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PREFACE

Because of the pervasive nature of environmental problems, the overlap and
interrelationship between the chemical and environmental engineering disciplines
have become unavoidable. Further, many have agreed that environmental engineer-
ing involves the application of chemical engineering fundamentals and principles to
the environment.

From an academic perspective, environmental engineering programs have tradi-
tionally been offered at the graduate level. More recently, formal environmental
engineering programs—with the accompanying degree-—are being offered at the
undergraduate level. As a result, courses similar in content are often offered in both
programs. This recent phenomenon has created a need for the development of
material concerned with both chemical and environmental engineering calculations.
The resulting end product is the Handbook of Chemical and Environmental
Engineering Calculations.

As is usually the case in preparing any text, the question of what to include and
what to omit has been particularly difficult. However, the problems and solutions in
the Handbook attempt to address calculations common to both chemical and
environmental engineering. This Handbook provides the reader with nearly 600
solved problems in the chemical and environmental engineering fields. Of the eight
parts, two are concerned with chemical engineering and six with environmental
engineering. The interrelationship between both fields is emphasized in all parts.
Each part is divided into a number of problem sets, each set containing anywhere
from 8 to 12 problems and solutions.

This project was a unique undertaking. Rather than prepare a textbook in the
usual format—essay material, illustrative examples, nomenclature, bibliography,
problems, etc.,—the authors considered writing a calculations handbook that
could be used as a self-teaching aid. One of the key features of this book is that
the solutions to the problems are presented in a stand-alone manner. Throughout the
book, the problems are laid out in such a way as to develop the reader’s technical
understanding of the subject in question. Each problem contains a title, problem
statement, and data and solution, with the more difficult problems located at or near
the end of each problem set. Thus, this Handbook offers material not only to
individuals with limited technical background but also to those with extensive
industrial experience. As such, this Handbook can be used as a text in either a
general chemical engineering or environmental engineering course and (perhaps
primarily) as a training tool for industry.
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xii PREFACE

The authors cannot claim sole authorship to all the problems and material in this
Handbook. The present book has evolved from a host of sources including: exam
problem prepared by Dr. Sum Marié¢ Flynn for her undergraduate Process Control
course; notes, homework problems and exam problems prepared by J. Jeris for
graduate environmental engineering courses; notes, homework problems, and exam
problems prepared by L. Theodore for several chemical and environmental engi-
neering graduate and undergraduate courses; problems and solutions drawn (with
permission) from numerous Theodore Tutorials; and problems and solutions devel-
oped by faculty participants during National Science Foundation (NSF) Under-
graduate Faculty Enhancement Program (UFEP) workshops.

One of the objectives of the NSF workshops included the development of
illustrative examples by the faculty. Approximately 40 out of the nearly 600
problems provided in this Handbook were drawn, in part, from the original work
of these faculty. We would like to acknowledge the following professors whose
problems, in original or edited form, are included on this Handbook. (The problem
numbers are noted in parenthesis alongside each name.)

Prof. William Auberle; Civil and Environmental Engineering, Northern Arizona
University (ENC.1, ULT.4)

Dr. Howard Bein; Chemistry, U.S. Merchant Marine Academy, (ISO.2, ISO.3)
Dr. Seymour Block; Chemical Engineering, University of Florida (MED.8)
Dr. Thab Farag; Chemical Engineering, University of New Hampshire (MED.9)

Dr. Kumar Ganesan; Environmental Engineering, Montana Tech of the University
of Montana (ISO.6, 1AQ.4, 1AQ.5, TAQ.6)

Dr. David James; Civil and Environmental Engineering, University of Nevada at
Las Vegas (HZA.2, ENC.4, ULT.5)

Dr. Christopher Koroneos; Chemical Engineering, Columbia University (ECO.2,
ECO.4, ECO.5, ECO.8)

Dr. SoonSik Lim; Chemical Engineering, Youngstown State University (CHR.7)

Dr. Sean X. Liu; Civil and Environmental Engineering, University of California
at Berkley (ULT.6, ECO.6, MUN.5, MUN.6, MED.6)

Dr. PM. Lutchmansingh; Petroleum Engineering, Montana Tech of the Umversxty
of Montana (ECO.7)

Dr. Suwanchai Nitisoravut; Civil Engineering, University of North Carolina at
Charlotte (ULT.7, ISO.5, CHR.5)

Dr. Holly Peterson; Environmental Engineering, Montana Tech of the University
of Montana (IAQ.1)

Dr. Lisa Reidl; Civil Engineering, University of Wisconsin at Platteville (RCY.7)
Dr. Carol Reifschneider; Science and Math, Montana State University (ISO.4)
Dr. Dennis Ryan; Chemistry, Hofstra University, (CHR.6)

Dr. Dilip K. Singh; Chemical Engineering, Youngstown University (ENC.10)
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Dr. David Stevens, Civil and Environmental Engineering, Utah State University
(HRA .4, WQA.10)

Dr. Bruce Thomson; Civil Engineering, University of New Mexico (CHR.8)
Dr. Frank Worley; Chemical Engineering, University of Houston (MED.7)
Dr. Ronald Wukash; Civil Engineering, Purdue University (MED.10)

Dr. Poa-Chiang (PC) Yuan; Civil Engineering, Jackson State University (ISO.1,
MUN.7, MUN.8, HRA.1, HRA.2)

During the preparation of this Handbook, the authors were ably assisted in many
ways by a number of graduate students in Manhattan College’s Chemical Engineer-
ing Master’s Program. These students contributed much time and energy researching
and classroom testing various problems in the book.

Two other sources that were employed in preparing the problems included
numerous Theodore Tutorials (plus those concerned with the professional engineer-
ing exam) and the Wilcox and Theodore 1999 Wiley-Interscience text, Engineering
and Environmental Ethics. Finally, the authors wish to acknowledge the National
Science Foundation for supporting several faculty workshops (described above) that
produced a number of problems appearing in this Handbook.

Somehow the editor usually escapes acknowledgment. We were particularly
fortunate to have Bob Esposito (“Espo” to us) of John Wiley & Sons serve as
our editor. He had the vision early on to realize the present need and timeliness for a
handbook of this nature.

Joseph P. Reynolds
John S. Jeris
Louis Theodore
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PART 1
Chemical Engineering Fundamentals

Robert Ambrosini

Units and Dimensions (UAD)
Conservation Law for Mass (CMA)
Conservation Law for Energy (CLE)
Conservation Law for Momentum (CLM)
Stoichiometry (STO)
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1 Units and Dimensions (UAD)

UAD.1 UNIT CONVERSION FACTORS

Convert the following:
1. 8.03 yr to seconds
2. 150 mile/h to yard/h
3. 100.0m/s? to ft/ min
4. 0.03 g/cm’ to Ib/f

Solution

1. The following conversion factors are needed:

365 day/yr
24 h/day
60 min/h
60 s/min
Arranging the conversion factors so that units cancel to leave only the
desired units, the following is obtained:

(8.03 yr) (282 42y (241) (60 min) (605) _, 53 g8
yr day h min

2. In similar fashion, (150 mlle> (5280 ft) (E) =2.6 x 10°yd/h

h mile 3ft
2
3. (100.0m/s2)(10?ncm>( ft )(@) — 1181 x 10° ft/ min?

30.48 cm / \min

b 30.48 cm\’
3 3
4. (0.03g/cm )<454g)( n ) =21b/ft

UAD.2 CHEMICAL CONVERSIONS

Answer the following:
1. What is the molecular weight of nitrobenzene (C4H;0,N)?
2. How many moles are there in 50.0 g of nitrobenzene?
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UNITS AND DIMENSIONS (UAD)

. If the specific gravity of a substance is 1.203, what is the density in g/cm’?
. What is the volume occupied by 50.0 g of nitrobenzene in cm?, in ft*, and in

in.3?

. If the nitrobenzene is held in a cylindrical container with a base of 1in. in

diameter, what is the pressure at the base? What is it in gauge pressure?

. How many molecules are contained in 50.0 g of nitrobenzene?

Solution

1. Pertinent atomic weights are listed below:

Carbon = 12
Hydrogen = 1
Oxygen = 16

Nitrogen = 14

The molecular weight of nitrobenzene is then

(6)(12) + (5)(1) + (2)(16) + (1)(14)
= 123 g/gmol

. To convert a mass to moles, divide by the molecular weight:

gmol\
(50.0 g)(123 g) = 0.407 gmol

. Since specific gravity is a ratio of density to the density of water (1.000 g/cm?>

at 4°C),

p = (SG)(pp,o at 4°C)
= (1.203)(1.000 g/cm®) = 1.203 g/cm®

4. The results of part 3 may be employed to calculate the volume:

50.0
V= (—g_3> =41.6cm’
1.203 g/cm



UAD.2 CHEMICAL CONVERSIONS 5

Applying conversion factors,

i\’
V=@4l6em)—— ) =146 x 107 f
(416cm)(30'48c) 1.46 x 107° ft

. 3
=UA6xm4ﬁ%G%?)=zﬂmﬁ

. The cross-sectional area of the base is calculated as:

_(=D*\ _|a(lin)*| .

Since there are 454 g/Ib,

50.0g=0.1101b

Using Newton’s law, the force exerted by the mass is

I
Fem(£)=0110m)(12) = 0.1101b;
g b

C

Note that, in the English system,

g = 32215
Ib-ft
=322—0
8 = 32253

Since the force is exerted over an area of 0.78 in.%, the pressure at the base is

_F_0.1101b;

4= o7m2 P

By definition:

—P

atmospheric

P =

gauge absolute

Thus,

P

gauge = 0.14 psi — 14.7 psi = —14.6 psig



6 UNITS AND DIMENSIONS (UAD)

6. There are 6.02 x 10%* (Avogadro’s number) molecules/gmol. Therefore,

(0.406 gmol)(6.02 x 10?> molecules/gmol) = 2.44 x 10 molecules

UAD.3 TEMPERATURE CONVERSIONS
Convert the following temperatures:

1. 20°C to °F, K, and °R
2. 20°F to °C, K, and °R

Solution

The following key equations are employed:
T(CF)=18T (°C)+32
T(K)=T(CC)+273
T (°R) =T (°F) + 460
T (°R) = 1.8T (K)

Thus,

1. T (°F) = 1.8(20°C) + 32 = 68°F
T (K) = (20°C) + 273 = 293K
T (°R) = 1.8(293K) = 527°R
2. T (°C) = (20°F — 32)/1.8 = —6.7°C

T (K) = ~6.7°C + 273 = 266K
T (°R) = 20°F + 460 = 480°R

UAD.4 PRESSURE CALCULATIONS

The height of a liquid column of mercury is 2.493 ft. Assume the density of mercury
is 848.7 Ib/ft> and atmospheric pressure is 2116 1b;/ ft> absolute. Calculate the gauge
pressure in Ib;/ft* and the absolute pressure in lbg/ft?, psia, mm Hg, and in. H,O.

Solution

Expressed in various units, the standard atmosphere is equal to:



UAD.4 PRESSURE CALCULATIONS 7

1.0 Atmospheres (atm)

33.91 Feet of water (ft H,0)

14.7 Pounds-force per square inch absolute (psia)
2116 Pounds-force per square foot absolute (psfa)
29.92 Inches of mercury (in. Hg)

760.0 Millimeters of mercury (mm Hg)

1.013 x 10° Newtons per square meter (N/m?)

The equation describing the gauge pressure in terms of the column height and liquid
density is

Py = pgh/g.

where P, = gauge pressure
p = liquid density
h = height of column
g = acceleration of gravity
g. = conversion constant

Thus,
P, = (848.7 1b/ﬁ3)(1 llb—bf) (2.493 ft)
= 2116 Ib;/ft* gauge
The pressure in Ib;/ ft? absolute is

P absolute — P g +P, atmospheric
= 21161bg/ft* + 2116 Ib, /£
= 4232 1b;/ft* absolute

The pressure in psia is

P(psia) = (4232 psfa)( 17

YR 2) = 29.4 psia

The corresponding gauge pressure in psi is

P(psig) = 29.4 — 14.7 = 14.7 psig



8 UNITS AND DIMENSIONS (UAD)

The pressure in mm Hg is

H
P(mm Hg) = (29.4 psia) (760 mm =8

————— 2} =1520mmH
14.7psia) mmre

Note that 760 mm Hg is equal to 14.7 psia, which in turn is equal to 1.0 atm.
Finally, the pressure in in. H,O is

29.4 psia 33.91 ftH,0\ /12in.
P n,0) = -
2 14.7 psia/atm atm ft

= 813.8 in. H,0

The reader should note that absolute and gauge pressures are usually expressed with
units of atm, psi, or mm Hg. This statement also applies to partial pressures. One of
the most common units employed to describe pressure drop is inches of H,O, with
the notation in. H,O or IWC (inches of water column).

UAD.5 ENGINEERING CONVERSION FACTORS

Given the following data for liquid methanol, determine its density in lb/ft® and
convert heat capacity, thermal conductivity, and viscosity from the International
System of Units (SI) to English units:

Specific gravity = 0.92 (at 60°F)

Density of reference substance (water) = 62.4 Ib/ft* (at 60°F)
Heat capacity = 0.61 cal/(g - °C) (at 60°F)

Thermal conductivity = 0.0512 cal/(m - s - °C) (at 60°F)
Viscosity = 0.64 cP (at 60°F)

Solution
The definition of specific gravity for liquids and solids is

Density
of water at 4°C

Specific gravity = Densit
1ty

Note that the density of water at 4°C is 62.41b/ft’> in English engineering units or
1.0g/cm’.



UAD.6 MOLAR RELATIONSHIPS 9

Calculate the density of methanol in English units by multiplying the specific
gravity by the density of water.

Density of methanol = (Specific gravity }(Density of water)

= (0.92)(62.4) = 57.41b/ft

The procedure is reversed if one is interested in calculating specific gravity from
density data. The notation for density is usually p.
Convert the heat capacity from units of cal/(g - °C) to Btu/(lb - °F).

0.61cal\ /454 ¢ Btu °C
= 0.61Btu/(lb - °F
(o) (58) (z57e) (s ) = 0o mavew-

Note that 1.0 Btu/(Ib - °F) is equivalent to 1.0 cal/(g - °C). This also applies on a
mole basis, i.e.,

1 Btu/(Ibmol - °F) = 1cal/(gmol - °C)

The usual notation for heat capacity is C,. In this book, C, represents the heat
capacity on a mole basis, while ¢, indicates a mass basis.
Convert the thermal conductivity of methanol from cal/(m-s-°C) to

Btu/(ft - h-°F).

0.0512cal\/ Btu  /0.3048m) (3600s) [ °C .
(m-s~°C)(252cal)( ft )( h )(1.8°F)_0'124Bt“/(ﬁ'h' F)

The usual engineering notation for thermal conductivity is £.
Convert viscosity from centipoise to 1b/( ft - s):

6.72 x 107*1b

(0.64cP)< s op ) =43 x 107 Ib/(ft - s)

The notation for viscosity is typically . The kinematic viscosity, v, is defined by the
ratio of viscosity to density, i.c., v = u/p with units of length®/time.

Finally, note that the above physical properties are strong functions of the
temperature but weak functions of the pressure. Interestingly, the viscosity of a
gas increases with increasing temperature, while the viscosity of a liquid decreases
with an increase in temperature.

UAD.6 MOLAR RELATIONSHIPS

A mixture contains 201b of O,, 21b of SO,, and 3 Ib of SO;. Determine the weight
fraction and mole fraction of each component.
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Solution

By definition:

Weight fraction = weight of 4 /total weight
Moles of 4 = weight of 4/molecular weight of 4
Mole fraction = moles of 4/total moles

First, calculate the weight fraction of each component:

Compound Weight (1b) Weight Fraction

0, 20 20/25=10.8
SO, 2 0.08
50, 3 0.12
Total 25 1.00

Calculate the mole fraction of each component, noting that moles =
weight/molecular weight.

The molecular weights of O,, SO, and SO; are 32, 64 and 80, respectively. The
following table can be completed:

Compound  Weight  Molecular Weight Moles Mole Fraction
0, 20 32 20/32 = 0.6250 0.901
SO, 2 64 0.0301 0.045
SO; 3 80 0.0375 0.054
Total 0.6938 1.000

The reader should note that, in general, weight fraction (or percent) is not equal to
mole fraction (or percent).

UAD.7 FLUE GAS ANALYSIS

The mole percent (gas analysis) of a flue gas is given below:

N, =79%
0,=5%
CO, =10%
CO=6%

Calculate the average molecular weight of the mixture.
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Solution

First write the molecular weight of each component:

MW(N,) = 28
MW(0,) = 32
MW(CO,) = 44
MW(CO) = 28

By multiplying the molecular weight of each component by its mole percent the
following table can be completed:

Compound  Molecular Weight  Mole Fraction Weight (Ib)

N, 28 0.79 22.1
0, 32 0.05 1.6
o, 44 0.10 44
Co 28 0.06 1.7
Total 1.00

Finally, calculate the average molecular weight of the gas mixture:
Average molecular weight =22.1 +1.6+44+4+1.7=29.8

The sum of the weights in pounds represents the average molecular weight because
the calculation above is based on 1.0mol of the gas mixture.

The reader should also note that in a gas, molar percent equals volume percent
and vice versa. Therefore, a volume percent can be used to determine weight fraction
as illustrated in the table. The term y is used in engineering practice to represent
mole (or volume) fraction of gases; the term x is often used for liquids and solids.

UAD.8 PARTIAL PRESSURE

The exhaust to the atmosphere from an incinerator has a SO, concentration of
0.12 mm Hg partial pressure. Calculate the parts per million of SO, in the exhaust.

Solution

First calculate the mole fraction, y. By Dalton’s law,

Y =pso,/P
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Since the exhaust is discharged to the atmosphere, the atmospheric pressure,
760 mm Hg, is the total pressure, P:

y = (0.12 mm Hg)/(760 mm Hg) = 1.58 x 10~*
ppm = () (10°) = (1.58 x 107*) (10%)
= 158 ppm

UAD.9 CONCENTRATION CONVERSION

Express the concentration 72 g of HCl in 128 cm® of water into terms of fraction and
percent by weight, parts per million, and molarity.

Solution

The fraction by weight can be calculated as follows:
72g/200g = 0.36

The percent by weight can be calculated from the fraction by weight.

(0.36)(100%) = 36%
The ppm (parts per million) can be calculated as follows:

(72 g/128 cm*)(10%) = 562,500 ppm
The molarity (M) is defined as follows:
M = moles of solute/volume of solution (L)

Using atomic weights,

MW of HCI = 1.0079 + 35.453 = 36.4609

1 mol HCI 128 cm®
M = |(72gHCl = 15.43 mol/L
[(7 & )<36.4609 2 HCI)] / (1000 e /L) mol/
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UAD.10 FILTER PRESS APPLICATION

A plate and frame filter press is to be employed to filter a slurry containing 10% by
mass of solids. If 1 ft? of filter cloth area is required to treat 5Ib/h of solids, what
cloth area, in fi?, is required for a shurry flowrate of 6000 Ib/min?

