the diaphragm in
the pressure reducing valve fails open.

TABLE 5-4

Desirable Features and Conditions for Unloading Railcars and Hopper
Trucks (Source: Kraus, 1991)

Required Operations

Features and Conditions

Car and trailer
unloading station

Connections to cars
and trailers

Access to loading
hatches

. Should be in level area, protected from the weather when

possible.

. Spots should be well marked to center the discharge spouts.

Use fluorescent paint when spotting is done at night.

. Street or sidewalk hatch covers should be watertight and

lightweight for handling by one man. Covers should be locked
when in unprotected areas.

. Steel blocks should be provided for chocking wheels.
. Provide warning blinker lights or reflector stanchions to

prevent collision by another vehicle.

. Provide floodlights, where required, for night operations. Aim

lights at the top of the car and at car outlet connections.

. Connections should be designed to eliminate the need for men

working beneath the vehicle and in cramped spaces.

. Attachments should be lightweight for handling by one man

and should require a minimum of tools for connection to the
discharge spout.

. Hose connections should be snap-on or toggle clamp type with

soft-rubber gaskets.

. Clear distance between discharge hopper of a loaded transport

and road or track should be ample for insertion of unloading
devices or attachments.

. Transport discharge spouts should be equipped with easily

operated gates above the covers so as to minimize powder
spillage when making up connections.

. Discharge connections should be flexible enough to

compensate for the rise of the car on its springs as unloading
progresses.

. Tops of transports should have grab bars at access ladders to

assist operator in swinging onto vehicle.

. Hatch covers on transports should be easily opened without

the use of tools and should be fitted with watertight gaskets.

. Platforms should have non-slip safety treads.
. Top of transport should clear building canopies or cornices and

yet permit passage of operator from one end of transport to the
other.
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Required Operations Features and Conditions

Vent filters 1. Vent filters should be lightweight for handling by one man and
accessible from top of transport without hoisting.
2. Filter should be easily attached to a loading hatch using the
same clamping device used to secure the hatch cover.
3. Filters should be designed so that they may be cleaned after
unloading, but before detaching so that dust is shaken down
into the transport rather than onto plant grounds.

Flow inducers 1. Transport should preferably empty itself without the use of
external flow inducers or poking of material by operator
through hatch covers.

2. Vibrators, where required, should be lightweight and easily
fastened to one point on the transport most conducive to
emptying. There should be no need to shift the vibrator from
point to point.

3. Vibrators should cease operation whenever the discharge spout
is blocked with material.

4. Vibrators should be operated by air or low voltage electricity.
Portable cables and hoses should be attached to retracting reels
for safety.

5. Vibrators should be noiseless, if possible, to eliminate
neighborhood complaints, especially during night operations.

6. Vibrators should be sized with due regard to the detrimental
effects of excessive vibration on the car structure.

Transport internals 1. Transport interiors shall preferably be free of structural
and clean-out members and protuberances that may cause hangup of
material.

2. Interior of transport should be coated with a releasing agent or
plastic which will prevent adhesion of material to slope sheets.

3. All corners, valleys, and knuckle points should have
largeradius curves to prevent retention of material at these
points. Slope sheets should have a minimum angle of 45
degrees to the horizontal, but a slope of at least 60 degrees is
preferred for self-unloading cars.

4. Aerating pads, blocks, troughs, or other aerating devices
should retain a minimum of residue after transport is emptied.

5. Interior stiffeners, where required, should be designed to shed
material and prevent hangup.

In addition, a number of other desirable features and conditions relevant
to hazards reduction for unloading railcars and hopper trucks are presented
in Table 5-4 (Kraus, 1991).

5.5 INSTRUMENTATION

This section discusses hazards and their preventive/protective measures for
various types of instruments used in solids handling operations.
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5.5.1 Flow Instruments

Fires and explosions rarely occur in flow measuring devices. However, it is
good practice to ground and bond particulate solids flowmeters. Also, all
electrical components should be in accordance with the appropriate NEC
electrical area classification.

5.5.2 Level Instruments

Several common types of level indicators (in-vessel types) used in silos and
hoppers represent electrostatic discharge hazards. This hazard can be
caused by the exposed metal structure of probes, slide wires, cables, etc.
mounted inside the vessels. Even if the wire is less than s-inch (3 mm) in
diameter, there is always the chance that conducting components will
become ungrounded due to corrosion, mechanical damage, or negligence on
the part of operating personnel. For example, there is the potential for igni-
tion from an electric arc from bare wires (see the first case history in Section
5.3.15) and a deflagration can be caused by an ungrounded capacitance
probe (Britton and Kirby, 1989). Also the wrong selection of electrical equip-
ment (e.g.,, NEMA types) can be the cause of a fire or explosion.