Solution

Convert the slurry flowrate, m, to Ib/h:
m (slurry) = (6000 Ib/min)(60 min /h) = 360,000 1b/h
Calculate the solids flowrate in the slurry:
m (solids) = (0.1}(360,0001b/h) = 36,000 1b/h
Calculate the filter cloth area, A, requirement:

1h-f
5 b

A4 = (36,000 lb/h)( ) = 7200 ft?



2 Conservation Law for Mass (CMA)

CMA.1 PROCESS CALCULATION

An external gas stream is fed into an air pollution control device at a rate of
10,000 Ib/h in the presence of 20,000 Ib/h of air. Due to the energy requirements of
the unit, 1250 1b/h of a vapor conditioning agent is added to assist the treatment

of the stream. Determine the rate of product gases exiting the unit in pounds per
hour (Ib/h). Assume steady-state conditions.

Solution

The conservation law for mass can be applied to any process or system. The general
form of this law is given by:

Mass accumulated = Mass in — Mass out + Mass generated
Apply the conservation law for mass to the control device on a rate basis:

Rate of mass in — Rate of mass out + Rate of mass generated

= Rate of mass accumulated
Rewrite this equation subject to the conditions in the problem statement:
Rate of mass in = Rate of mass out
or
Mip = Mgy

Note that mass is not generated and steady conditions (no accumulation) apply.
Refer to the problem statement for the three inlet flows:

iy, = 10,000 + 20,000 + 1250 = 31,2501b/h

Determine 1, the product gas flowrate.

14



CMA.2 COLLECTION EFFICIENCY 15

Since my, = myy,

Mgy = 31,2501b/h

Finally, the conservation law for mass may be written for any compound whose
quantity is not changed by chemical reaction and for any chemical element whether
or not it has participated in a chemical reaction. It may be written for one piece of
equipment, around several pieces of equipment, or around an entire process. It may
be used to calculate an unknown quantity directly, to check the validity of
experimental data, or to express one or more of the independent relationships
among the unknown quantities in a particular problem situation.

CMA.2 COLLECTION EFFICIENCY

Given the following inlet loading and outlet loading of an air pollution particulate
control unit, determine the collection efficiency of the unit.

Inlet loading = 2 gr/ft®
Outlet loading = 0.1 gr/ft’

Solution

Collection efficiency is a measure of the degree of performance of a control device;
it specifically refers to the degree of removal of a pollutant and may be calculated
through the application of the conservation law for mass. Loading refers to the
concentration of polhutant, usually in grains (gr) of pollutant per cubic feet of
contaminated gas stream.

The equation describing collection efficiency (fractional), E, in terms of inlet and
outlet loading is

E— Inlet loading — Outlet loading
- Inlet loading

Calculate the collection efficiency of the control unit in percent for the rates provided.

2-0.1
2

E = 100 = 95%

The term # is also used as a symbol for efficiency E.

The reader should also note that the collected amount of pollutant by the control
unit is the product of £ and the inlet loading. The amount discharged to the
atmosphere is given by the inlet loading minus the amount collected.
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CMA.3 OVERALL COLLECTION EFFICIENCY

A cyclone is used to collect particulates with an efficiency of 60%. A venturi
scrubber is used as a second control device. If the required overall efficiency is
99.0%, determine the minimum operating efficiency of the venturi scrubber.

Solution

Many process systems require more than one piece of equipment to accomplish a
given task, e.g., removal of a gaseous or particulate pollutant from a flow stream.
The efficiency of each individual collector or equipment may be calculated using the
procedure set forth in Problem CMA.2. The overall efficiency of multiple collectors
may be calculated from the inlet stream to the first unit and the outlet stream from
the last unit. It may also be calculated by proceeding sequentially through the series
of collectors.

Calculate the mass of particulate leaving the cyclone using a basis of 1001b of
particulate entering the unit.

Use the efficiency equation:

E= (VVm - Wout)/(pVin)

where E = fraction efficiency
W = loading

Rearranging the above gives:
W= (1 —E)W,)= (1 —0.6)100) = 401b

Calculate the mass of particulate leaving the venturi scrubber using an overall
efficiency of 99.0%:

Wou =0 —EYW,) =(1—-0.99)(100) = 1.01b
Calculate the efficiency of the venturi scrubber using W, from the cyclone as ¥,
for the venturi scrubber. Use the same efficiency equation above and convert to
percent efficiency:

E= (W, —W,)/(W,) = (40 — 1.0)/(40) = 0.975 = 97.5%

An extremely convenient efficiency-related term employed in pollution control
calculations is the penetration, P. By definition:

P=100—FE (percent basis)

P =1-—E (fractional basis)
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Note that there is a 10-fold increase in P as E goes from 99.9 to 99%. For a multiple
series of n collectors, the overall penetration is simply given by:

P:PIPZ""’Pn—lpn

For particulate control in air pollution units, penetrations and/or efficiencies can be
related to individual size ranges. The overall efficiency (or penetration) is then given
by the contribution from each size range, i.e., the summation of the product of mass
fraction and efficiency for each size range. This is treated in more detail in Part III,
Air Pollution Control Equipment.

CMA.4 SPRAY TOWER APPLICATION

A proposed incineration facility design requires that a packed column and a spray
tower be used in series for the removal of HCI from the flue gas. The spray tower is
to operate at an efficiency of 65% and the packed column at an efficiency of 98%.
Calculate the mass flowrate of HCI leaving the spray tower, the mass flowrate of HCI
entering the packed tower, and the overall efficiency of the removal system if 76.0 Ib
of HCI enters the system every hour.

Solution

As defined in Problem CMA.3:

E= (I/Vm - Wout)/I/Vin

Then,

Wout = (1 - E)(VVm)

For the spray tower,

W, = (1 — 0.65)(76.0) = 26.6 Ib/h HCI

The mass flowrate of HCI leaving the spray tower is equal to the mass flowrate of
HCI entering the packed column. For the packed column,

W, = (1 — 0.98)(26.6) = 0.532 Ib/h HCI
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The overall efficiency can now be calculated:

E = (Wi — W)/ Wiy = (76.0 ~ 0.532)/(76.0)
=0.993
=99.3%

CMA.5 COMPLIANCE DETERMINATION

A proposed incinerator is designed to destroy a hazardous waste at 2100°F and
1 atm. Current regulations dictate that a minimum destruction and removal efficiency
(DRE) of 99.99% must be achieved. The waste flowrate into the unit is 960 Ib/h
while that flowing out of the unit is measured as 0.08 Ib/h. Is the unit in compliance?

Solution

Select as a basis 1h of operation. The mass equation employed for efficiency may
also be used to calculate the minimum destruction and removal efficiency:

DRE = [(w;, — Wou)/WinJ(100) = [(960 — 0.08)/960](100)
= 99.992%

Thus, the unit is operating in compliance with present regulations. The answer is yes.

CMA.6 COAL COMBUSTION

A power plant is burning anthracite coal containing 7.1% ash to provide the
necessary energy for steam generation. If 300 ft of total flue gas are produced for
every pound of coal burned, what is the maximum effluent particulate loading in
gr/ f*? Assume no contribution to the particulates from the waste. The secondary
ambient air quality standard for particulates is 75 ug/m*. What dilution factor and
particulate collection efficiency are required to achieve this standard?

Solution

Select 1.01b of coal as a basis. Calculate the mass of particulates (ash), M:

M = (1.0)(0.071) = 0.071 Ib
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The maximum particulate loading, w, is then obtained by dividing by the volume of
the flue gas, V:

w=M/V =0.071/300 = 2.367 x 10"*1b/f® = 1.66 gr/ft’

Note: 11b = 7000 gr.
Converting to pg/m’:

Ib ft ? (454 ¢\ (106 ng ug
= {2 -2 =3.795 x 10° ==
v ( 367> 10 ft3><0.3048m> ( b )( e ) U me

The dilution factor (DF) is required to achieve the ambient quality standard. Then

DF = w,, /wgg = 3.795 x 10%/75 = 5.04 x 10*
Alternately, the required fractional collection efficiency is

E = (3.795 x 10% — 75)/ 3.795 x 105 = 0.99998 = 99.998%

CMA.7 VELOCITY DETERMINATION

If 20,000 ft*/min of water exits a system through a pipe whose cross-sectional area is
4 fi%, determine the mass flowrate in Ib/min and the exit velocity in ft/s.

Solution
The continuity equation is given by

m = pAv
where p = liquid density

A = cross-sectional area
v = velocity

Since 20,000 ft*/min of water enters the system, then
A,v; = 20,000 ft*/min

where subscript 1 refers to inlet conditions.
Therefore,

= pA,v, = (62.4)(20,000) = 1,248,000 Ib/min
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Under steady-state conditions, this same mass flow must also leave the system. Thus,
in accordance with the conservation law for mass

= pyA; 0

where subscript 2 refers to exit conditions.

Therefore,
. [1,248,00031b/m‘2n] (@) = 833 ft/s
(62.410/t°)4 )] \60s

CMA.8 CONVERGING PIPE

Water (density = 1000 kg/m?®) flows in a converging circular pipe (see Figure 1). It
enters at point 1 and leaves at point 2. At point 1, the inside diameter d is 14 cm and
the velocity is 2m/s. At point 2, the inside diameter is 7 cm. Determine:

1. The mass and volumetric flowrates
2. The mass flux of water
3. The velocity at point 2

Solution

The conservation law for mass may be applied to a fluid device with one input and
one output. For a fluid of constant density p and a uniform velocity v at each cross
section A, the mass rate i, the volumetric rate g, and the mass flux G, are

m = pAv; mass/time
q = Av; volume/time

G = m/A4 = pv; mass/time - area

Converging pipe

Figure 1. Diagram for Problem CMA.8.
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First calculate the flowrates, g and m, based on the information at point 1.

_nd®  m(0.14)
T 4 0 4

g, = A;v, = (0.0154)(2) = 0.031 m*/s = 488 gpm
m; = pg; = (1000)(0.031) = 31kg/s

A =0.0154 m?

Note the use of the following conversion factor for ¢,:
1gpm = 6.309 x 10> m?/s
Obtain the mass flux G:
G = 31/0.0154 = 2013 kg/(m~? - 5)
Noting that
1ft/s = 0.3048 m/s
the velocity at point 2, v,, may now be calculated:

g, =¢; =0.031m%/s
02A2 = UIA]

vy = vy(4,/4,) = v,(d,?/dy?) = 2(14/7)* = 8m/s = 26.25 ft/s

As expected, for steady-state flow of an incompressible fluid, a decrease in cross-

sectional area results in an increase in the flow velocity.

CMA.9 HUMIDITY EFFECT

A flue gas [molecular weight (MW) = 30, dry basis] is being discharged from a

21

scrubber at 180°F (dry bulb) and 125°F (wet bulb). The gas flowrate on a dry basis is
10,000 Ib/h. The absolute humidity at the dry-bulb temperature of 180°F and wet-

bulb temperature of 125°F is 0.0805 b H,O/Ib dry air.

1. What is the mass flowrate of the wet gas?
2. What is the actual volumetric flowrate of the wet gas?
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Solution

Curves showing the relative humidity (ratio of the mass of the water vapor in the air
to the maximum mass of water vapor the air can hold at that temperature, i.e., if the
air were saturated) of humid air appear on the psychrometric chart. (See Figure 2.)
The curve for 100% relative humidity is also referred to as the saturation curve. The
abscissa of the humidity chart is air temperature, also known as the dry-bulb
temperature (7). The wet-bulb temperature (Ty) is another measure of humidity;
it is the temperature at which a thermometer with a wet wick wrapped around the
bulb stabilizes. As water evaporates from the wick to the ambient air, the bulb is
cooled; the rate of cooling depends on how humid the air is. No evaporation occurs
if the air is saturated with water; hence Typ and Tpg are the same. The lower the
humidity, the greater the difference between these two temperatures. On a psychro-
metric chart, constant wet-bulb temperature lines are straight with negative slopes.
The value of Ty corresponds to the value of the abscissa at the point of intersection
of this line with the saturation curve.

Calculate the flowrate of water in the air. Note that both the given flowrate and
humidity are on a dry basis.

Water flowrate = (0.0805)(10,000) = 8051b/h

Calculate the total flowrate by adding the dry gas and water flowrates:

Total flowrate = 10,000 4+ 805 = 10,8051b/h

MOISTURE
CONTENT y
ho ©
{:kgw ] SATURATED AR
kgspa = iy
e o
. - 0 ?
3
‘\E“PQRQJ/‘//
A e\)\\% o
//// //><\///
’i//// \/;Qs»
i °
0 b = 0%

15°C 41°¢C r T
DRY BULB TEMPERATURE

Figure 2. Diagram of a psychrometric chart.
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The moles of water and dry gas are thus

Moles gas = 10,000/30 = 333.3 lbmol/h
Moles water = 805/18 = 44.7 Ibmol/h

Calculate the mole fraction of water vapor using the above units:

Vwater = 44.7/(44.7 +333.3) = 0.12

The average molecular weight of the mixture becomes

MW = (1.0 — 0.12)(30) + (0.12)(18)
= 28.61b/lbmol

The molar flowrate of the wet gas may now be determined:

7 = 10,805/28.6 = 378 Ibmol/h

The ideal gas law may be applied to calculate the volumetric flowrate of the wet gas:

q=nRT/P
= (378)(0.73)(460 + 180)/1.0
=1.77 x 10° f¥/h

The following are some helpful points on the use of psychrometric charts.

1.

In problems involving the use of the humidity chart, it is convenient to choose
a mass of dry air as a basis, since the chart uses this basis.

Heating or cooling at temperatures above the dew point (temperature at which
the vapor begins to condense) corresponds to a horizontal movement on the
chart. As long as no condensation occurs, the absolute humidity stays
constant.

If the air is cooled, the system follows the appropriate horizontal line to the left
until it reaches the saturation curve and follows this curve thereafter.

CMA.10 RESIDENTIAL WATER CONSERVATION

Assume that the average water usage of a community is approximately 130 gal per
person per day. After implementing water saving practices, the average water usage
drops to 87 gal per person per day. A 10 million gallon per day (MGD) wastewater
treatment plant is used for which 60% of the flow is residential wastewater. Calculate
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the water savings in gallons per day (gal/day) and the percent reduction in water

usage. Also calculate the current residential wastewater flow in gal/day, millions of
gal (Mgal)/yr, Ib/day and kg/day. Assume the specific gravity of the water to be 1.0.

Solution
First calculate the water savings, W, in gal/day:

W, = (130 — 87) = 43 gal/day
The percent reduction is

Yoreq = (43/130)(100)
=33.1%

Finally, the current residential wastewater flow, ¢, is

g = (0.60)(10MGD)
= 6.0MGD = 6 x 10° gal/day

Converting to Mgal/yr,
g = (6 x 10° gal/day)(365 day/yr)(Mgal/10° gal) = 2190 Mgal/yr
Converting to ft* /day,
g = (6 x 10° gal/day)(1 ft’ /7.48 gal) = 8.02 x 10° f* /day
Converting to 1b/day,
i = (8.02 x 10° ft’ /day)(62.41b/ft*) = 5.00 x 107 Ib/day
Converting to kg/day,

i = (5.00 x 107 Ib/day)/(2.2 Ib/kg) = 2.28 x 107 kg/day

CMA.11 FLOW DIAGRAM

As part of a pollution prevention program, flue gas from a process is mixed with
recycled gas from an absorber (A), and the mixture passes through a waste heat
boiler (H), which uses water as the heat transfer medium. It then passes through a
water spray quencher (Q) in which the temperature of the mixture is further
decreased and, finally, through an absorber (A) in which water is the absorbing
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1 | 1

L L L

Figure 3. Line diagram.

agent (solvent) for one of the species in the flue gas stream. Prepare a simplified flow
diagram for this process.

Solution

Before attempting to calculate the raw material or energy requirements of a process,
it is desirable to attain a clear picture of the process. The best way to do this is to
draw a flow diagram. A flow diagram is a line diagram showing the successive steps
of a process by indicating the pieces of equipment in which the steps occur and the
material streams entering and leaving each piece of equipment. Flow diagrams are
used to conceptually represent the overall process.

Lines are usually used to represent streams, and boxes may be used to represent
equipment. A line diagram of the process is first prepared (Figure 3).

The equipment in Figure 3 may now be labeled as in Figure 4. Label the flow
streams as shown in Figure 5.

The reader should note that four important processing concepts are bypass,
recycle, purge, and makeup. With bypass, part of the inlet stream is diverted around

] ]

H Q A

L L L

Figure 4. Line diagram with equipment labels.

recycle
water water solvent
flue
e H Q A
steam water solvent

Figure 5. Line diagram with stream labels.
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the equipment to rejoin the main stream after the unit. This stream effectively moves
in parallel with the stream passing through the equipment. In recycle, part of the
product stream is sent back to mix with the feed. If a small quantity of nonreactive
material is present in the feed to a process that includes recycle, it may be necessary
to remove the nonreactive material in a purge stream to prevent its building up above
a maximum tolerable value. This can also occur in a process without recycle; if a
nonreactive material is added in the feed and not totally removed in the products, it
will accumulate until purged. The purging process is sometimes referred to as
blowdown. Makeup, as its name implies, involves adding or making up part of a
stream that has been removed from a process. Makeup may be thought of, in a final
sense, as the opposite of purge and/or blowdown.

CMA.12 VELOCITY MAGNITUDE AND DIRECTION

A fluid device has four openings, as shown in Figure 6. The fluid has a constant
density of 800 kg/m?>. Steady-state information on the system is also provided in the
following table:

Flow area Velocity Direction
Section (m?) (m/s) (relative to the device)
1 0.2 5 In
2 0.3 7 In
3 0.25 12 Out
4 0.15 ? ?

Determine the magnitude and direction of the velocity v,. What is the mass flowrate
at section 4?
b

Figure 6. Diagram for Problem CMA.12.



CMA.12 VELOCITY MAGNITUDE AND DIRECTION 27

Solution

Calculate the volumetric flowrate through each section:
g1 =(0.2)5) = 1m’/s
¢ = (0.3)(7) =2.1m%/s
g3 = (0.25)(12) = 3m?/s

Since the fluid is of constant density, the continuity equation may be applied on a
volume rate basis:

9 +42 =43+ 44
142.1=3+gq,
g4 = 0.1 m’/s (exiting)

Therefore, flow is out of the control volume at section 4.
Calculate the velocity v,:

v, = 0.1/0.15
= 0.667m/s

Calculate the mass flowrate across section 4, 7iy:

ity = (800)(0.1)
= 80kg/s



3 Conservation Law for Energy
(CLE)

CLE.1 OUTLET TEMPERATURE

Heat at 18.7 x 10° Btu/h is transferred from the flue gas of an incinerator. Calculate
the outlet temperature of the gas stream using the following information:

Average heat capacity, c,, of gas = 0.26 Btu/(lb -° F)
Gas mass flowrate, i = 72, 0001b/h
Gas inlet temperature, 7} = 1200°F

Solution

The first law of thermodynamics states that energy is conserved. For a flow system,
neglecting kinetic and potential effects, the energy transferred, O, to or from the
flowing medium is given by the enthalpy change, AH, of the medium. The enthalpy
of an ideal gas is solely a function of temperature; enthalpies of liquids and most real
gases are almost always assumed to depend on temperature alone. Changes in
enthalpy resulting from a temperature change for a single phase material may be
calculated from the equation

AH =mc, AT
or
AH = fic, AT
where AH = enthalpy change
m = mass of flowing medium
¢, = average heat capacity per unit mass of flowing medium across the
temperature range of AT

AH = enthalpy change per unit time
m = mass flowrate of flowing medium

Note: The symbol A means “change in.”

28
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Solve the conservation law for energy for the gas outlet temperature T),:
0 = AH = e, AT = 1ic,(T, — T))
where O is the rate of energy transfer.
T, = [Q/(hC,)] + T,
The gas outlet temperature is therefore

T, = [—18.7 x 10°/{(72,000)(0.26)}] + 1200
= 200°F

The above equation is based on adiabatic conditions, i.e., the entire heat load is
transferred from the flowing gas. The unit is assumed to be perfectly insulated so that
no heat is transferred to the surroundings. However, this is not the case in a real-
world application.

As with mass balances (see Chapter 2), an enthalpy balance may be performed
within any properly defined boundary, whether real or imaginary. For example, an
enthalpy balance can be applied across the entire unit or process. The enthalpy of the
feed stream(s) is equated with the enthalpy of the product stream(s) plus the heat loss
from the process. All the enthalpy terms must be based on the same reference
temperature.

Finally, the enthalpy has two key properties that should be kept in mind:

1. Enthalpy is a point function, i.e., the enthalpy change from one state (say
200°F, 1 atm) to another state (say 400°F, 1 atm) is a function only of the two
states and not the path of the process associated with the change.

2. Absolute values of enthalpy are not important. The enthalpy of water at 60°F,
1 atm, as recorded in some steam tables is 0 Btu/lbmol. This choice of zero is
arbitrary however. Another table may indicate a different value. Both are
correct! Note that changing the temperature of water from 60 to 100°F results
in the same change in enthalpy using either table.

Enthalpy changes may be obtained with units (English) of Btu, Btu/lb, Btu/lbmol,
Btu/scf, or Btu/time depending on the available data and calculation required.

CLE.2 POTENTIAL ENERGY CALCULATION

A process plant pumps 20001b of water to an elevation of 1200 ft above the
turbogenerators. Determine the change in potential energy in Btu and ft - Ib;.
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Solution

The potential energy change (APE) is given by

APE = ? (AZ)

where m = mass, 1b
g = acceleration due to gravity, 32.2 ft/s? at sea level
g. = gravitational constant, 32.21b - ft/(lb; - s?)
AZ = change in height

Substituting the data yields

32.2 fi/s?
32.21b - ft/(Ib; - 52)

PE = (2000 lb)[ ]600& =1.2x 10°ft- Ib;

Since 1 Btu = 778.17 ft - Iby,

PE = (1.2 x 10° ft - Ib;)(1 Btu/778.17 ft - Ib;) = 1543 Btu

CLE.3 KINETIC ENERGY CALCULATION

If 2000 1b of water has its velocity increased from 8 to 30 ft/s, calculate the change in
kinetic energy of the water in Btu and ft - Ib; and the minimum energy required to
accomplish this change.

Solution
By definition, the kinetic energy (KE) is given by
mv?

2g,

where m = mass, 1b
v = velocity of water flow
g. = gravitational constant, Ib - ft/Ib; - s

This equation permits one to evaluate the energy possessed by a body of mass m, and
having a velocity v, relative to a stationary reference; it is customary to use the earth
as the reference.

The kinetic energy of the body initially is

_ (20001b)(8 ft/s)
T 2[32.174 1t - 1b/(s? - 1bg)]

KE = 1989t - Ib;
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The kinetic energy at its terminal velocity of 30 ft/s is

_(20001b)(30 ft/s)’
T 2[31.174ft - 1b/(s - Ib)]

= 27,972t - Ib,

The kinetic energy change or difference, AKE, is then
AKE = 1989 — 27,972 = —25,983 ft - Ib;
Converting the answer to Btu yields

AKE = (25,983 ft - Ib;)(1 Btu/778.17 ft - Ib) = —33.390 Btu

CLE.4 SPHERE VELOCITY

A 1-kg steel sphere falls 100m. If the sphere was initially at rest, determine its
kinetic energy in N - m and velocity in ft/s at the end of its fall (and prior to any
impact).

Solution

The law of conservation of energy, which like the law of conservation of mass
applies for all processes that do not involve nuclear reactions, states that energy can
neither be created nor destroyed. As a result, the energy level of a system can change
only when energy crosses the system boundary, i.e.,

A(Energy level of system) = Energy crossing boundary

For a closed system, i.e., one in which there is no mass transfer between system and
surroundings, energy crossing the boundary can be classified in one of two different
ways: heat, O, or work, W, Heat is energy moving between the system and the
surroundings by virtue of a temperature driving force. Heat flows from high to low
temperature, The temperature in a system can vary; the same can be said of the
surroundings. If a portion of the system is at a higher temperature than a portion of
the surroundings and, as a result, energy is transferred from the system to the
surroundings, that energy is classified as heat. If part of the system is at a higher
temperature than another part of the system and energy is transferred between the
two parts, that energy is not classified as heat because it is not crossing the boundary.
Work is also energy moving between the system and the surroundings. Here, the
driving force can be anything but a temperature difference, e.g., a mechanical force,
a pressure difference, gravity, a voltage difference, a magnetic field, etc. Note also
that the definition of work is a force acting through a distance. All of the examples of
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driving forces just cited can be shown to provide a force capable of acting through a
distance.

The energy level of the system has three principal contributions: kinetic energy
(KE), potential energy (PE), and internal energy (U). Any body in motion possesses
kinetic energy. If the system is moving as a whole, its kinetic energy is proportional
to the mass of the system and the square of the velocity of its center of gravity. The
phrase “as a whole” indicates that motion inside the system relative to the system’s
center of gravity does not contribute to the KE term, but rather to the internal energy
or U term. The terms external kinetic energy and infernal kinetic energy are
sometimes used here. An example would be a moving railroad tank car carrying
propane gas. (The propane gas is the system.) The center of gravity of the propane
gas is moving at the velocity of the train—this constitutes the system’s external
kinetic energy. The gas molecules are also moving in random directions relative to
the center of gravity—this constitutes the system’s internal kinetic energy due to
motion inside the system. The potential energy (PE) involves any energy the system
as a whole possesses by virtue of its position (more precisely, the position of its
center of gravity) in some force field, e.g., gravity, centrifugal, electrical, etc., that
gives the system the potential for accomplishing work. Again the phrase “as a
whole” is used to differentiate between external potential energy and internal
potential energy. Internal potential energy refers to potential energy due to force
fields inside the system. For example, the electrostatic force fields (bonding) between
atoms and molecules provide those particles with the potential for work. The internal
energy U is the sum of all internal kinetic and internal potential energy contribu-
tions.

The law of conservation of energy, which is also called the first law of
thermodynamics, may now be written as

A(U+KE+PE)y=0+W
or equivalently as
AU+ AKE+APE=0+ W

It is important to note the sign convention for Q and W defined by the above
equation. Since any A term is always defined as the final minus the initial state, both
the heat and work terms must be positive when they cause the system to gain energy,
1.e., when they represent energy being transferred from the surroundings to system.
Conversely, when the heat and work terms cause the system to lose energy, i.e, when
energy is transferred from the system to the surroundings, they are negative in sign.

The above sign convention is not universal, and the reader must exercise caution
and check what sign convention is being used by a particular author when studying
the literature. For example, work is often defined in some texts as positive when the
system does work on the surroundings (cf. the THEODORE TUTORIAL, Thermo-
dynamics, ETS International, Roanoke, VA, 1995.).
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Thus, regarding the problem statement, only kinetic and potential effects are
present. In line with the conservation law for energy, the initial energy must equal the
final energy:

PE] +KE1 :PE2 +KE2

where subscripts 1 and 2 refer to initial and final states, respectively.
If the final reference state with respect to position is chosen as Z = 0, then
PE, = 0. Further, since the velocity at state 1 may be assigned to be zero, KE, = 0.
Thus,

PE, = KE,
Substituting yields
2y _ (1kg)*(m/s?)
(1kg)(100m)(9.81 m/s?) = =
¥ = (2)(9.81)(100)
v=443m/s

Interestingly, the final result is independent of the mass and density of the body.
The reader is left the exercise of showing that the final KE (at state 2) is
KE, =981 N -m.

CLE.5 INTERNAL ENERGY CALCULATION

A gas at 200°C and 10 atm is contained in a cylinder with a movable piston. As the
gas is cooled slowly to room temperature, it is allowed to expand. If the amount of
work due to the expansion is 2780J and the amount of heat given off during the
cooling is 3942 cal, calculate the change in internal energy (in kcal) of the gas during
this process.

Solution

For a closed system, the only type of work, outside of shaft work, that can be
performed is work done by virtue of an expansion or contraction of the system. This
is called pressure—volume work, Wpy, and is given by

U2
WPV = _J P surroundings av

U
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The minus sign is required because of the sign convention employed. Work done by
the system, e.g., during expansion must be negative. For a constant pressure process,
this becomes

U2

by

= —A(PV)
The law of conservation of energy for a closed system is
AU +AKE+APE=Q0+ W

In most chemical engineering applications, the AKE and APE terms are negligible,
and many textbooks present the energy balance equations with these two terms
omitted.

Therefore

AKE =0
APE=0

Substituting yields

Q = (—3942 cal)(1 keal /1000 cal) = —3.942 kcal
= —3.942 kcal

W = (—27801)(2.39 x 10~*kcal/J) = —0.664 keal
= —0.664 kcal

The change in internal energy of the gas is therefore

AU 4+ 04 0= —3.942 — 0.664
AU = —4.606 kcal

In older thermodynamics textbooks, work is defined as positive if the system does
work on the surroundings. This means that a loss of energy in the form of work from
the system is considered positive while a loss of energy in the form of heat from the
system is considered negative. To the authors, this thermodynamic convention is
inconsistent, and potentially confusing.
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CLE.6 COOLING RIVER REQUIREMENT

Determine the percentage of a river stream’s flow available to an industry for cooling
such that the river temperature does not increase more than 10°F. Fifty percent of the
industrial withdrawal is lost by evaporation and the industrial water returned to the
river is 60°F warmer than the river.

Note: This problem is a modified and edited version (with permission) of an
illustrative example prepared by Ms. Marie Gillman, a graduate mechanical
engineering student at Manhattan College.

Solution

Draw a flow diagram representing the process as shown in Figure 7. Express the
volumetric flow lost by evaporation from the process in terms of that entering the
process:

Giost = 0.5¢iy

Express the process outlet temperature and the maximum river temperature in terms
of the upstream temperature:

Tow = Tp +60°F
Tix = Typ + 10°F

Using the conservation law for mass, express the process outlet flow in terms of the
process inlet flow. Also express the flow bypassing the process in terms of the
upstream and process inlet flows:

Qout = 0.5¢;q
Qoyp = 9up — 9in
Imix = Gup — O'Sqin

The flow diagram with the expressions developed above are shown in Figure 8.

qlost
qin - qout
Tup out
- Y -
qup qbyp qmix
up Tup Tmix

Figure 7. Flow diagram for Problem CLE.6.
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0.5 q.
aq, > 0.5 9.,
T T,,+60
- Y -
qup qup- qin qup- 05 qin
Tup Tup Tup +10

Figure 8. Flow diagram after applying mass balances.

Noting that the enthalpy of any stream can be represented by gc,p(T — Tye¢), an
energy balance around the downstream mixing point leads to

(qup - Qin)cpp(Tup - Tref) + O.SQincpp(Tup + 60 — Tref)
= (qup - O‘Sqin)cpp(Tup + 10 — Tref)

Note that 7. in arbitrary and indirectly defines a basis for the enthalpy. Setting
T..s = 0 and assuming that density and heat capacity are constant yield

(qup - qin)Tup + O'Sqin(Tup + 60) = (qup - O‘Sqin)(Tup + 10)

The equation may now be solved for the inlet volumetric flow to the process in terms
of the upstream flow:

QupTup = GinTup + 0-5¢in Ty + 30,
= qupLup + 10gp — 0.5¢;0 Ty, — 545
Canceling terms produces
35¢;, = 10q,,
gin = 0.2864,,,

Therefore, 28.6% of the original flow, g,,, is available for cooling.
Note that the problem can also be solved by setting 7, = T,,,- Since for this
condition, T¢ — T, = 0, the solution to the problem is greatly simplified.

CLE.7 STEAM REQUIREMENT

It is desired to evaporate 1000 Ib/h of 60°F water at 1 atm at a power plant. Utility
superheated steam at 40 atm and 1000°F is available, but since this stream is to be
used elsewhere in the plant, it cannot drop below 20 atm and 600°F. What mass
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flowrate of the utility steam is required? Assume that there is no heat loss in the
evaporator.
From the steam tables:

P =40atm T = 1000°F H = 1572 Btu/lb
P =20atm T = 600°F H = 1316 Btu/Ib

For saturated steam:
P =1latm H = 1151Btu/lb

For saturated water:
T = 60°F H =28.1Btu/lb

Solution

A detailed flow diagram of the process is provided in Figure 9.
Assuming the process to be steady state and noting that there is no heat loss or
shaft work, the energy balance on a rate basis is

O=AH=0

This equation indicates that the sum of the enthalpy changes for the two streams
must equal zero.
The change in enthalpy for the vaporization of the water stream is

AH,oporization = (1000 1b/h)(1151 — 28.1 Btu/Ib)
=1.123 x 10° Btu/h

The change of enthalpy for the cooling of the superheated steam may now be
determined. Since the mass flowrate of one stream is unknown, its AH must be
expressed in terms of this mass flowrate, which is represented in Figure 9 as m lb/h.

AH,qojing = m(1572 — 1316) = (256) 71 Btu/h

13388!2 e:(t)egt:: eam Sustghzegted steam
- ) 600°F, 20 atm

a2 Bt H=1316 Btu/b
- -
-

Water Saturated steam

60°F, 1 atm 212°F, 1 atm

H=28.1 Btu/lb H=1151 Btu/lb

1000 Ib/h

Figure 9. Flow diagram for Problem CLE.7.
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Since the overall AH is zero, the enthalpy changes of the two streams must total
zero. Thus,

AHvaporization + AI;Icooling =0
1.123 x 10% = (256)m
i = 4387 Ib/h

Tables of enthalpies and other state properties of many substances may be found in
R. H. Perry and D. W. Green, Ed., Perry’s Chemical Engineers’ Handbook, 7th ed.,
McGraw-Hill, New York, 1996.

CLE.8 PROCESS COOLING WATER REQUIREMENT

Determine the total flowrate of cooling water required for the services listed below if
a cooling tower system supplies the water at 90°F with a return temperature of
115°F. How much fresh water makeup is required if 5% of the return water is sent to
“blowdown?” Note that the cooling water heat capacity is 1.00 Btu/(Ib - °F), the heat
of vaporization at cooling tower operating conditions is 1030 Btu/lb, and the density
of water at cooling tower operating conditions is 62.0Ib/ft>.

Process Unit Heat Duty (Btu/h) Required Temperature (°F)

1 12,000,000 250
2 6,000,000 200-276
3 23,500,000 130-175
4 17,000,000 300
5 31,500,000 150-225

Solution

The required cooling water flowrate, g, is given by the following equation:

dew = Our/UT)(e)(P)]

where Qy;; = heat load, Btu/min
T = change in temperature = 115°F — 90°F = 25°F
¢, = heat capacity = 1.00 Btu/(lb - °F)
p = density of water = (62.01b/ft*)(0.1337 ft*/gal)
= 8.289Ib/gal

The heat load is

e = (12 + 6 + 23.5 + 17 + 31.5)(10° Btu/h) /60 min/h
= 1,500,000 Btu/ min
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Thus,

_ 1,500,000 Btu/ min
9w = (25°F)(1.00 Btu/Ib - °F)(8.289 Ib/ gal)

= 7250 gpm

The blow-down flow, ¢gp, is given by the following:

gsp = (BDR)(qcw)

where BDR is the blow-down rate = 5% = 0.05.
Thus,

gpp = (0.05)(7250 gpm) = 362.5 gpm
The amount of water vaporized by the cooling tower, g,, is given by:

qv = (quL)/[(p)HV)]

where HV is the heat of vaporization = 1030 Btu/lIb.
Substitution yields

q, = (1,500,000 Btu/ min)/[(8.289 1b/gal)(1030 Btu/1b)]
= 175.7 gpm

CLE.9 STEAM REQUIREMENT OPTIONS
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Determine how many pounds per hour of steam are required for the following two
cases: (a) if steam is provided at 500 psig and (b) if steam is provided at both 500 and

75 psig pressures. The plant has the following heating requirements:

Unit Heat Duty (UHD) Required
Process Unit (Btu/h) Temperature (°F)
1 10,000,000 250
2 8,000,000 450
3 12,000,000 400
4 20,000,000 300

Note the properties of saturated steam are as follows:

Saturation Enthalpy of
Pressure Provided Temperature Vaporization (AH,)
(psig) F) (Btu/lb)
75 320 894

500 470 751
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Solution

The total required flowrate of 500 psig steam, sitgr, is given by:
mBT = IhB] + Ith + ’hB3 + mB4
For the above equation:

riig (mass flowrate of 500 psig steam through unit 1)
= UHD/AH, = 13,3201b/h

thg,(mass flowrate of 500 psig steam through unit 2)
= UHD/AH, = 10,6551b/h

rigy(mass flowrate of 500 psig steam through unit 3)
= UHD/AH, = 15,9801b/h

mgy(mass flowrate of 500 psig steam through unit 4)

= UHD/AH, = 26,6351b/h
Thus,
gy = 66,5901b/h
The required combined total flowrate of 500 and 75 psig steam, #r, is given by
Mt = Mgs | + Higy + Mgy + Mgs 4
For this situation:

;5. (mass flowrate of 75 psig steam through unit 1)
= UHD/AH, = 11,185.71b/h
145 4(mass flowrate of 75 psig steam through unit 4)

= UHD/AH, = 22,371.41b/h
Thus,
rer = 60,1921b/h

Note that since the saturation temperature of 75 psig steam is lower than two of the
process units, the 500 psig steam must be used for process units 2 and 3.
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CLE.10 POWER GENERATION

A power plant employs steam to generate power and operates with a steam flowrate
of 450,000 ib/h. For the adiabatic conditions listed below, determine the power
produced in horsepower, kilowatts, Btu/h, and Btu/lb of steam.