Level instrumentation components inserted inside of equipment can act
as sites for charge accumulation and discharge, especially for equipment
with nonconducting walls and highly conductive solids.

Jones and King (1991) recommend that it is best to avoid these types of
indicators in new designs and instead to specify non-protruding systems
such as load cells, ultrasonic sensors, etc.

In cases of existing vessels where retrofitting is impossible, then the con-
tinuity of all bonds and the adequacy of all grounds must be assured with a
rigorously enforced safety maintenance program.

Fill level indicators of the suspended-weight type should never be oper-
ated during filling or emptying of silos and hoppers because the cable can
cause cone discharges (also called bulking brush or “Maurer” type dis-
charges). The weight should be made of solid, insulating plastic (never metal
coated with plastic) and it should be suspended on a cable no larger than -
inch (3 mm) in diameter (Jones and King, 1991).

5.5.3 Pressure Instruments

In particulate solids systems pressure instruments must be modified to pre-
vent solids from plugging them up. Therefore, for pressure gauges, a con-
ventional Bourdon-tube construction is not suitable, and a pressure gauge
with a diaphragm seal should be used. Also, differential pressure systems
for pressure drop measurement should also have diaphragm seals, or the
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pressure taps should be purged with air or nitrogen to prevent plugging the
impulse lines.

5.5.4 Temperature Instruments

Thermocouples should be installed in thermowells to protect them against
turbulence-induced vibrations which, otherwise, could cause mechanical
failure of the thin wires. Thermowells should also be protected from erosion
by solids by a baffle or wear-plate arrangement.
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DESIGNING AND INSTALLING
SYSTEMS TO PREVENT AND
CONTROL COMBUSTION,
EXPLOSIONS, UNCONTROLLED
REACTIONS, AND RELEASE OF
TOXIC PARTICULATE SOLIDS

6.1 INTRODUCTION

This chapter discusses various techniques for designing and installing sys-
tems and equipment for the prevention, control, and mitigation of combus-
tion hazards, explosions, uncontrolled reactions, and release of toxic
particulate solids. The chapter starts off with a discussion of the causes of
fires and explosions, followed by a review of ignition sources (description,
control, and removal); electrical equipment hazards and area classification;
deflagration prevention methods; deflagration protection methods; siting of
equipment and buildings to minimize damage from fires and explosions;
blast resistant (damage limiting) construction of buildings; protection of
equipment and buildings by water sprinkler/deluge systems; protection of
equipment and buildings by foam and other special suppression systems;
containment for control of releases of toxic particulate solids; and identifica-
tion of system-wide design, protection, and prevention requirements.

6.2 CAUSES OF FIRE AND DEFLAGRATION

This section discusses the causes of fires and explosions, including the con-
cept of the “fire triangle” and various types of ignition sources.

361
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6.2.1 The Fire Triangle

Fire (or flame propagation) is a combustion phenomenon, and is defined as
the rapid, exothermic oxidation of a fuel. The fuel may be in liquid, vapor/
gas, mist, or solid form (dust).

Normally, for flame propagation to occur, three conditions must be met,
as follows:

1. The fuel must be within certain concentration limits.

2. An oxidant (usually the oxygen in air) must be above a certain mini-
mum concentration, called the limiting oxidant concentration (LOC).
It should be noted that chemicals other than oxygen are oxidants (e.g.,
chlorine, fluorine, oxides of nitrogen, peroxides, etc.).

3. An ignition source of sufficient temperature, energy, and duration.

All three conditions, as shown on the so-called “fire triangle” (Figure 6-1)
must be present for a fire to initiate and propagate. If one or more of the con-
ditions are not met, then a fire cannot happen. It is possible to prevent a fire
by changing one or more of the conditions (this will be discussed later on in
this chapter). However, it should be recognized that some materials can vio-
lently decompose in the absence of an oxidant. For example, some metal
powders can react with nitrogen to produce flames. Medard (1989) presents
a thorough discussion of solid combustion supporters (oxidants), such as
metal oxides and salts of oxygen-containing acids (e.g., nitrates, chlorates,
and perchlorates).