Inlet Outlet

Pressure, psia 100 1
Temperature, °F 1500 350
Steam velocity, ft/s 120 330
Steam vertical position, ft 0 -20

Solution
Apply the following energy equation:

Z (g vi Z (g v3 w
Y = 1 4 H 2 & H .
J(C>+2gJ+ o= . +2gJ+ 217

C C

where Z,, Z, = vertical position at inlet/outlet, respectively
J = conversion factor from ft - Ib; to Btu
vy, v, = steam velocity at inlet/outlet, respectively
H,, Hs = steam enthalpy at inlet/outlet, respectively
W = work extracted from system

For adiabatic conditions, Q = 0. Substituting data from the problem statement yields

(120)? -20 (330)? w
0+—— 4 150544+0=—"+4—""" 4 040.0 4 —
tacanam HO0=258 Vo Tt

0+0.288 4+ 1505.4 4+ 0 = —0.026 + 2.176 + 940.0 -I-?

w
= 563.54 Btu/1b
The total work of the turbine is equal to
(450,000 1b/h)(563.54 Btu/1b) = 2.54 x 10® Btu/h

Converting to horsepower gives

(2.54 x 108 Btu/h)(3.927 x 10™*hp - h/Btu) = 9.98 x 10* hp
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Converting to kilowatts gives
(9.98 x 10* hp)(0.746 kW /hp) = 7.45 x 10*kW

The reader is left the exercise of showing that both kinetic and potential effects could
have been neglected in the solution of the problem.



4 Conservation Law for Momentum
(CLM)

CLM.1 REYNOLDS NUMBER

A liquid with a viscosity of 0.78 cP and a density of 1.50 g/cm? flows through a 1-in.
diameter tube at 20 cm/s. Calculate the Reynolds number. Is the flow laminar or
turbulent?

Solution

By definition, the Reynolds number (Re) is equal to:
Re = pvd/u

where p = fluid density
v = fluid velocity
d = characteristic length, usually the conduit diameter
u = fluid viscosity

Since

1cP =102 g/(cm - s)
u=0.78x10"2 g/(cm -s)
lin. = 2.54cm
Re = (1.50)(20)(2.54)/(0.78 x 107%)
= 9769.23 = 9800

As noted below, the value of the Reynolds number indicates the nature of fluid flow
in a duct or pipe:

Re < 2100; flow is streamline (laminar)
Re > 10,000; flow is turbulent
2100 < Re < 10,000; transition region

43
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A more accurate classification between the latter two regions can be achieved if the
relative pipe roughness, k/D, is known.
For this problem, the flow is turbulent.

CLM.2 SPRAY TOWER APPLICATION

The inlet gas to a spray tower is at 1600°F. It is piped through a 3.0-ft inside
diameter duct at 25 ft/s to the spray tower. The scrubber cools the gas to 500°F. In
order to maintain the velocity of 25 ft/s, what size duct would be required at the
outlet of the unit? Neglect the pressure across the spray tower and any moisture
considerations.

Solution

Applying the continuity equation, the volumetric flowrate into the scrubber is
g = 4,0
Since
A, = [r(3.0)*)/4 = 7.07
then
g, = (7.07)(25) = 176.6 ft* /s
The volumetric flowrate out of the scrubber, using Charles’ law, is

¢, = q(T,/T})) (T in absolute units)
= (176.6)(960/2060)
=82.311/s

The cross-sectional area of outlet duct is given by

A, = q;3/05
= 82.31/25
=3.29 fi?
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The diameter of outlet duct is then
D = [4(4y)/m]'"
= [4)3.29)/n]'"?
=2.05ft

CLM.3 MERCURY COLUMN

A 3-in. column of mercury (specific gravity = 13.6) is open to the atmosphere.
Determine the pressure at the base of the column in psia, psfa, and in. H,O, if
atmospheric pressure is 14.7 psia.

Solution

The density of mercury is
p = (13.6)(62.4) = 848.6Ib/ft>
The pressure difference across the column, AP, (of height L) is given by the equation

AP = p(g/g.)L

= (848.6 lb/ft3)(1 %‘1)(3 in)(1ft/12in.) = 212.2 psf

where g = acceleration due to gravity
g. = units conversion factor [=32.21b - ft/(lb; - s?) in the American Engi-
neering System and 1 (no units) in the International System (SI) system].

To find the absolute pressure at the base of the column, the atmospheric pressure
must be added to AP.

Prase = (14.7)(144) + 212.2 = 2329 psfa
To convert to the other units use the conversion factors

11*/144in.?
406.9 in. H,0/14.7 psia

Thus,

Py = (2329 psfa)(1 ft* /144 in.%)
= 16.2 psia
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and

Pyase = (16.2 psia)(406.9 in. H,0/14.7 psia)
= 448 in. H,O (absolute)

CLM.4 PRESSURE GAUGE READING

Calculate the pressure gauge reading in psia, psig, psfa and psfg in Figure 10.

Solution

As described in Problem CLM.3, the fundamental equation of fluid statics indicates
that the rate of change of the pressure P is directly proportional to the rate of change
of the depth Z, or

drP/dZ = —p(g/g.)

where Z = vertical displacement, where upward is considered positive
p = fluid density
g = acceleration due to gravity
&. = units conversion factor (see Problem CLM.3)

For constant density, p is constant and the above equation may be integrated to give
the hydrostatic equation

Py =P, +pgh/g.

Here point 2 is located a distance 4 below point 1.

Manometers are often used to measure pressure differences. This is accomplished
by a direct application of the above equation. Pressure differences in manometers
may be computed by systematically applying the above equation to each leg of the
manometer.

air
T \./\AN\M.AN\./\N\A/J
10 ft
‘L water 1A
carbon tetrachloride
gra:s%eure (specific gravity = 1.4)
reading

Figure 10. Diagram for Problem CLM.4.
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Since the density of air is effectively zero, the contribution of the air to the 3-ft
manometer reading can be neglected. The contribution to the pressure due to the
carbon tetrachloride in the manometer is found by using the hydrostatic equation.

AP = pgh/g.
= (62.4) (1.4) (3) = 262.1psf
= 1.82psi

Since the right leg of the manometer is open to the atmosphere, the pressure at that
point is atmospheric:

P = 14.7 psia

Note that this should be carried as a positive term.
The contribution to the pressure due to the height of water above the pressure
gauge is similarly calculated using the hydrostatic equation.

AP = (62.4) 3) = 187.2psf = 1.3 psi

The pressure at the gauge is obtained by summing the results of the steps above, but
exercising care with respect to the sign(s):

P=147-182+1.3 = 14.18psia
= 14.18 — 14.7 = —0.52 psig

The pressure may now be converted to psfa and psfg:

P = (14.18) (144) = 2042 psfa
= (—0.52) (144) = —75 psfg

Care should be exercised when providing pressure values in gauge and absolute
pressure. The key equation is

P(gauge) = P(absolute) — P(ambient) (consistent units)

CLM.5 STORAGE TANK CALCULATION

A cylindrical tank is 20 ft (6.1 m) in diameter and 45 ft high. It contains water (of
density 1000kg/m?) to a depth of 9t and a 36 ft height of oil (of specific gravity
0.89) above the water. The tank is open to the atmosphere. Calculate:

1. The density of oil in kg/m? and N/m>.
2. The gauge pressure at the oil-water interface.
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3. The gauge pressure and pressure force at the bottom of the tank.
4. The pressure force in Newtons on the bottom 9 ft of the side of the tank (where
the fluid is water).

Solution

The density of oil is
,0011 = (089)(1000) = 890 kg/m3

Bernoulli’s equation (which is presented in more detail in Chapter 6) is applied to
calculate the gauge pressure at the water—oil interface, Z,.

Plgc+Z _P2gc

| = + 27,
Poil8 Poilg

Since

Z, =0,P, =1lam
Z, = —-36ft=—10.98m
g. = 1 in the SI system

P, g = (poi)(8/8NZ, — Z3)
= (890)(9.807)(10.98) = 95,771 Pa (gauge)
= 95,771/101,325 = 0.945 atm (gauge)
= (0.945)(14.69) = 13.9 psig

The gauge pressure at the bottom of the tank (Z = Z;) may be determined in a
similar manner.

P P
28 +Z, = 38c
Pw8 Pu8

+7Z;

Py =Py + (o )(&/8NZy — Z3)
= 95,771 + (1000)(9.807)(9.0/3.281) = 122,673 Pa (gauge)
= 122,673/101,325 = 1.2 atm (gauge)
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The pressure force at the bottom of the tank is then
F = (P3)(S)
= (122,673 + 101,325)(n)(6.1)* /4 = 6,537,684 N
= (6,537,684)(0.2248) = 1,469,671 lbs

To calculate the force on the side of the tank within the water layer, one needs to first
obtain an equation of the variation of pressure with height in the water layer:

P =P, +(p,)g/g)Z ~ 2)
= 95,771 + (1,000)(9.807)(—10.98 — Z)
= 95,771 — (9,807)(10.98 + Z)
= —11,910 — 9.807Z

+Z

The total force is then obtained by an integration since the pressure varies with
height.

F = (n)(6.1) EZ(—I 1,910 — 9.8072) dZ
A
= 6.1n[—11,910(Z, — Z;) — 4903.5(Z,% — Z,%)]
Set
Z, = —13.72m (=45 ft) and Z, = —10.98 m(—36 ft)
F = 6.17[—11,910(—10.98 + 13.72) 4 4903.5(10.98% — 13.72%))
=5.73 x 10°N

Calculations of fluid pressure force on submerged surfaces is important in selecting
the proper material and thickness. If the pressure on the submerged surface is not
uniform, then the pressure force is calculated by integration. Also note that a
nonmoving, simple fluid exerts only pressure forces; moving fluids exert both
pressure and shear forces.

CLM.6 BALLOON VOLUME
A balloon containing air (assume pp = 0) is attached to 3ft> of concrete

(p. = 1501b/ft*). What volume should the balloon be in ft* to float the concrete
mass in water?
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Solution

By definition, the buoyant force acting on a submerged body is given by the weight
of the volume of fluid displaced. The resuiting force acts through the center of
geometry or centroid of the submerged body. The describing equation is given by

Fp = p(volume displaced)(g/g.)
=p VB (g/ gc)

The net force acting on a submerged body in water can be obtained from

Fner = (py — pp)(volume of body)(g/g.)
= (pw — PB)VB(E/8)

The gravity force acting on the concrete volume, Vi, is

FG = (pC - pw)VC(g/gc)

The buoyant force associated with the balloon is

FB = (pw) VB(g/gc)

Equating the gravity and buoyant forces gives
(pC - pw)VC = (pw)VB

Thus

VB = VC[(pc - pw)/pw]
= 3.0[(150 — 62.4)/62.4]

=421%

The reader should note that the buoyant force is independent of depth.

CLM.7 SHEAR STRESS

Carbon tetrachloride at 1atm and 20°C is sheared between two long horizontal
parallel plates, 0.5 mm apart, with the bottom plate fixed and the top plate moving at
a constant velocity v. Each plate is 2m long and 0.8 m wide. The strain rate (or
velocity gradient) is 5000 s~!. Calculate the shear stress if the viscosity and density
of the carbon tetrachloride are 0.97 cP and 1590 kg/m?, respectively.
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Solution

Forces that act on a fluid can be classified as either body forces or surface forces.
Body forces are distributed throughout the material, e.g., gravitational, centrifugal,
and electromagnetic forces. Surface forces are forces that act on the surface.

Stress is a force per unit area. If the force is parallel to the surface, the force per
unit area is called a shear stress. When the force is perpendicular (normal) to a
surface, the force per unit area is called a normal stress. By measuring the shear
stress and the rate of change of velocity with height when a fluid is flowing between
two parallel plates, it is possible to classify the flow behavior and define a fluid
property called viscosity.

When a fluid flows past a stationary wall, the fluid adheres to the wall at the
interface between the solid and the fluid. Therefore, the local velocity v of the fluid at
the interface is zero. At some distance y normal to and displaced from the wall, the
velocity of the fluid is finite. Therefore, there is a velocity variation from point to
point in the flowing fluid. This causes a velocity field in which the velocity is a
function of the normal distance from the wall, i.e., v = f(y). If y = 0 at the wall,
v =0, and v increases with y. The rate of change of velocity with respect to distance
is the velocity gradient:

dv_ Av
dy Ay

This velocity derivative (or gradient) is also called the strain rate, shear, time rate of
shear, or rate of deformation.

It has been shown that when a fluid is sheared with a shear stress , its strain rate
(or deformation rate) is proportional (for most fluids) to the shear stress. The
proportionality constant is termed the fluid viscosity p. For a fluid sheared between
two long parallel plates, the local velocity (at any height y) varies from zero at the
fixed plate to v at the upper moving plate. As described above, the derivative of the
local velocity (1) with respect to the height y (i.e., du/dy) is termed the velocity
gradient, strain rate, or deformation rate. The shear stress is related to du/dy by the
equation

udu
T=——
g dy

Ib-ft kg -m
=3217\——= ) =1
8e (1bf - s2) (N : s2)
This is Newton’s law of viscosity. Fluids obeying Newton’s law are termed
Newtonian fluids. Note that since

where

IN = 1 kg - m/s’

the last term in the equation for g, is actually unitless.
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Noting that 1 cP = 0.001 kg/(m - s), the fluid dynamic (or absolute) viscosity, g,
can be converted to units of kg/(m - s):

= 0.97cP = 0.0097P = 0.00097 kg/(m - 5)

The shear stress is therefore

K du _ (0.00097)(5000)
g dy (1)
= 4.85Pa = 4.85/6897.5 = 7.032 x 10~ psi

= 4.85kg/(m - )

The reader is left the exercise of showing that the shear force on the plate is 7.76 N
(1.74 1b;) and that the velocity of the moving plate is 2.5 m/s (8.2 ft/s).

Fluids can be classified based on their viscosity. An imaginary fluid of zero
viscosity is called a Pascal fluid. The flow of a Pascal fluid is termed inviscid (or
nonviscous) flow.

Viscous fluids are classified based on their rheological (viscous) properties. These
are detailed below:

L.

Newtonian fluids: Fluids that obey Newton’s law of viscosity, i.e., fluids in
which the shear stress is linearly proportional to the velocity gradient. All
gases are considered Newtonian fluids. Examples of Newtonian liquids are
water, benzene, ethyl alcohol, hexane, and sugar solutions. All liquids of a
simple chemical formula are considered Newtonian fluids.

. Non-Newtonian fluids: Fluids that do not obey Newton’s law of viscosity.

Generally they are complex mixtures, e.g., polymer solutions, slurries, etc.

Non-Newtonian fluids are classified into three types:

1.

Time-independent fluids: Fluids in which the viscous properties do not vary
with time.

. Time-dependent fluids: Fluids in which the viscous properties vary with time.

These can be further classified.

. Visco-elastic or memory fluids: Fluids with elastic properties that allow them

to “spring back” after the release of a shear force. Examples include egg-
white and rubber cement.

CLM.8 CAPILLARY RISE

The following data are given:

Liquid—gas system is water—air

Temperature is 30°C, and pressure is 1atm

Capillary tube diameter = 8mm = 0.008 m
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Water surface tension = 0.0712N/m
Water density = 1000 kg/m?
Contact angle, § = 0°

Calculate the capillary rise in millimeters.

Solution

A liquid forms an interface with another fluid. At the surface, the molecular layers
are different in density than the bulk of the fluid. This results in surface tension and
interfacial phenomena. The surface tension coefficient, o, is the force per unit length
of the circumference of the interface, i.e., N/m, or the energy per unit area of the
interface area.

Surface tension causes a contact angle to appear when a liquid interface is in
contact with a solid surface. If the contact angle, 5, is < 90°, the liquid is termed
wetting. If § > 90°, it is a nonwetting liquid.

Surface tension causes a fluid interface to rise, 4 (or fall), in a capillary of
diameter d. The capillary rise is obtained by equating the vertical component of the
surface tension force F, to the weight of the liquid (of height = &), F,,. Thus,

F, = do(cos f)

m
F,= g—g = p (nd?/4) hg/g,

C
where ¢ = liquid—air surface tension
m = mass of liquid (of height = &)
p = density of liquid

g = acceleration due to gravity (9.807m/s?)
g. = conversion factor (g. = 1 for the SI system)

Equating the two forces gives
n do(cos ) = p(nd®/4)hg/g.
or
h = (40g./pdg)cos f
Converting the water—air surface tension to units of kg/s?,

o = 0.0712N/m = 0.0712 kg/s*
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The capillary rise, A, is then

_ (9(1)(0.0712kg/s*)(cos 0°)
~ (1000 kg/m3)(0.008 m)(9.807 m/s2)

= 0.00363m = 3.63 mm

CLM.9 AVERAGE VELOCITY

A liquid, with specific gravity (SG) 0.96, flows through a long circular tube of radius
R = 3 cm. The liquid has the following linear distribution of the axial velocity v (the
velocity in the direction of the flow):

v (m/s) = 6 — 200~

where r is the radial position (in meters) measured from tube centerline.
Calculate the average velocity of the fluid in the tube.

Solution

As described earlier, a real fluid in contact with a nonmoving wall will have a
velocity of zero at the wall. Similarly, the fluid in contact with a wall moving at a
velocity v will move at the same velocity v. This is termed “the no-slip condition” of
real fluids. Thus, for a fluid flowing in a duct, the fluid velocity at the walls of a duct
is zero and increases as one moves further from the wall.

To calculate the volumetric flowrate, g, of the fluid passing through a perpendi-
cular surface, 4, one must integrate the product of the component of the velocity that
is normal to the area and the area over the whole cross-sectional area of the duct.
This procedure is depicted in the equation

q=J vdA
4

where ¢ = volumetric flowrate (m>/s, or ft*/s, .. )
v = absolute velocity, or the normal component of the velocity to the area d4
A = surface area

The average velocity of fluid passing through the surface, 4, is
Vay = q/4
On a differential level,

dg =v dA
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and, in a cylindrical coordinate system
dA = 2nr dr
Thus,

dgq = 2nrv dr
= 27r(6 — 200r) dr = 2n(6r — 200r%) dr

This equation can be integrated between the limits of » = 0 and » = R to give

R
q= ZnJ (6r —200¢°) dr = 2n[3R2 - (2(3)—())123] = 2nR? [3 - (2(3)—0)13]
0

The volumetric flowrate is then
g = 271(0.03)*(3 — 2) = 0.00565m> /s = 0.200 fi* /s
Since p = (SG)(1000) kg/m>, the mass flowrate 71 is

i = (0.96)(1000)(0.00565) = 5.42 kg/s
= (5.42kg/s)(11b/0.454kg) = 11.951b/s

The average velocity may now be calculated:

A =R = 7(0.03)°

g 2mR*3-2)
UaV:ZZT—:Zm/S

The reader should note that average velocity is a useful value in scale-up and flow
analysis.

CLM.10 PIPE FORCE REQUIREMENT

A 10-cm-diameter horizontal line carries saturated steam at 420m/s. Water is
entrained by the steam at the rate 0.15kg/s. The line has a 90° bend. Calculate
the force required to hold the bend in place due to the entrained water.
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Solution

A line diagram of the system is provided in Figure 11. Select the fluid in the bend as
the system and apply the conservation law for mass:

}h 1 = ’hz
Since the density and cross-sectional area are constant,
by =10

where m1y, i, = mass flowrate at 1 and 2, respectively
v;, v, = absolute velocity at 1 and 2, respectively

A linear momentum (M) balance in the horizontal direction provides the force
applied by the channel wall on the fluid in the x-direction, F,:

Fxgc = Mx,out - Mx,in

d d
= Zt (mv)x,ou\ - E (mv)x,in

Note that the equation assumes that the pressure drop across the bend is negligible.
Since v, oy = 0 and dm/dt = m,

Fg, =0— i, = —(&%@ = —63N = —14.11b;

The x-direction supporting force acting on the 90° elbow is 14.1 Ib; acting toward
the left.

90° turn
Figure 11. Diagram for Problem CLM.10.
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A linear momentum balance in the vertical direction results in

Evgc = My,out - ]wy,in

= mv), gyt — MUy, i

— v, — 0 = (0.15)(420) = 63N = 14.1 b,

The y-direction supporting free force on the 90° elbow is 14.11b; acting upwards.
The resultant supporting force is therefore

Fres :\/Fx2+Fy2
=/(—63)* + 632 = 89.1N = 19.11b;

The direction is given by

F,
F, —63
0 =135°

where 6 is the angle between the positive x axis and the direction. The counter-
clockwise rotation of the direction from the x axis is defined as positive.
The supporting force is therefore 19.1 Ib; acting in the “northwest” direction.
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STC.1 REACTANTS/PRODUCTS RATIO

The reaction equation (not balanced) for the combustion of butane is shown below.
C4H10 + 02 — COZ + Hzo

Determine the mole ratio of reactants to products.

Solution

A chemical equation provides a variety of qualitative and quantitative information
essential for the calculation of the quantity of reactants reacted and products formed
in a chemical process. The balanced chemical equation must have the same number
of atoms of each type in the reactants and products. Thus the balanced equation for
butane is

C4H10 + (122)02 —> 4C02 + 5H20

Note that:

Number of carbons in reactants = number of carbons in products = 4
Number of oxygens in reactants = number of oxygens in products = 13
Number of hydrogens in reactants = number of hydrogens in products = 10
Number of moles of reactants is 1 mol C4H;y 4 6.5 mol O, = 7.5 mol total
Number of moles of products is 4 mol CO, + 5 mol H,O = 9mol total

The reader should note that although the number of moles on both sides of the
equation do not balance, the masses of reactants and products (in line with the
conservation law for mass) must balance.

58
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STC.2 STOICHIOMETRIC COMBUSTION

Consider the following equation:
C;Hg 450, — 3CO, 4 4H,0

Determine the scf (standard cubic feet) of air required for stoichiometric combustion
of 1.0 scf propane (C;Hy).

Solution

Stoichiometric air is the air required to assure complete combustion of a fuel,
organic, and/or waste. For complete combustion:

1. No fuel, organic, and/or waste remains
2. No oxygen is present in the flue gas

3. Carbon has combusted to CO,, not CO
4. Sulfur has combusted to SO,, not SO,

Excess air (fractional basis) is defined by:

Air entering — Stoichiometric air

EA —— —
Stoichiometric air

Noting that, for an ideal gas, the number of moles is proportional to the volume, the
scf of O, required for the complete combustion of 1 scf of propane is 5 scf

The nitrogen-to-oxygen volume (or mole) ratio in air is %% Therefore the amount
of N, in a quantity of air that contains 5.0 scf of O, is

scf of Ny = (3)(5)
= 18.81 scf

The stoichiometric amount of air is then

scf of air = scf of N, + scf of O,
= 18.814+5.0
= 23.81 scf

Therefore the amount of flue gas produced is

scf of flue gas = scf of N, + scf of CO, + scf of H,O
=18.81+3.0+4.0
= 25.81 scf
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STC.3 LIMITING REACTANT

Complete combustion of carbon disulfide results in combustion products of CO, and
SO, according to the reaction

CSZ + 02 — C02 + SOZ

1. Balance this reaction equation.

2. If 5001b of CS, is combusted with 225 1b of oxygen, which is the limiting
reactant?

3. How much of each product is formed (1b)?

Data: MW of CS, = 76.14; MW of SO, = 64.07; MW of CO, = 44

Solution

1. The balanced equation is

CS, + 30, — CO, + 2S0,
2. The initial molar amounts of each reactant is

(5001b CS,)(11bmol CS,/76.141b CS,) = 6.57 Ibmol CS,
(2251b 0,)(1 Ibmol 0,/321b O,) = 7.03 Ibmol O,

The amount of O, needed to consume a// the CS,, i.e., the stoichiometric amount, is
then

(6.57 Ibmol)(3 Ibmol/1 Ibmol) = 19.71 [bmol O,

Therefore, O, is the limiting reactant since 19.7 mol of O, are required for complete
combustion but only 7.03 mol of O, are available.

3. The limiting reactant is used to calculate the amount of product formed.

(7.03 Ibmol O,)(11bmol CS,/3 Ibmol O,) = 2.341bmol CS,
(2.341bmol CS,)(76.141b/1 Ibmol CS,) = 322 1b CS, unreacted

(7.03 Ibmol O,)(1Ibmol CO,/3 Ibmol O,) = 2.34 Ibmol CO,
(2.341bmol CO,)(441b CO,/1Ibmol CO,) = 103 1b CO, produced

(7.03 Ibmol O,)(2 Ibmol SO, /3 Ibmol O,) = 4.68 Ibmol SO,
(4.68 Ibmol SO,)(64.071b/1 Ibmol SO,) = 3001b SO, produced
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STC.4 EXCESS AIR COMBUSTION

Benzene is incinerated at 2100°F in the presence of 50% excess air (EA). Balance
the combustion reaction for this process.

C¢H¢ + O, —» CO, + H,0+ 0,
Solution
Ignoring nitrogen, the balanced equation is

CeHy +L(EA + 1) 0, — 6CO, + 3H,0 + L(EA) 0,
For 50% excess air,
EA =50% = 0.5

so that

0, (start) = (&) (1+0.5) = 11.25
and

O, (end) = (%) (0.5) =3.75
The balanced equation now becomes
C¢Hg + 11.250, — 6CO, + 3H,0 + 3.750,
To include N,,
N, =11.25 (3) =42.32

The balanced reaction equation, including the inert nitrogen, is now

CeH, + 11.250, + 42.32N, — 6CO, + 3H,0 + 3.750, + 42.32N,

STC.5 INCINERATOR APPLICATION

C¢HsCl is fed into a hazardous waste incinerator at a rate of 5000 scfm (60°F, 1 atm)
and is combusted in the presence of air fed at a rate of 3000 scfm (60°F, 1 atm). Both
streams enter the incinerator at 70°F. Following combustion, the products are cooled
from 2000°F and exit a cooler at 180°F. At what rate (Ib/h) do the products exit the
cooler? The molecular weight of CsHsCl is 112.5; the molecular weight of air is 29.



62  STOICHIOMETRY (STC)

Solution

Convert scfin to acfm using Charles’ law for both chlorobenzene (g,) and air (g,).

q; = (5000 scfm)(460 + 70)/(460 + 60)
= 5096 acfm of C4H;Cl
q> = (3000 scfim)(460 + 70)/(460 + 60)
= 3058 acfm of air
Since 1 Ibmol of any ideal gas occupies 379 ft* at 60°F and 1 atm, the molar flowrate,
n, may be calculated by dividing the volumetric flow rates at 60°F by 379.
iy = 5000/379
= 13.2 Ibmol/ min
= 792 Ibmol/h
ny = 3000/379
= 7.92 Ibmol/ min
= 475 lbmol/h

The mass flowrate is found by multiplying the above by the molecular weight:
my = (792)(112.5)
=89,1001b/h
m, = (475)(29)
= 13,8001b/h

The mass rate exiting the cooler is then

’hout = min
= 89,100 + 13,800
= 102,900 1b/h

STC.6 CHEMICAL FORMULA DETERMINATION

A separation unit produces a pure hydrocarbon compound with a concentration not
high enough to economically justify recovering and recycling it. The engineering
division of the company has made a decision that it would be worthwhile to combust
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the compound and recover the heat generated as a makeup heat source for the
separation unit.

If this hydrocarbon compound contains three atoms of carbon, determine its
chemical formula if the flue gas composition on a dry basis is:

C0,:7.5%  CO:13%  0,:81%  N,:83.1%

Solution
Assume a basis 100 mol of dry flue gas. The moles of each component in the dry
product gas is then

CO, 7.5mol
CO 1.3mol
0, 8.1mol
N, 83.1mol

Determine the amount of oxygen fed for combustion.

Since nitrogen does not react, using the ratio of oxygen to nitrogen in air will
provide the amount of oxygen fed:

Oy feq = (3)(83.1) = 22.1mol

A balanced equation for the combustion of the hydrocarbon in terms of N moles of
hydrocarbon and » hydrogen atoms in the hydrocarbon yields

NC;3H, 4 22.10, - 7.5CO, + 1.3CO + 8.10, + N(n/2)H,0

The moles of hydrocarbon, N, is obtained by performing an elemental carbon
balance:

3N=75+13
N =18.8/3=2.93

Similarly, the moles of water formed is obtained by performing an elemental oxygen
balance:

2(22.1) =2(7.5)+ 1.3 + 2(8.1) + N(n/2)
Nn/2)=442—-15-13-16.2
=117
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The number of hydrogen atoms, #, in the hydrocarbon is then

n=2(11.7)/N
=23.4/2.93
=799~ 8

Since n = 8, the hydrocarbon is C;Hg, propane.

STC.7 ETHANOL COMBUSTION

When ethanol (C,H;OH) is completely combusted, the products are carbon dioxide
and water.

1. Write the balanced reaction equation.

2. If 1501bmol/h of water is produced, at what rate (molar) is the ethanol
combusted?

3. If 2000 kg of the ethanol is combusted, what mass of oxygen is required?

The atomic weights of C, O, and H are 12, 16, and 1, respectively.

Solution

The balanced reaction equation is
CszOH + 302 - 2C02 -+ 3H20

The stoichiometric ratio of the C,H;OH consumed to the water produced may now
be calculated.

I Ibmol C,H;OH
3 Iomol H,O produced

Ratio =

The result may be used to calculate the amount of C,H;OH reacted in part 2.

1 Tbmol C,H;OH
(150 Ibmol/h H,0 produced)( Mo 27 )

3 Ibmol H,O produced
= 50 Ibmol/h C,H;OH reacted

The molar amount (in kgmol) of C,H;OH reacted in part 3 is

2000 kg C,H;OH
45kg/kgmol C,H;OH

= 43.48kgmol of C,H;OH
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Using the stoichiometric ratio of oxygen to ethanol reacted, the number of kgmol of
oxygen needed is then

3 kgmol O,
1 kgmol C,H;OH

(43.48 kgmol C2H50H)< ) = 130.4 kgmol O, reacted

The required mass of oxygen may now be calculated:

(130.4 kgmol O,)(32.0kg/kgmol) = 4174 kg O, required

STC.8 ISOTHERMAL EVAPORATION

Determine the minimum number of cubic feet of dry air required to evaporate 20 1b
of ethanol if the total pressure is maintained at 740 mm Hg. The evaporation process
is isothermal at 70°F and the vapor pressure of the alcohol is 0.9 psia at this
temperature.

Solution
The number of Ibmols of ethanol, »n, is
n=20/46
= 0.435 Ibmol
The volume V of ethanol is given by the ideal gas law
V =nRT/P
= (0.435)(0.73)(70 + 460)/(740/760)
=173 f

The maximum (or saturation) mole fraction, y, of ethanol in the air is determined
from the ethanol vapor pressure

Yoax = (0.9/14.7)/(740/760)
= 0.0629

The minimum volume of dry air required to evaporate the alcohol may now be
calculated:

Yair = 1 =~ Ymax
=0.937
Vair = V(yair/ymax)
= 173(0.937/0.0629)

=25771
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Calculating the total volume of the air—ethanol mixture is given by the sum of the
ethanol and dry air volumes:

VT =V+ Vair
=173 + 2577
= 2750 ft’

STC.9 EXTENT OF REACTION BALANCES

In one step of the Contact Process for the production of sulfuric acid, sulfur dioxide
is oxidized to sulfur trioxide at high pressures in the presence of a catalyst:

ZSOZ + 02 —> 2803

A mixture of 300 Ibmol/min of sulfur dioxide and 400 lbmol/min of oxygen are fed
to a reactor. The flowrate of the unreacted oxygen leaving the reactor is 300 lbmol/
min. Determine the composition (in mol%) of the exiting gas stream by three
methods:

1. Molecular balances
2. Atomic balances
3. “Extent of reaction” balances

Solution

There are three different types of material balances that may be written when a
chemical reaction is involved: the molecular balance, the atomic balance, and the
“extent of reaction” balance. It is a matter of convenience which of the three types is
used.

Assuming a steady-state continuous reaction, the accumulation term, A, is zero
and, for all components involved in the reaction, the molecular balance equation
becomes

I+G=0+C

where / = amount or rate of input
G = amount or rate of material generated
O = amount or rate of output
C = amount or rate of material consumed

If a total material balance is performed, the above form of the balance equation must
be used if the amounts or flowrates are expressed in terms of moles, e.g., lbmol or
gmol/h, since the total number of moles can change during a chemical reaction. If,
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however, the amounts or flowrates are given in terms of mass, e.g., kg or Ib/h, the G
and C terms may be dropped, since mass cannot be lost or gained in a chemical
reaction. Therefore,

I1=0

In general, however, when a chemical reaction is involved, it is usually more
convenient to express amounts and flowrates using moles rather than mass.

A material balance that is based not on the compounds (or molecules), but rather
on the atoms that make up the molecules, is referred to as an atomic balance. Since
atoms are neither created nor destroyed in a chemical reaction, the G and C terms
equal zero and the balance again becomes

I1=0

As an example, take once again the combination of hydrogen and oxygen to form
water:

0, + 2H, — 2H,0

As the reaction progresses, the O, and H, molecules (or moles) are consumed while
H,O molecules (or moles) are generated. On the other hand, the number of oxygen
atoms (or moles of oxygen atoms) and the number of hydrogen atoms (or moles of
hydrogen atoms) do not change. Care must be taken to distinguish between
molecular oxygen and atomic oxygen. If, in the above reaction, we start out with
1000 Ibmol of O, (oxygen molecules), we are also starting out with 2000 Ibmol of O
(oxygen atoms).

The extent of reaction balance gets its name from the fact that the amounts of the
chemicals involved in the reaction are described in terms of how much of a particular
reactant has been consumed or how much of a particular product has been generated.
As an example, take the formation of ammonia from hydrogen and nitrogen:

N2 + 3H2 —> 2NH3

If one starts off with 10 mol of hydrogen and 10 mol of nitrogen, and lets z represent
the amount of nitrogen consumed by the end of the reaction, the output amounts of
all three components are 10 — z for the nitrogen, 10 — 3z for the hydrogen, and 2z
for the ammonia. The following is a convenient way of representing the extent of
reaction balance:

Input — 10 10 0 > =20
N2 + 3H2 —> 2NH3
Output > 10—z 10 -3z 2z > =20-2z
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In this problem, the reader is asked to employ all three types of material balances. A
flow diagram of the process is given in Figure 12.
Using the molecular balance approach, one obtains

02: I = O + C
400 =300+ C
C = 1001bmol/ min O, consumed
SO,: I=0+C
300 = 7, + () (100)

ngo, = 100 Ibmol/ min SO, out

SO;: G=0
3 (100) = Rgo,
N, = 3001bmol/ min SO; out

Since the total flowrate of the exiting gas is 600 Ibmol/ min,

0, (300/600) (100%) = 50.0%
SO,:  (100/600) (100%) = 16.7%
SO;: (200/600) (100%) = 33.3%

Using the atomic balance approach, one obtains
S: I=0
(D (300) = @) ftgo, + §) Ao,
Rgo, + g, = 300
O: I1=0
(D(300) + (F)400) = F)(300) + Do, + (Irrg,,
2ng,, + 30y, = 800

—_——— »
300 Ibmol/min SO, 300 fbmol/min O,
400 lbmol/min O, M50,

5o,

Figure 12. Flow diagram for Problem STC.9.
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Solving these two equations simultaneously yields the flowrates of the SO, and SO,
leaving the reactor.
As before,

ng, = 100Ibmol/ min SO,out

Hgo, = 200 Ibmol/ min SO;out
Note: Since there are only two types of atoms, S and O, atomic balances can only
provide 2 equations. This is not enough for a system with 3 unknowns. The oxygen

output rate must be determined by one of the other methods.
Using the extent of reaction balances approach gives

Input — 300 400 0
280, + 0O, — 280,
Output — 300 —z 400 — (3)z 0+:z

where z is the rate (lbmol/min) of SO, reacted.
Since the outlet O, flowrate is given as 300 lbmol/min,

300 = 400 — (%)z
z =200

SO, outlet flowrate = 300 — z = 100 Ibmol/ min
SO; outlet flowrate = z = 200 lbmol/ min
O, outlet flowrate = 400 — (})z = 300 Ibmol/ min

STC.10 ETHYLENE OXIDATION
Ethylene oxide is produced by the oxidation of ethylene with oxygen-enriched air:
C,H,+10, » C,H,0
An undesired side reaction is the oxidation of ethylene to carbon dioxide:
C,H,; + 30, — 2CO, 4+ 2H,0
The feed stream to the ethylene oxide reactor consists of 45% (by mole) C,H,, 30%
0,, and 25% N,. The amounts of ethylene oxide and carbon dioxide in the product

stream are 20gmol and 10gmol per 100gmol of feed stream, respectively.
Determine the composition of the exiting gas stream.
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Solution

Selecting a basis of 100 gmol feed stream, a flow diagram of the process may be
generated as shown in Figure 13.

One may apply extent of reaction balances to determine expressions for each of
the components leaving the reactor in terms of the amount of C,H, converted to
C,H,0 and the amount converted to CO,.