Fuel

Vapour/gas

Mist/froth

Dust of combustible solid

Within
limits

Ignition source Oxygen

Flames Alr

Sparks (of sufficient energy) _ Oxidizing agent

Self heating etc. including e.g. chlorine

Figure 6-1 The fire triangle.
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6.2.2 Types of Ignition Sources

A wide variety of ignition sources could be present during particulate solids
processing, such as the following:

* Flames (e.g., flares, fired heaters, accidental fires)

* Hot work (e.g., cutting, welding, hot tapping)

* Hot surfaces (e.g., vessels, piping, motors)

* Hot particles (e.g., product from dryers, hot ash)

* Friction and impact (e.g., metal-to-metal contact, jamming of particu-
late solids, rubbing of conveyor belt on rollers)

* Chemical reactions (e.g., catalysis, reaction with powerful oxidants,
reactions of metals with halocarbons, thermite reactions, thermally
unstable materials, pyrophoric materials)

* Physical sources (e.g., adsorption heat)

* Hot vented combustion products

e Spontaneous combustion (autoignition or self-heating)

e Static sparks

* Electrical equipment (e.g., arcing across spark gaps)

* Lightning

* Projectiles (e.g., metal fragments from a vessel explosion)

These are briefly discussed below in Section 6.3.

6.3 IGNITION SOURCES: DESCRIPTION, CONTROL, AND
REMOVAL

6.3.1 Electrostatic Hazards and Their Control

Electrostatic hazards are ubiquitous in the storage, handling, and processing
of particulate solids. Among the plant operations where electrostatic charges
are generated are mixing, grinding or milling, sieving, pouring, pneumatic
conveying, etc.

Electrostatic charges are generated on solids as they are transported due
to rubbing of particles against particles or particles against equipment and
piping internal surfaces. Individual particles can become charged independ-
ently of whether they are of a conductive or insulating nature. Parts of pro-
cess equipment and piping which come in contact with charged solids, then
also become charged. An electrostatic charge by itself does not necessarily
represent an ignition hazard. Such a hazard exists only when the charge is so
high that an energetic discharge occurs due to the breakdown of a high volt-
age electric field.

Chapter 5 describes electrostatic hazards related to specific unit opera-
tions and types of equipment.
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Itis important to recognize that the MIE of a dust cloud, and thus its sen-
sitivity to ignition by electrostatic discharge can be significantly altered by a
change in particle size, composition, and moisture content of the solids.
Therefore, it is important to remeasure the MIE of a powder if a process
change has resulted in a change of these properties. Particle sizes can also
change in various parts of a process due to handling, which in turn can affect
the MIE. The MIE decreases with a decrease in particle size and a decrease in
moisture content. Therefore, when evaluating electrostatic discharge haz-
ards, tests should be conducted to establish the particle size and moisture
content that will result in the lowest MIE (highest hazard) consistent with
product specification requirements. Small amounts of flammable vapors
and/or gases mixed with solids (hybrid mixtures) can significantly reduce
the MIE.

This section discusses types of electrostatic charges, bonding and
grounding, humidity control, ionization and other control methods, and lin-
ings and coatings hazards.

6.3.1.1 Types of Electrostatic Discharges

Electrostatic discharges are separated into different types by the character of
their ionization of air when electrostatic energy is released. The following
types of electrostatic discharges can occur in the storage, handling, and pro-
cessing of particulate solids:

* Corona discharges

* Brush discharges

* Bulking brush (cone) discharges

* Propagating brush (Lichtenberg) discharges
* Spark (capacitor) discharges

These are briefly discussed below.

CORONA DISCHARGES

The corona discharge can be considered as a special case of a brush dis-
charge. If the radius of curvature of a grounded electrode introduced into a
high electric field is small (less than about 1 mm), the field will be disturbed
only in the immediate vicinity of the electrode tip. A corona discharge may
be accompanied by a hissing noise that increases with current and is accom-
panied by a faint luminosity. Corona discharges do not usually pose an igni-
tion hazard when handling particulate solids.

BRUSH DISCHARGES

Brush discharges can occur when a conductive, grounded, and curved object
(electrode) with a radius of curvature typically in the range of 5 to 50 mm, is
exposed to a high electric field, for example, emanating from a highly
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charged nonconductive material. It takes the form of short spark-like dis-
charges from discrete areas of the surface of the non-conductor. The total dis-
charge has a brush-like appearance, hence the name.