Initial — 45 30 0
CH, + 10, - GC,H,0
Final > 45-y—z 30 — (%)y - (%)z y
Initial — 45 30 0 0
C,H, + 30, —- 2C0, + 2H,0
Final > 45—y—z 30— Qv — )z 2z 2z

where y = amount of C,H, converted to C,H,O
z = amount of C,H, converted to CO,

The amounts of all components of the product gas stream may now be calculated:

Amount C,H,0 =y = 20 gmol
Amount CO, =2z =10gmol - z=S5
Amount H,O = 2z = 2(5) = 10 gmol
Amount C,Hy =45 —y—z=45-20— 5 = 20 gmol
Amount O, =30 — Q)y — )z
=30 — ()20 — ()5 = 5 gmol
Amount N, = 25 gmol

Total amount of product gas = 90 gmol

—_— —
45 gmol C,H, n 82”4
30 gmol O, n0;
25 gmol N, 2?_[980[ C2H4O
n
10 gmol CO,
25gmol N,

Figure 13. Flow diagram for Problem STC.10.
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The mole fractions are therefore:

Mole fraction C,H,0 = 2 = 0.2222
Mole fraction CO, = {3 = 0.1111

Mole fraction H,O = 1% = 0.1111

Mole fraction C,H, = 2 = 0.2222

Mole fraction O, = 3; = 0.0556

Mole fraction N, = 25 = 0.2778
1.0000
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6 Fiuid Flow (FFL)

FFL.1 STACK VELOCITY

The exhaust gas flowrate from a facility is 1500scfim. All of the gas is vented
through a small stack, which has an inlet area of 1.3 ft*. The exhaust gas temperature
is 350°F. What is the velocity of the gas through the stack inlet in ft/s. Assume
standard conditions to be 70°F and 1 atm. Neglect the pressure drop across the stack.

Solution

Applying Charles’ law,

— Ta
da = 4 T,
_ 1500<3_50_+ﬂ)

70 + 460
= 2292 acfm

The average velocity may now be calculated:

U:'Z

229
= (1.3)(60)

=294f/s

FFL.2 HORSEPOWER REQUIREMENT

Calculate the horsepower (HP) needed to process a 8500-acfm gas stream from an
incinerator. The pressure drop across the various pieces of process equipment has
been estimated to be 8.4in. H,O. The pressure loss for duct work, elbows, valves,
and so on, and expansion-contraction losses are estimated at 5.8 in. H,O. Assume an
overall fan-motor efficiency of 58%.

75
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Solution
The total pressure drop across the system is

AP = (8.4 +5.8) = 14.2in. H,O
The describing equation for the brake horsepower (BHP) is

-4
BHp — % 4P(1.575 % 19 )
Fractional fan efficiency

Substitution yields

_(8500)(14.2)(1.575 x 107

BHP
0.58

= 32.78 bhp

The reader should note that 1.575 x 10~* is a conversion factor to obtain units of
horsepower from ft - Ib;/ min.

FFL.3 FAN SPEED

A fan operating at a speed of 1750 rpm delivers 13,250 acfim at 5.5in. H,O static
pressure and requires a BHP of 10.5. What will be the new operating conditions if
the fan speed is increased to 2000 rpm?

Solution

Fan laws are equations that enable the results of a fan test (or operation) at one set of
conditions to be used to calculate the performance at another set of conditions,
including differently sized but geometrically similar models of the same fan design.
The fan laws can be written in many different ways. The three key laws are provided
in the following equations:

2 = ky(RPM)D’
P, = k,(RPM) *D?p
HP = &y (RPM) *D°p

where ¢, = actual volumetric flowrate
P = static pressure
HP = horsepower
RPM = revolution per minute
D = wheel diameter
p = gas density
ki, ky, ky = proportionality constants
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Thus, these three laws may be used to determine the effect of fan speed, fan size, and
gas density on flowrate, developed static pressure head, and horsepower. For two
conditions, where the constants & remain unchanged, these equations become

4\ _ (RPM\ (DY’

q,) \RPM/\D
(7)= () (5) )

P, RPM D p

HP/ _ RPM/ 3 D/ 5 pl

HP/ \RPM/) \D/ \p
Note: The prime refers to the new condition. It is also important to note that the
fan laws are approximations and should not be used over wide ranges or changes of

flowrate, size, etc.
The new fan flowrate, ¢, is

. RPM/ 2/ 3
92 = 4a RPM /\ D

= 13,250(§@)(1)3

1750
= 15,143 acfin

The new static pressure becomes
P = p (RRMY (DY (0
s ‘\RPM D p

2000\°
:5'5<ﬁ6) (D*(1)

= 7.18in. H,0

The required horsepower is
RPM’ 3 D 5 p/
HP’ = HP — ) {=
(RP M) (D ) (P)

3
= 10.5(3@9) (1°’(1)

1750
= 15.67bhp

Fans are usually classified as either the centrifugal or the axial-flow type. In
centrifugal fans, the gas is introduced into the center of the revolving wheel (the
eye) and discharges at right angles to the rotating blades. In axial-flow fans, the gas
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moves directly (forward) through the axis of rotation of the fan blades. Both are used
in industry, but it is the centrifugal fan that is important at process facilities.
Generally, centrifugal fans are easier to control, more robust in construction, and less
noisy than axial units. They have a broader operating range at their highest
efficiencies. Centrifugal fans are also better suited for operations in which there
are flow variations, and they can handle dust and fumes better than axial fans.

FFL.4 PUMP CHARACTERISTICS

It is necessary to pump a constant-flow stream of liquid with a density and viscosity
similar to that of water into a reactor at a rate of 70 gal/min. The pump must operate
against a pressure of 200 psi. A pump with characteristics shown in Figure 14 is
available with variable speed drive. At what speed should the pump be operated?
What horsepower (hp) is needed to maintain this flow?

Solution

The information provided is superimposed on the curve in Figure 14. The speed is
(see point A) located between the 400 rpm and 600 rpm line. Interpolation gives that
speed to be approximately 380 rpm. Interpolation again on the horsepower curve
(see point B) gives approximately 16 hp.

FFL.5 COMPRESSED AIR REQUIREMENTS

Compressed air is to be employed in the nozzle of a liquid injection incinerator to
assist the atomization of a liquid hazardous waste. The air requirement for the nozzle
is 0.51bmol/min at 50psia. If atmospheric air is available at 50°F and 1.0atm,
calculate the power requirement. For this process, assume the polytropic constant, n,
to be 1.3.

For an ideal gas, the compressor energy requirement (delivered to the air) is given

by
w _ BRI | (PATTR
ST on—1|\p

Solution
The ideal gas law may be assumed to apply at these conditions:

o (1.3)(1.987)(510) [ ¢ 50 2713
We=—"1321 [(14.7) -1

= —1434 Btu/lbmol of air
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Figure 14. Pump capacity and horsepower vs. discharge pressure.

The horsepower, HP, is obtained by multiplying by the molar flowrate delivered to
the air:
HP = —(1434)(0.5)(778)
= —557,634 ft - 1b;/ min
= —16.9hp
Note that there are 778 ft - Ib; per Btu and 33,000 ft - Ib;/min per hp. The power

required has the opposite sign, i.e., +16.9 hp. The reader should also note that this
represents the minimum power required to accomplish this job.

FFL.6 GRAVITY DECANTER

1. In the system shown in Figure 15 calculate the gauge pressure at point 1in
psig (Ibe/in® gauge).
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open
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Figure 15. Diagram for Problem FFL.6, part 1.

2. The gravity decanter shown in Figure 16 is employed to separate three
immiscible liquids. Calculate the heights of the two adjustable overflow legs
and express the answer in feet.

Solution

Both of these problems involve the application of the hydrostatic pressure equation
presented in Chapter 4.

For part 1 of this problem, three legs of fluid must be taken into account to
calculate the pressure at point 1. Applying the hydrostatic pressure equation gives

Py = Py +(8/8)Paha — (8/8)Pah5 + (8/8)Pchc
=0+ ()@)62.4)[(16 — 6)/12] — (1)(12)(62.4)(2/12)
+ (1)(14)(62.4)([6 + 2]/12)
= 666 Ib,/ft* (gauge)
= 4.62 psig
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feed vent
T p, = 50 Ib/ft? I -
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Figure 16. Gravity decanter.
For part 2, application of the hydrostatic equation to determine z, gives

P = Pam +(2/8)p3(6 — 4) +(2/8:)p2(4 — 2) +(2/8)p1(2) — (g/8)p1(za)
0 =0+ (1)(50)(2) + (1)(65)(2) + (1)(80)(2) — (1)(80)(z,)
zp = 4.88ft

To determine zp, the hydrostatic equation again is applied:

Patm = Patm + (g/gc)p3(6 - 4) + (g/gc)p2(4 - 3) - (g/gc)p2(ZB - 3)
0 =04 (1)(50%(2) + (1)(65)(1) — (1)(65)(zp — 3)
25 = 5.54 ft

FFL.7 PIPING SYSTEM

Calculate P in psig (Ib/in®) for the piping system shown in Figure 17.

Data
v, = 8ft/s
P, = 2 atm absolute
For pipe 1-2: 2in. Sch 40; Ay = 6 ft - 1by/Ib
For pipe 2-3: 4in. Sch 40; h; = 7 ft - b;/Ib
For pump: # = 0.55; HP = 0.75hp

Assume turbulent flow, i.e., o« = 1, and the Bernoulli equation to apply.
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4 in sch 40

2insch 20

water — :jag—
pump

Figure 17. Piping system of Problem FFL.7.

Solution

The velocity in the vertical pipe can be found using the continuity equation and first
determining the cross-sectional areas, S, and S,, of the two pipes:

S, (2in., Sch 40) = 0.0233 f?
S, (4in., Sch 40) = 0.0884 ft*

0.0233
P=|——r0r = 2
D (0'0884)(8) 11 ft/s

P, =(2)(14.7) = 29.4 psia = 14.7 psig

Bernoulli’s equation is given by

AP A(07?) (g)
AP 20T A& =y, — i
p 2. g) "R

where P = pressure

p = density of fluid
o = kinetic energy correction factor
v = velocity
z = height
g = gravitational acceleration

g. = gravitational conversion factor

hy = friction loss per unit mass of fluid
n = pump efficiency

W, = work required per unit mass of fluid, 7
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Before applying Bernoulli’s equation between points 1 and 3, various terms in the
equation are evaluated:

nW, = (0.55) [(0.75)(550) /7]
= (8)(0.0233)(62.4) = 11.63Ib/s
nW, = 19.51ft - Ib/Ib

Substitution into Bernoulli’s equation (with P in psig) gives

(P, — 14.7)(144)  (1)(2.112) — (1)(8?)
62.4 2)(32.2)

P, = 12.7psig

+(12 = 0)(1) = 19.51 — 13

FFL.8 PUMP REQUIREMENTS

Water at 60°F is being pumped from a reservoir to a storage tank on top of a building
through an open pipe. The reservoir’s water level is 10 ft above the pipe inlet, and
200 ft below the water level in the tank. Both tanks are open to the atmosphere. The
piping system has an inner diameter (ID) of 4 in., contains two gate valves, five 90°
elbows, and is 525 ft long. A flowrate of 610 gal/min is desired. Calculate the pump
requirement (in horsepower) if it is rated as 60% efficient. Also provide the
pump requirements with units of kW, W, and N.-m/s. Assume k& (roughness
parameter) = 0.00015 ft.

Solution

A diagram representing this system is provided in Figure 18. The average pipe
velocity  is first calculated:

. 3
= (6ln(1)iial) (161(1)1?) (7-418flt gal) = 1368s
S @{4/_12_)2 = 0.0873 2
7= 136 = 15.61t/s

0.0873
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storage
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200 ft
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T

pump

Figure 18. Diagram for Problem FFL.8.

The Reynolds number (Re) is calculated using the density and viscosity of water:

p = 62.371b/f°

i =1.129cP
D

Re = 2P
N

_ (4/12)(15.6)(62.37)
T (1.129)(6.72 x 10-%)

= 427,500 (turbulent flow)

Note that 1cP = 6.72 x 1074 1b/(ft - s).
To obtain the Fanning friction factor,

k/D = 0.00015/() = 0.00045

The Fanning friction factor f may be estimated from plots or correlations available in
the literature. The Jain correlation is employed here:

1

k2125
Jm

=228-4 10g10(— + W

21.25
=228—4 log,0<0.00045 + W)

f = 0.0044
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There are various friction losses: skin friction, sudden contraction, sudden expan-
sion, fittings, etc. These all contribute to the /4; term in Bernoulli’s equation, as
shown in the following expression.

fittings fittings 2g c

=2
hy=hg +hg +he + > hy = <4fl£)+Kc+Ke+ > Kf)z‘
where A; = total friction loss, energy per unit mass of fluid
hg, = skin friction loss
hg, = loss due to sudden contraction
hy. = loss due to sudden expansion
hg = loss due to a fitting
f = fanning friction factor
K, = contraction loss coefficient
K. = expansion loss coefficient
K = fitting loss coefficient

The various coefficients are evaluated as follows:

1. For a sudden contraction between point 1 (upstream) and 2 (downstream):

S
K, =04{1-22
¢ ( 51)

2. For a sudden expansion point 1 (upstream) and 2 (downstream):

S\
K, = - —
=(-5)
Note that, for both 1 and 2, 7 in the equation for 4 is the velocity in the
smaller cross section.

3. For fittings, K is obtained from the following table:

Fitting K;

Globe valve, wide open 10.0
Angle valve, wide open 5.0
Gate valve, wide open 0.2
Gate valve, half open 5.6
Return bend 22
Tee 1.8
Elbow, 90° 0.9

Elbow, 45° 0.4
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For the sudden contraction at the pipe entrance, note that the entrance cross section,
S, 1s essentially infinity. Therefore,

K, = 0.4(1 - -Si) = 0.4
o ¢}

The table above is used to calculate the losses due to the two gate valves and the five
90° elbows. The total loss is therefore given by

2
he = (4(0.0044)25/% +04+(2)(0.2) +5 (0'9)> ;1(;;26;)

= 124.8ft - 1bg/lb

The Bernoulli equation may now be applied between points 1 and 2:

AP A(at?) g\ _
7+—2g—+AZ(——C)—1’]Wp—hf

C

0-0 156 -0
6237 2(322)

W, =547.61t-Ib¢/lb

+(200)(1) = (0.60) W, — 124.8

The mass flowrate, m, which is required to determine the power requirement, is
obtained from the continuity equation:

th = pBS = (62.37)(15.6) [r(4/12)* /4] = 84.921b/s
The power requirement to run the pump is then
HP = (547.6)(84.92)/550 = 84.5hp
Note that 1 hp = 550 ft - 1bs/s. The power requirement in the other units requested is

(84.5)(0.7456) = 63.0kW
= 63,000 W
= 63,000N - m/s

FFL.9 FLOW SYSTEM PRESSURE CALCULATION

Calculate the pressure P, (see Figure 19) such that 0.3 ft’/s of water will be
discharged to the atmosphere.
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. open to
4-in. pipe  atmosphere

20 ft water — ( -
10 ft
2-in. pipe
N

Figure 19. Diagram for Problem FFL.9.

Data

k = 0.0004 ft (ronghness parameter)
2-in. pipe, 25 ft long with 2 90° elbows
4-in. pipe, 15 ft long

1= 1.00cP
p = 62.41b/f
Solution

The solution to the problem once again requires the application of the Bernoulli
equation:

AP Ao
—+M+Az(§> = Wp — by
r 28 e
For this problem,

51 = 0

zZ) = 20ft

Zy = 10 ft

P, = Opsig

The velocity in the 4-in. pipe is given by

. 0.3 _
Opin. = —(n/4)(4/12)2 = 3.441t/s
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and in the 2-in. pipe by

0.3
Tyin = ————— = 13.8ft/s

(m/H(2/12)

The A; term requires more detailed solution since there are several contributing
factors. Here,

ACTN L4 (@ain)” (Uz )
hy =4 : i K, + 2K, K in.
f sz 2. ﬁt 2e. + (K, + 2Ky, + K,) y
where K, = 0.4
Kelb = 09
In addition,
S \2
K, = (1 Z2in. ‘"') =0.56
S4 in.
For the 2-in. pipe,
Dvp
Re2 in. — T

_(2/12)(13.8)(62.4)
T e x 104

= 214,000 for turbulent flow, o =1
k/D = (0.0004)/(2/12) = 0.0024

Using the Jain correlation (see Problem FFL.8), /' = 0.00640.
For the 4-in. pipe,

Dup
RC4 [ R ——

_ (4/12)(3.44)(62.4)
T 672 x 104
= 106,000 turbulent flow, a =1

k/D = (0.0004)/(4/12) = 0.0012

Again, using the Jain correlation, f = 0.00572.
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Therefore,

25 (13 8) 15 G 44)
he = 4(0.00637) ——— BN + 4(0. 00572)4/12 2)0(2.2)
13.8)
+[0.4 +2(0.9) + 0~56](§)(3—ng

=19.71ft - 1b;/Ib
From the Bernoulli equation,

0-P 3440
624 ' 2(322)

P, = 616.71b;/ft* (gauge) = 616.7 psfg
= 4.3 psig

+ (10 = 20)(1) = 0 — 19.7

FFL.10 WELL WATER APPLICATION

89

Water at 20°C is pumped from a well to a reservoir 90 m above the well through

2km of 300 mm ID commercial steel pipe (k = 0.0046 m).

1. Ignoring “minor” losses, find the pump power in kilowatts (or N -m/s)

required for a flowrate of 0.2m?/s.

2. If the pump is 1.8 m above the water surface in the well, and the suction pipe is
6.5 m long with one 90° elbow, calculate the water pressure in kilopascals at

the pump inlet (see Figure 20). Include minor losses in this part (2).

— to
Sy reservoir

‘ AINNG AN SN N

=
o]
3
-
%
o
c
3
o

=1
s /\/fu S SIS
7

Figure 20. Diagram for problem FFL.10.
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Solution

This problem is similar to Problem FFL.8, but in this case, SI units are employed.
For part 1, the density and viscosity for water at 20°C are

p = 998 kg/m’
1= 1.00cP=0.001kg/(m-s)

2
s=d__ 92 5 83ms

S (n/4)(0.30)
pTD _ (998)(2.83)(0.30)

Re = =
=T 0.0010

= 847,000

Since k = 0.0046 m,
k/D = 0.0046/0.30 = 0.00015
Using the Jain correlation,
J =0.00359

Thus,

L%
=Y D2,
C

20002.832

=4
(0.00359) 55654y 0
= 383 m?/s’

=383 J/kg
In applying the Bernoulli equation, point 1 is chosen at the liquid surface in the well

and point 2 at the liquid level in the reservoir. (Note that these points are different
from those in Figure 20.) For these conditions,

AP A(a®®

P 2 &

0-0 0*-07 1
@8—4' 2D + (90 — 0) =nWp, — 383

= 1266 J/kg
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Multiplying by the mass flowrate yields the brake power requirement, P,

P, = (1266 J/kg)(0.2 m* /s)(998 kg/m°)
= 253,000/s
= 253,000 W
=253kW

Note: The term mn W), is the fluid power as opposed to the brake power (m#W,). Fluid
power is the power imparted to the fluid by the pump. Brake power is the power
required to run the pump.

For part 2, the Bernoulli equation is now applied between points 1 and 2 in Figure
20. Contributions to the friction loss are now included. Besides skin friction, there
are losses associated with the contraction at the pipe entrance and one 90° elbow:

L =2
he = he + hee + hg = (4fB+Kc+Kf>v—

2g,

6.5 (2.83)°
he = | 4(0. 41, )
. [(000359)0.30+ 0+09] 0,

= 8.85J/kg
Therefore,
P, —1.013 x 105+2.832—02+(1 2 0)9.81 —0_385

998 2(1) : 1 :

Note: 1atm = 1.013 x 10°N/m? = 1.013 x 10° Pa

P, = 70,800 Pa
= 70.8 kPa (absolute)
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HTR.1 HEAT PUMP

A heat pump takes in 3500 gpm of water at a temperature of 38°F and discharges
back to the lake at 36.2°F. How many Btu are removed from the water per day [C,
for H,0 = 75.41/(gmol - °C), p = 62.41b/f°]?

Solution

To calculate the heat load, the following equation is employed:

Q =mC,(T, — T))
_ (3500 gal/ min)(62.4 Ib/t’)(1440 min/day)
7.48 gal/ft’
=4.20 x 107 Ib/day

The heat capacity is converted to consistent units and placed on a mass basis as
follows:

_ [75.43/(gmol - °C))(454 g/Ib)
> = (1054 1/Btu)(18 g/gmol)(1.8°F/°C)

= 1.00 Btu/(Ib - °F)

Therefore,

0 = (4.20 x 107 Ib/day)[1.0 Btu/(Ib - °F)}(38 — 36.2 °F)
= 1.36 x 10® Btu/day

HTR.2 THERMAL CONDUCTIVITY

Estimate the thermal conductivity of methane at 500°C. Assume the Lennard-Jones
model to apply.

92
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Solution

For polyatomic molecules such as methane, the Lennard-Jones equation may be

written as
(ISR (4G 3
“amw\15r "35)#

where & = thermal conductivity, cal/(s - cm - °C)
R = ideal gas constant, 1.987 cal/(gmol - °C)
MW = molecular weight, g/gmol
C, = molar heat capacity at constant volume, cal/(gmol - °C)
1 = absolute viscosity, g/(cm - s)

For methane,

¢, = 0.58 cal/(g - °C)
cy/c, = 1.26

Therefore,

¢, = 0.58/1.26 = 0.46 cal/(g - °C)
C, = (0.46)(16) = 7.35 cal/(gmol - °C) (mole basis)

The viscosity of methane is approximately 2.26 x 10~*g/(cm - s) at these condi-
tions. Therefore,

15\ [ 1.987 4 7.35 3 4
k= () (556 L35 ) (Tg7) + gJea2e 1079
=1.67 x 107*cal/(s - cm - °C)
= 0.040 Btu/(h - ft - °F)

HTR.3 OVEN INSULATION

One wall of an oven has a 3-in. insulation cover. The temperature on the inside of the
wall is at 400°F; the temperature on the outside is at 25°C. What is the heat flux
(heat flowrate per unit area) across the wall if the insulation is made of glass wool
[k =0.022Btu/(h - ft-° F)J?
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Solution

The thermal resistance associated with conduction is defined as
R=1L/kA

where R = thermal resistance
k = thermal conductivity
A = area across which heat is conducted
L = length across which heat is conducted

The rate of heat transfer, Q, is then
0 =AT/R
Thus,
O =kA4 AT/L
Since 25°C is approximately 77°F and L is 0.25 ft,

O 0.022 (400 — 77)

A 0.25
=28.4Btu/(h - ft*)

HTR.4 OVERALL HEAT TRANSFER COEFFICIENT

A rectangular plane window glass panel is mounted on a house. The glass is % in.
thick has a surface area of 1.0 m?, and its thermal conductivity, ,, is 1.4 W/(m - °C).
The inside house temperature, 7, and the outside air temperature, 7,, are 25 and
—14°C, respectively. The heat transfer coefficient inside the room, A, is
11 W/(m? - K) and the heat transfer coefficient from the window to the surrounding
cold air, %3, is 9.0 W/(m? - K). Calculate the overall heat transfer coefficient in
W/(m? - K).

Solution

In most steady-state heat transfer problems, more than one heat transfer mode may
be involved. The various thermal resistances due to thermal convection or conduc-
tion may be combined and described by an overall heat transfer coefficient, U. Using
U, the heat transfer rate, Q, can be calculated from the terminal and/or system
temperatures. The analysis of this problem is simplified when the concepts of
thermal circuit and thermal resistance are employed.
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Consider heat transfer from one fluid to another by a three-step steady-state
process: convection from a warmer fluid at 7} to a solid (with a convection heat
transfer coefficient, 4,), conduction through the wall (with a thickness, L,, and a
thermal conductivity, ), then convection to a colder fluid at 7, (with a convection
heat transfer coefficient, 4,). The heat transfer area is A. The thermal circuit consists
of four nodes (T}, T,, T3, and T}) and three resistances (R, R,, and R3).

In Figure 21,

Q = rate of heat transfer

R, = inside convection resistance = 1/h4

R, = conduction resistance through the wall = L, /k,4
R; = outside convection resistance = 1/h34

T, = temperature of the inside fluid

T, = temperature at the inside fluid—wall interface

T; = temperature at the wall—outside fluid interface
T, = temperature of the outside fluid

h, = heat transfer coefficient of inside fluid

h, = heat transfer coefficient of outside fluid
Since all thermal resistances are in series, the total resistance is calculated as
Ryu=R +R,+R;
The heat transfer rate is calculated using the terminal temperatures, i.e.,
Q= (T, = T)/R

The overall heat transfer coefficient, U, based on the temperature difference between
the two fluids, T} — T, is defined by

Q = UA(T, — T,)
T, T, T T, i
NN/ -oNN/ 0N\ /-0— @
R1 RZ R3

Figure 21. Thermal circuit for Problem HTR-4.
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These equations are combined to give

Ry =R +R,+Ry=1/UA
or

11 L, 1

UA ™~ hA + koA " hyd

The overall heat transfer coefficient, U, has the same units as 4.
The internal convection resistance is

1
R=mo
= 0.0909°C /W

The conduction resistance through the glass panel is

1
L, = gin. = 0.00318m

~0.00318
27 (1.4

= 0.00227°C/W

The outside convection resistance is

1
RB=50
—0.111°C/W

The total thermal resistance is the sum of the above three resistances.

Ry = 0.0909 + 0.00227 4 0.111
= 0.204°C/W

The overall heat transfer coefficient may now be calculated:

1
U= 00209

=49W/(m? °C)
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HTR.S INCINERATOR WALL TEMPERATURE PROFILE

A flat incinerator wall with a surface area of 480 ft* consists of 6 in. of firebrick with
a thermal conductivity of 0.61 Btu/(h - ft - °F) and an 8-in. outer layer of rock wool
insulation with a thermal conductivity of 0.023 Btu/(h - ft - °F). If the temperature of
the insulation of the inside face of the firebrick and the outside surface of the rock
wool insulation are 1900 and 140°F, respectively, calculate the following:

1. The heat loss through the wall in Btwh.
2. The temperature of the interface between the firebrick and the rock wool.

Solution

From the previous problem,

AT
ZR

The individual resistances are:
R = Lf
firebrick kf A

05

~ (0.61)(4%0)

= 0.0017h - °F/Btu
L

_ trw
rock wool krw A

R

067
~ (0.023)(480)

= 0.0604h - °F/Btu
Thus,
R =0.0017 + 0.0604 = 0.0621 h - °F/Btu

The heat loss through the wall is then

. 1900 — 140
~ 7 0.0621

= 28,341 Btu/h
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The temperature at any interface can be calculated from the equation
AT = QR;
Applying this equation between the firebrick and rock wool gives

1900 — T; = (28,341)(0.0017)
T, = 1852°F

HTR.6 WALL RESISTANCE OPTION

Heat is flowing from steam on one side of a vertical steel sheet 0.375 in. thick to air
on the other side. The steam heat-transfer coefficient is 1700 Btu/(h - ft* - °F) and
that of the air is 2.0 Btu/(h - ft* - °F). The total temperature difference is 120°F. How
would the rate of heat transfer be affected if the wall was copper rather than steel? By
increasing the steam coefficient to 250? By increasing the air coefficient to 12.0?7
Note that the thermal conductivities, &, for steel and copper are 26 and 218 Btw/
(h - ft - °F), respectively.

Solution

The describing equation is once again

S AT
q:i:TR

For the existing application, assume a basis of 1.0 fi*, Therefore,

R N
steam " hd T (1700)(1) T 1700

111
R~=—:——:—
T hd Q1) 2

L 0375/12

R k

S|

= == =26Btu/h-ft-°
steel k/4 (26)(1) ’ teel 6 tu/ F

1 1 0375/12
R=— 44—~
LR=1350+3 (26)
=0.502h - °F/Btu
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If copper [k = 218 Btu/(h - ft - °F)] is employed,

1 1 0.375/12
ZR‘_1700+§Jr (218)

=0.50h - °F/Btu

Thus, the rate of heat transfer is essentially unaffected. If hg,,, is 2500 Bw/
(h-fi* - °F),

11 0375/12
LR=30%3" 26

=0.50h - °F/Btu

The rate is again unaffected.
However, if h,, is 12 Btw/(h - f* - °F),

1 1 0.375/12

=T1700 T 12T (26)
= 0.0852h - °F/Btu

TR

The rate is affected for this case. Thus, it can be concluded that the air is the
controlling resistance.

HTR.7 ROTARY KILN

A rotary kiln incinerator is 30 ft long, has a 12-ft ID and is constructed of %—in.
carbon steel. The inside of the steel shell is protected by 10in. of firebrick
[k =0.608Btu/(h-ft-°F)] and 5in. of Sil-o-cel insulation [k = 0.035Btu/
(h - ft -° F)] covers the outside. The ambient air temperature is 85°F and the average
inside temperature is 1800°F. The present heat loss through the furnace wall is 6% of
the heat generated by combustion of the waste. Calculate the thickness of Sil-o-cel
insulation that must be added to cut the losses to 3%.

Solution

A diagram of this system is presented in Figure 22. Although the resistance of the
steel can be neglected, the other two need to be considered. For cylindrical systems,
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Figure 22. Diagram for Problem HTR.7.

the effect of the radius of curvature must be included in the resistance equations.
These take the form presented below.

T
firebrick — 2—71ka_

_ In(6.000/5.167)
~ 27(30)(0.608)

=1.304 x 10> h-° F/Btu

R _ ln(rso/rsi)
Sil—o—cel — m

_ 1n(6.479/6.063)
= 2r(30)(0.035)

=10.059 x 107 h -° F/Btu
Thus,
Y R=11.363 x 107> h - °F/Btu

To cut the heat loss in half, R must be doubled. The additional Sil-o-cel resistance is
therefore 11.363 x 10=>h - °F/Btu. The new outside radius, r,, is calculated from

L In(r,/6.479)
Ragded sil—o—cel = 11.363 x 1073 = H?;?))(T(BS_)

r, = 6.983 ft

The extra thickness is 6.983 — 6.479 = 0.504 ft = 6.05 in.
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HTR.8 LOG-MEAN TEMPERATURE DIFFERENCE

A heavy hydrocarbon oil with heat capacity, ¢, = 0.55Btu/(Ib - °F), is being cooled
from T} = 210°F to T, = 170°F. The oil flows inside a tube at the rate of 8000 Ib/h
and the inside tube surface temperature is maintained at 60°F. The overall heat
transfer coefficient, U, is 63 Btu/(h - ft* - °F). Calculate the log-mean temperature
difference (LMTD) in degrees Fahrenheit.

Solution

When heat is exchanged between a surface and a fluid, or between two fluids flowing
through a heat exchanger, the local temperature driving force, AT, varies with the
flow path. For this condition, the concept of the log-mean temperature difference
(LMTD) may be applied when the overall heat-transfer coefficient, U, is given. In
this case,

0 = UA ATy

Heat-transfer calculations using this equation and ATp,, are convenient when
terminal temperatures are known. If the temperature of the fluid leaving the tube
is not known, the procedure requires a trial-and-error calculation.

The heat transferred by the heavy oil is

0 = (8000)(0.55)(170 — 210)
= —176,000 Btu/h
The thermal driving forces, or the approaches, at the pipe entrance and exit are given
by
AT, =210 — 60 = 150°F
AT, =170 — 60 = 110°F

The LMTD by definition is then

A7 — AT —AT, _ 150110
M ™ In(AT,/AT,) ~ In(150/110)

= 129°F

If something other than a single, single-pass (1-1) exchanger is enployed, the
describing equation becomes

Q = UAF ATy
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where F is a function of the exchanger geometry and the fluid temperature. Many F
curves (or F data) are provided in the literature.

HTR.9 ADIABATIC QUENCH TOWER

The composition of a combustion gas stream is given in the following table:

MW Ib/h Ibmol/h Mole Fraction
CO, 44 12,023 273.3 0.0536
H,0 18 9,092 505.1 0.0990
N, 28 106,783 3,813.7 0.7476
HCl 36.5 193 53 0.0010
0, 32 16,115 503.6 0.0988
Total 144,206 5,101.0 1.0

Also for the combustion gas, ¢, = 0.3 Btu/(Ib - °F).

Calculate the mass of 0.91 Btu/(1b - °F) heat capacity solids required to cool the
gas from 2050 to 180°F for one hour of operation. The initial temperature of the
solids is 60°F, and an approach temperature of 20°F may be assumed.

Solution
Select as a basis one hour of operation. Applying an enthalpy balance,
AHpye = —AH g4
= mayecy(T, — T)

= (144, 206)(0.3) (180 — 2050)

= —8.09 x 10" Btu
AHgys = Mggiigscp(T2 — T1)
AI-Isolids

Myoligs = m
For a 20° approach,
T, =180 — 20 = 160°F
which is the final temperature of the solids. Thus,

o 8.09x 107
solids ™ (0.91) (160 — 60)

= 8.89 x 10°Ib solids needed
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HTR.10 DOUBLE-PIPE HEAT EXCHANGER

A heavy hydrocarbon oil with heat capacity, ¢, = 0.55Btu/(Ib - °F), is being cooled
in a countercurrent double-pipe heat exchanger from T, = 210°F to T, = 170°F.
The oil flows inside a tube at the rate of 80001b/h and the inside tube surface
temperature is maintained at 60°F. The overall heat-transfer coefficient,
U = 63Btu/(h - ft* - °F). Calculate the required inside heat-transfer area, 4, in
square feet.

Solution

In a countercurrent flow exchanger, the two fluids exchanging heat flow in opposite
directions. The temperature approach at the tube entrance end, AT or (T} — T}), and
at the annulus entrance end, AT, or (7, — T3) are usually roughly the same. The
thermal driving force is normally relatively constant over the length of the
exchanger.

In designing a double-pipe heat exchanger, mass balance, heat balance, and heat-
transfer equations are used. The steady-state heat balance equation is

0= =, ((Ty — T)) = iyC, 5 (T4 — T)

Besides steady state, this equation assumes no heat loss, no viscous dissipation, and
no heat generation. The rate equation used to design an exchanger once again
employs the log-mean temperature difference (LMTD),

where Q is the heat load (transfer rate), U is the overall heat transfer coefficient, 4 is
the heat-transfer area, and ATy is the log-mean temperature difference (LMTD). If
the temperature difference driving forces are AT, and AT, at the entrance and exit of
the heat exchanger, then

_ (AT, — AT;)
M ™ In(AT,/AT,)

_ (—150) — (—110)

~ In(—150/ — 110)

= —129°F

The describing equation for the area may be written as

0 = UA AT,y
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For this problem,

Q = (8000)(0.55)(170 — 210)

= —176,000 Btu/h
__ 0

UA AT,y
_ —176,000
T(63)(—=129)
=21.7f

A

The value of U was provided in the calculation. Typical values of U for new, clean
exchangers are available in the literature and are here assigned the symbol U,
After several months of use, the tubes are fouled by scale or dirt. This scale causes a
decrease in the overall heat-transfer coefficient, from Ugeyy t0 Uiy The relation
between these two U’s is given by

1 1
- = + R
Udirty Uclean !

where R; is the fouling or dirt factor in typical units of m* - K/W or ft* - h - °F/Btu.

HTR.11 SHELL-AND-TUBE HEAT EXCHANGER

A unique shell-and-tube heat exchanger has one pass on the shell side and two
passes on the tube side (i.e., a 1-2 shell-and-tube heat exchanger). It is being used
for oil cooling. The oil flows in the tube side. It enters at 110°C and leaves at 75°C.
The shell-side fluid is water at a flowrate of 1.133 kg/s, entering at 35°C and leaving
at 75°C. The heat capacity of the water is 4180 J/(kg - K). The overall heat-transfer
coefficient for the heat exchanger is 350 W/(m? - K). The geometry factor F is 1.15.
Calculate the heat-transfer area requirement for this unit in square meters.

Solution

For multipass and cross-flow exchangers, the log-mean temperature difference
(LMTD) method is still applicable, i.e., the heat transfer rate is

Q = UA ATy
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However, the AT}, in the above equation must be corrected by a geometry factor, F.
Therefore,

ATLM =F ATLM,CF

where ATy cr = log-mean temperature difference from terminal AT’s based on
countercurrent operation
F = geometry factor, or correction factor, applied to a countercurrent
flow with the same hot and cold fluid temperatures

The heat load is

O =, (Toy — Tin)
= (1.133)(4180)(75 — 35)
= 189,400 W

The countercurrent log-mean temperature difference is

AT, = 110 — 75 = 35°C
AT, = 75 — 35 = 40°C

3540
M ™ 1n(35/40)

=37.4°C
=310.6K
The corrected log-mean temperature difference is calculated employing the correc-
tion factor, F:
ATy =F ATy cr
= (1.15)(310.6)

=357.2K
The required heat-transfer area is then
4=_9
U ATy
_ 189,400
"~ (350)(357.2)

=1.5m?
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The LMTD method is adequate when the terminal temperatures are known. If the
heat-transfer area is given and the exit temperatures are unknown, the problem often
requires solution by trial and error.

Shell-and-tube heat exchangers often provide a large heat-transfer area both
economically and practically. The tubes are placed in a bundle and the ends of the
tubes are mounted in tube sheets. The tube bundle is enclosed in a cylindrical shell
through which the second fluid flows. The simplest shell-and-tube heat exchanger
has a single pass through the shell and a single pass through the tubes. This is termed
a I-1 shell-and-tube heat exchanger. Fluid flow through tubes at low velocity results
in low heat-transfer coefficients and low pressure drops. To increase the heat-transfer
rates, multipass operation may be used. Baffles are used to divert the tube fluid
within the distribution header. An exchanger with one pass on the shell side and four
tube passes is termed a -4 shell-and-tube heat exchanger. It is also possible to
increase the number of passes on the shell side by using dividers. A 2-8 shell-and-
tube heat exchanger has two passes on the shell side and eight passes on the tube
side.