For a brush discharge to occur, it is immaterial how the high electrical
field is generated. The following are examples of how a brush discharge can
occur in solids handling operations:

* approach of a conductive electrode such as a tool or human finger tip
to a highly charged insulator surface (e.g., plastic pipe or chutes for
the conveyance of powder, plastic bag, plastic drum, filter bag, film
web, or conveyor belt).

* emptying of solids out of a plastic bag in the vicinity of metal fittings
(e.g., above the manhole of a reactor).

* projection of conductive, grounded internal fittings into a highly
charged dust cloud.

* addition of insulating, powdered materials to drums, vessels, or silos,
approach of a highly charged dust heap to internal fittings.

Brush discharges can be avoided by eliminating high electric fields
through use of conductive materials and grounding them, limiting the sur-
face of nonconductive objects or use of shielding measures Glor (1988) states
that no ignition of a dust cloud clearly caused by a brush discharge has yet
been reported, and Britton (1999) states that brush discharges from isolated
nonconductors such as plastic sheet or powder beds are only a hazard in the
presence of a flammable gas. Recent experiments by Larsen et al. (2201) have
shown that even in an oxygen-enriched atmosphere it was not possible to
ignite sulfur dust clouds by brush discharges.

BULKING BRUSH DISCHARGES

A bulking brush discharge is a large discharge resulting when a dispersed,
charged powder “bulks” when settling in a container, causing a very large
increase in its volumetric charge density. It is the type of discharge observed
on the cone of a bulked heap of powder; thus it is often called cone or conical
pile discharge. Surface flashes up to several feet long are observed in large
containers (silos) being filled with powder having a resistivity above 10
ohm-meter (©2-m), both during, and occasionally for a short time after, the
transfer of powder into the vessel. The discharges originate at the vessel wall
and propagate across the bed surface. For axial powder feed the discharges
appear between the edge of the powder cone and the surrounding walls,
while for off-axis powder feed, the discharges appear on the side opposite
the powder cone. An accompanying cracking sound has been heard from the
top of the silo over the noise of the powder transfer. Bulking brush dis-
charges have an apparent maximum effective energy of 10-20 mJ (with
respect to dust ignition), and are believed to be responsible for dust explo-
sions in grounded silos (Britton. 1999).
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Recent research results (Glor and Schwenzfeuer 1997) indicate that the
maximum energy released in bulking brush (cone) discharges depends on
the silo diameter and the median particle size of the products forming the
powder heap. For silos with diameters in the range of 0.5 m to 3.0 m and
powders with a median range of 0.1 mm to 3.0 mm, they state that the energy
released in cone discharges can be estimated using the following formula:

W = 5.22(D)33(d)1-462 [6-1]

where W is the upper limit of energy of the cone discharge in mJ, D is the
diameter of the grounded conductive silo in m, and d is the median of the
particle size distribution of the powder forming the cone in mm.

There can be large differences between the actual energy observed in
practice for bulking brush discharges (10-20 mJ) and the value calculated by
Equation 6-1. For example, if a silo diameter is 3.0 m and the particle diame-
ter is 3.0 mm, then the value of the maximum bulking brush discharge
energy calculated by Equation 6-1 is 1043 m)].

As can be seen from Equation 6-1, cone discharges formed from coarse
powder are of much higher energy than those from fine powder. A most
important conclusion from the research by Glor and Schwenzfeuer is the fact
that cone discharges do not only occur with highly insulating granules, but
also with rather fine highly insulating powders.

Britton (1999) makes a number of points regarding the effective energy
of bulking brush discharges with respect to dust ignition. Among the many
observations are (see book page citations at end of each entry):

1. A rough estimate of the maximum effective energy of a positive brush
discharge is of the order 10 m]J. This value agrees with the “spark”
MIEs of gas mixtures that have been ignited by large brush dis-
charges. However, here have been no reports of dust ignition by brush
discharges in air, even those dusts having very small “spark” MIEs. It
appears that the efficiency of dust cloud ignition by brush discharges
is only of the order 10% relative to gas mixtures having the same spark
ignition energies, presumably caused by disparities in power density
and duration of the different types of discharge. Similarly, a typical
bulking brush discharge has an estimated effective energy of 100-200
mJ. Assuming the same 10% attenuation factor, a “typical” value of
10-20 m] is indicated for the effective energy of bulking brush dis-
charges where dust ignition is involved. However, flammable gas
mixtures in silos should be at risk of ignition over most of the flamma-
ble range. These predictions are consistent with industrial experience
(pp- 19-20).

2. Owing to the variety of methods used to measure dust ignition ener-
gies, it might be assumed for practical purposes that typical bulking
brush discharges have effective dust ignition less than that of
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lycopodium clavatum dust, whose spark MIE is approximately 20 m]
with a typical reported range of 10-30 m] (pp. 32 and 63).

3. Experimental test data have been published which suggest that bulk-
ing brush discharges have effective energies of 1000 mJ or more with
respect to dust ignition. These tests involved collecting the charge
from bulking brush discharges and channeling the energy as sparks
inside a “Hartmann” dust ignition tube. As noted above, sparks are
far more effective dust ignition sources than “nonspark” discharges of
the same overall energy, so the technique is invalid and the results are
flawed (p. 34).

4. In addition to various factors (mass loading, velocity, etc.) influencing
the appearance of bulking brush discharges, the probability of dust
cloud ignition is likely to depend on charging polarity. The ignition
location is predicted to be close to the container wall at the bed sur-
face. If the fine particles are charged oppositely from that of the bed,
the latter will quickly precipitate them from suspension. There is a
tendency for fine particles to charge negatively with respect to coarse
particles predominating in the settled bed, hence the ignition proba-
bility might be greater under conditions where both the bed and the
suspension are predominately charged negatively. It has been shown,
for example, that polyethylene normally charges in bipolar mode with
the bed predominately positive and the dust suspension negative.
However, under high humidity conditions both bed and suspension
become predominately negatively charged (pp. 34-35). Although the
literature states that a combination of coarse particles (yielding a high
frequency of bulking brushes) plus fine particles (with low MIE) is the
worst possible combination, if bipolar charging occurs, the fine parti-
cles may tend to neutralize the bed via electrostatic attraction (pp. 35
and 194).

It should be pointed out that there is a difference of opinion among vari-
ous experts about the maximum energy achieved in a bulking brush dis-
charge. The latest draft of the new European Guide on Static Electricity states
that bulking brush discharges could have the potential to ignite dust clouds
with MIEs as high as 100 m] or higher (Nelson 2003).

* Glor (1988) states that the following conditions favor the occurrence of
conical pile discharges:

* Powder of high charge-to-mass ratio as observed in pneumatic trans-
fer at high velocities.

* High filling rates: for granules with a diameter of several millimeters,
a filling rate >2000 to 5000 kg/hr (4410 to 11,000 Ib/hr) and for particles
with a diameter approximately 0.8 mm, a filling rate >25,000 to 30,000
kg/hr (55,100 to 66,100 Ib/hr).
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Britton (1999) states that bulking brush discharges cannot always be
eliminated in practical equipment above about 1 meter diameter where non-
conductive powders are transferred, although flow rate reduction may be
effective for the more conductive powders in the range of 10'° to 10" ohm-
meter. Also, the use of active neutralizers has been proposed for relatively
small silos. To minimize the probability of ignition, the first consideration
should be whether the MIE of the powder being handled can be increased to
greater than 20 m]J, such as by minimizing the sub-200 mesh fines concentra-
tion, and selecting additives (where product specifications allow this)
having an MIE of at least that of the sub-200 mesh product fines, particularly
for containers that might accumulate additives. Where such methods are
impractical, inerting is sometimes used, especially if powder properties
make deflagration venting and suppression undesirable alternatives.
Inerting is often considered where the powder MIE falls below the 3-10 m]
range, according to the MIE test method used.

Maurer (1979), Maurer et al. (1989) and Glor and Schwenzfeuer (1997)
discuss the hazards of cone discharges in silos.

PROPAGATING BRUSH (LICHTENBERG) DISCHARGES

A propagating brush discharge (PBD) is a discharge along the surface of a
thin dielectric (insulating) layer, very highly charged on both sides with
charges of opposite polarity. The dielectric layer may be in the form of a sep-
arate sheet (film) or a coating on a metal surface. Often the sheet is backed by
a conductor, but the essential point is that the sheet is polarized and in the
same state as the dielectric of a charged capacitor. If a conductor approaches
the nonconductor surface, the resultant electrostatic field promotes ioniza-
tion across the large area of the surface. A discharge can then take place in
which the charge from an extensive area of the nonconductor flows to the ini-
tial discharge point through the ionized gas adjacent to the surface. The
result is an intensive and highly energetic spark-like discharge (as high as
100-1000 mJ) which can be very dangerous (Britton, 1999).

Britton (1999) states that the principle criteria under wh