HTR.12 RADIATION HEAT-TRANSFER COEFFICIENT

An uninsulated steam pipe made of anodized aluminum has a diameter d of 0.06 m
and a length L of 100m and is at a surface temperature 7; = 127°C. The surface
emissivity, ¢, of anodized Al is 0.76. Calculate the emissive power of the pipe surface
in watts per square meters.

Solution

Each surface emits radiation based on its temperature. The ideal radiator is called a
blackbody. The rate of energy emission per unit area, ¢”, is also termed blackbody
emissive power, E,, and is given by the Stefan—Boltzmann law,

q/r — Eb — O_T4

where ¢ = Stefan—Boltzmann constant
=5.669 x 107 3W/(m? - K%
=0.1713 x 1078 Btu/(ft* - h - °R*)
T = absolute temperature, K or °R
E, = blackbody emissive power, W/m? or Btu/(ft> - h)

Real surfaces emit less radiation than a blackbody surface. One may define

& = surface emissivity

= emissive power of real surface/emissive power of blackbody
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The emissive power, E, of a real surface is
E=¢q" =eoT* = ¢E, 0<ex<l

Consider a small real surface of area A4, surface emissivity g at an absolute
temperature 7;, surrounded by a large enclosure at an absolute temperature 7.
The rate of heat transfer, O can be written as

Q = eoA(T* — T,")

= ¢A(Ey — Eyy)

where E,, = blackbody emissive power of the surface = ¢7}*
E,, = blackbody emissive power of the surrounding = oT,*

It is often convenient to express the radiation heat transfer in a Newton’s law of
cooling form. In this case, a radiation heat-transfer coefficient, A4,, is defined by
equating the Newton’s law of cooling rate to the radiation heat-transfer rate, i.e.,

0 = hA(T; = Ty) = eod(T\* = T,*)
he = 8f"(T14 - T24)/(T1 —T)
First convert the temperature to Kelvin:
T, =127°C =400K
Assuming it is a blackbody, the emissive power of the pipe surface is
E, = (5.669 x 107)(400%)
= 1451 W/m?
The actual emissive power of the pipe surface is then
E =(0.76)(1451)
= 1103 W/m?

If the temperature difference, [T; — T,] in an application is < 200°R (or 120K), the
radiative heat-transfer coefficient, A4,, is approximated as

h, & 4eoT,,

where T,, is the average temperature of the two surfaces = (T} + T3)/2.
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MTO.1 7xy DIAGRAM FOR ETHANOL-WATER

Using the vapor-liquid equilibrium (VLE) data for the ethanol-water system
provided in the following table, generate a Txy diagram. What are the liquid and
vapor mole fractions of water if the liquid mixture is 30 mol % ethanol?

Vapor-Liquid Equilibrium
at 1 atm (mole fractions)

(o) XETOH YETOH

212 0.000 0.000.
192 0.072 0.390
186 0.124 0.470
181 0.238 0.545
180 0.261 0.557
177 0.397 0.612
176 0.520 0.661

174 0.676 0.738
173 0.750 0.812
172 0.862 0.925

171 1.000 1

Solution

The Txy diagram is plotted in Figure 23. The top curve ( y vs. T') represents saturated
vapor and the bottom curve (x vs. T) is saturated liquid.

From the diagram, when x = 0.3, y = 0.57 (see the tie line at about 179°C); the
ethanol vapor composition is 57%.

The water vapor mole fraction is therefore

y (water) = 1 — 0.57 = 0.43

108
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Figure 23. Txy diagram for the ethanol-water system.

MTO.2 HENRY’S LAW

Given Henry’s law constant and the partial pressure of H, S, determine the maximum
mole fraction of H,S that can be dissolved in solution at the given conditions. Data
are provided below.

Partial pressure of H,S = 0.01 atm

Total pressure = 1.0 atm

Temperature = 60°F

Henry’s law constant, Hy g = 483 atm/mol fraction (1 atm, 60°F)

Solution

An important equilibrium phase relationship is that between liquid and vapor.
Raoult’s and Henry’s laws theoretically describe liquid—vapor behavior and under
certain conditions are applicable in practice. Raoult’s law is sometimes useful for
mixtures of components of similar structure. It states that the partial pressure of any
component in the vapor is equal to the product of the vapor pressure of the pure
component and the mole fraction of that component in the liquid, that is,

b= Plxi

where p; = partial pressure of component { in the vapor
p’ = vapor pressure of pure i at the same temperature
x; = mole fraction of component i in the liquid
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This expression may be applied to all components. If the gas phase is ideal,
pi=yP
and the first equation can be written as follows:
yi =(p'/P) x;
where y; = mole fraction component i in the vapor

P = total system pressure

Thus, the mole fraction of water vapor in a gas that is saturated, that is, in
equilibrium contact with pure water (x = 1.0), is given simply by the ratio of
the vapor pressure of water at the system temperature divided by the system
pressure. These equations find application in distillation, absorption, and stripping
calculations.

Unfortunately, relatively few mixtures follow Raoult’s law. Henry’s law is a more
empirical relationship used for representing data on many systems. Here,

pi = Hx;

where H; is Henry’s law constant for component i (in units of pressure).
If the gas behaves ideally, the above equation may be written as

Vi = mx;

where m; is a constant (dimensionless).

This 1s a more convenient form of Henry’s law. The constant m; (or H;) has been
determined experimentally for a large number of compounds and is usually valid at
low concentrations. In word equation form, Henry’s law states that the partial
pressure of a solute in equilibrium in a solution is proportional to its mole fraction.
The law is exact in the limit, as the concentration approaches zero.

The most appropriate form of Henry’s law for this problem is the first, i.e.

pi = Hyx;

The maximum mole fraction of H,S that can be dissolved in solution can now be
calculated:

X = pi/HHZS
= 0.01/483
= 0.0000207
= 20.7 ppm
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Henry’s law may be assumed to apply for most dilute solutions. This law finds
widespread use in absorber calculations since the concentration of the solute in some
process gas streams is often dilute. This greatly simplifies the study and design of
absorbers. One should note, however, that Henry’s law constant is a strong function
of temperature.

MTO.3 PACKED COLUMN DESIGN

A packed column is designed to absorb ammonia from a gas stream. Given the
operating conditions and type of packing below, calculate the height of packing and
column diameter. The unit operates at 60% of the flooding gas mass velocity, the
actual liquid flowrate is 25% more than the minimum, and 90% of the ammonia is to
be collected.

Gas mass flowrate = 5000 Ib/h

NH; concentration in inlet gas stream = 2.0 mol %
Scrubbing liquid = pure water

Packing type = 1-in. Raschig rings; packing factor, F' = 160
Hyg (height of a gas transfer unit) of the column = 2.5 ft
Henry’s law constant, m = 1.2

Density of gas (air) = 0.075 Ib/ft°

Density of water = 62.4 Ib/ft®

Viscosity of water = 1.8 cP

The ordinate and abscissa of the graph in Figure 24 are dimensionless numbers
where:

G = mass flux (mass flowrate per unit cross-sectional area) of gas stream
L = mass flux of liquid stream

F = packing factor

¥ = ratio of specific gravity of scrubbing liquid to that of water
= viscosity of liquid phase
pr. = density of liquid phase

p = density of gas phase

g. = Newton’s law proportionality factor

Solution
To calculate the number of overall gas transfer units, Nyg, first calculate the
equilibrium outlet concentration, x,, at y, = 0.02.
xp =y/m
= (0.02)/(1.20)
= 0.0167
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Figure 24. Generalized flooding and pressure drop correlation.

where x7 is the liquid mole fraction in equilibrium with the vapor of mole fraction,

Y1
Determine y, for 90% removal:

y, = (0~1)y1
2T (1—y)+ 0.y
B (0.1)(0.02)
= {1 =0.02)+ (0.1)(0.02)
= 0.00204

The minimum ratio of molar liquid flowrate to molar gas flowrate, (L,,/G,,)
determined by a material balance:

min> 18

(Lm/Gm)min = (yl —_))2)/()(;31< - x2)
— (0.02 — 0.00204)/(0.0167 — 0)
=1.08
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Figure 25. Colburn chart.

The actual ratio of molar liquid flowrate to molar gas flowrate, (L.,/G,,), is

Lm/Gm - (1-25)(Lm/Gm)min
— (1.25)(1.08)
=135

In addition,

(mG,)/L,, = (1.2)/(1.35) = 0.889

The absorption factor, A, is defined as

A=L,/(mG,)=1/0.889 = 1.125



114 MASS TRANSFER OPERATIONS (MTO)
The value of (y; — mx,)/(y, — mx;) is

y—mx;  0.02—(1.2)(0)

= =9.80
y, —mx, _ 0.00204 — (1.2)(0) 8

The term Ny is calculated from Colburn’s equation (or read from Colburn’s chart,
Figure 25),

_ In([Cyy = mxy)/(yp — mxp)][1 — (A/A)] + (1/A))

No [=(1/A)
_ In[(9.80) [1 —(1/1.125)] + (1/1.125)]
- 1 —(1/1.125)
=6.14
The height of packing, Z, is then
Z = NogHog
= (6.14)(2.5)
=154t

To determine the diameter of the packed column, the abscissa of Figure 24 is first
calculated:

NP\ (La\(18\(P\" _ 18\ (0.075\ %’
66 -@E)6) -9 )6
= 0.0291

Note that the molecular weights of water and air are 18 and 29 lb/lbmol, respectively.
The value of the ordinate at the flooding line is determined from Figure 24:

G Ry’
PPLE:

=0.21

The flooding gas mass velocity, G;, in lb/ft* - s, is

3 (0.21prgc)l/2_ ((0.21)(62.4)(0.075)(32.2))”2
TN R ) (160)(1)(1.8)°2

=0.4191b/(f* - 5)
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The actual gas mass velocity, G,,, in Ib/(f* -s), is

G, = (0.6)(0.419)
=0.2511b/(f% - 5)
=904 1b/(ft* - h)

Calculate the diameter of the column, D, in feet:

D= [(4m)/(Gactn)]l/2
= [(4)(5000)/(904)(m)]'/?
=2 651t

The column height (packing) and diameter are 15.4 and 2.65 fi, respectively.

MTO.4 SIZING OF A PACKED TOWER WITH NO DATA

Qualitatively outline how one can size (diameter, height) a packed tower to achieve a
given degree of separation without any information on the physical and chemical
properties of a gas to be cleaned.

To calculate the height, one needs both the height of a gas transfer unit, Hp, and
the number of gas transfer units, Nog. Since equilibrium data are not available,
assume m (slope of equilibrium curve) approaches zero. This is not an unreasonable
assumption for most solvents that preferentially absorb (or react with) the solute. For
this condition:

Nog = In(y,/»,)

where y, and y, represent inlet and outlet concentrations, respectively.

Since it is reasonable to assume the scrubbing medium to be water or a solvent
that effectively has the physical and chemical properties of water, Hy; can be
assigned values usually encountered for water systems. These are given in the
following table:

Packing Diameter (in.) Plastic Packing Hqg (ft) Ceramic Packing Hyg (ft)

1.0 1.0 2.0
1.5 1.25 2.5
2.0 1.5 3.0
3.0 2.25 4.5

35 2.75 55
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For plastic packing, the liquid and gas flowrates are both typically in the range of
15002000 Ib/(h - ft*) of cross-sectional area. (Note: The “flow rates” are more
properly termed “fluxes”; a flux is a flow rate per unit cross-sectional area with units
of Ib/h - fi? in this problem. However, it is common practice to use the term rate.)
For ceramic packing, the range of flowrates is 500-1000 1b/(h - fi%). For difficult-to-
absorb gases, the gas flowrate is usually lower and the liquid flowrate higher.
Superficial gas velocities (velocity of the gas if the column is empty) are in the 3—
6 ft/s range. The height Z is then calculated from

Z = (Hog)(NoG)(SF)

where SF is a safety factor the value of which can range from 1.25 to 1.5. Pressure
drops can vary from 0.15 to 0.40in. H,O/ft packing. Packing size increases with
increasing tower diameter.

Note: This problem and design procedure were originally developed by Dr. Louis
Theodore in 1985 and later published in 1988. These materials recently appeared in
the 1992 Air and Waste Management Association text published by Van Nostrand
Reinhold titled Air Pollution Engineering Manual. This was done without properly
acknowledging the author, Dr. Louis Theodore, and without permission from the
original publisher.

Solution

The reader is left the exercise of verifying the charts below. A sample calculation is
presented after the first chart.

Packing Height, Z (ft)

Plastic Packing Size (in.)

Removal Efficiency

(%) 1.0 1.5 2.0 3.0 3.5
632 1.0 1.25 1.5 225 275
77.7 1.5 1.9 225 34 4.1
86.5 2.0 2.5 3.0 45 55
90 2.3 3.0 3.45 525 6.25
95 3.0 3.75 45 6.75 8.2
98 3.9 4.9 5.9 8.8 10.75
99 46 575 6.9 10.4 12.7
99.5 53 6.6 8.0 11.9 14.6
99.9 6.9 8.6 10.4 15.5 19.0

99.99 9.2 11.5 13.8 20.7 253
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Consider, as an example, a removal efficiency of 86.5% using 1.5-in. diameter
plastic packing. Using a basis of 100 ppm for the inlet concentration, y,, the outlet
concentration, y,, is obtained from

0.865 =100
v, = 13.3 ppm

The Ny is then

Nog = In(100/13.3)
=2.02

From the chart in the problem statement, for 1.5-in. diameter plastic packing, H g is
2.5 ft. The required packing height is

Z = (2.5)(2.02)
=5.0ft

For ceramic packing, one obtains

Packing Height, Z (ft)

Ceramic Packing Size (in.)

Removal Efficiency

(%) 1.0 15 2 3 3.5
63.2 2.0 2.5 3.0 45 55
77.7 3.0 37 45 6.75 8.25
86.5 4.0 5.0 6.0 9.0 11.0
90 4.6 5.75 69 104 12.7
95 6.0 7.5 90 135 16.5
98 78 9.8 1.7 176 21.5
99 92 115 138 207 253
99.5 106 1325 159 238 29.1
99.9 138 1725 207 311 38.0
99.99 184 230 276 414 50.7

An equation for estimating the cross-sectional area of the tower, S, in terms of the
gas volumetric flow rate, ¢, in acfs (actual cubic feet per second) is

S(ft*) = g(acfs)/4
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An equation to estimate the tower packing pressure drop, AP, in terms of Z is
AP(in. H,0) = (0.2)Z Z=ft

The following packing size(s) is (are) recommended:

For D = 3 ft, use 1in. packing
For D < 3 ft, use < 1 in. packing
For D > 3 ft, use > 1 in. packing

MTO.S DESIGN OF A PACKED TOWER AIR STRIPPER

An atmospheric packed tower air stripper is used to clean contaminated groundwater
with a concentration of 100 ppm trichloroethylene (TCE). The stripper was designed
such that packing height is 13 ft, the diameter (D) is 5 ft, and the height of a transfer
unit (HTU) is 3.25 ft. Assume Henry’s law applies with a constant (H) of 324 atm at
68°F. Also, at these conditions the molar density of water is 3.47 ibmol/ ft® and the
air-water mole ratio (G/L) is related to the air—~water volume ratio (G” /L") through
G"/L” =130 G/L, where the units of G” and L” are ft® /(s - ft*).

1. If the stripping factor (R) used in the design is 5.0, what is the removal
efficiency?

2. If the air blower produces a maximum air flow (g) of 106 acfm, what is the
maximum water flow (in gpm) that can be treated by the stripper?

Solution
As described in Problem MTO.3, the height of a packed tower can be calculated by
Z = (Nog)(Hog) = (NTU) (HTU)

In addition, the following equation has been developed for the calculation of the
number of transfer units (NTU) for an air—water stripping system and is based on the
stripping factor, R, and the inlet/outlet concentrations:

NTU = le ] 1n<(Ciﬂ/C0ut)(R - 1) + 1)

R

where C;,, = inlet contaminant concentration, ppm
C,« = outlet contaminant concentration, ppm

R = stripping factor
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For the purposes of this problem

where H = Henry’s law constant, atm
P = system pressure, atm
G = gas (air) loading rate (or flux) lbmol/(s - ft%)
L = liquid loading rate (or flux) Ibmol/(s - ft%)

The number of transfer units (NTU) is first calculated:

Z = (Nog)(Hog) = (NTU) (HTU)
NTU = Z/HTU
=13/3.25
=4

Rearranging the equation above,

c - Cin(R—1)
U R exp [NTUYR — 1)/R] -1
B (100)(5.0 — 1)
~ (5.0)exp [(4.0)(5.0 — 1)/5.0] — 1
=33

The removal efficiency (RE) is then

RE = [(Cin - COLli)/Cout] 100%
= [(100 — 3.3)/100] 100%
=96.7%

The air—water mole ratio, G/L, is

G/L = (P)R)/H
= (1 atm)(5)/(324 atm)
= 0.0154

119
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In addition,

G'/L" =130 G/L
= 130(0.0154)
=2

Since the tower cross-sectional area, S, in ftz, is

Area = § = nD? /4
= (5 ft)* /4
=19.63 ft’

the air volumetric loading rate, G”, in ft* /(min -ft*) is then

G" = (106 ft*/ min)/(19.63 ft?)
= 5.4t /(min -ft*)

Also the water volumetric loading rate, L”, in ft* /(min -f%) is

L// — 2G//
= 2(5.4 f* /(min -ft*))
= 10.8 ft* /(min -ft)

This can be converted to gpm:

_[10.8 ft* /(min -ft*)}(3.47 Ibmol/ft’)(18 Ib/1bmol)(19.63 ft*)

L
8.331b/gal

= 1590 gpm

Once the volatile organic compounds (VOCs) have been recovered from a process
wastewater or groundwater stream, the off-gas (ait/ VOC mixture) usually needs to be
treated. This entails the installation of other equipment to handle the disposal of the
VOCs. Some typical methods include flaring, carbon adsorption, and incineration.
Flaring is potentially hazardous due to the oxygen that is allowed to enter the flare
header. Carbon adsorption can be an efficient means of recovering the VOCs from
the off-gas, but it can generate large quantities of solid hazardous waste. A utility
boiler (incineration) is probably the best alternative since VOC destruction is
typically more than 99%, and it is safer and more inexpensive. In addition, catalytic

incinerators can achieve high VOC destruction efficiencies.
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MTO.6 ADSORBER COLUMN HEIGHT

Determine the required height of adsorbent for an adsorber that treats a degreaser
ventilation stream contaminated with trichloroethylene (TCE) given the following
operating and design data:

Volumetric flowrate of contaminated air stream = 10,000 scfim
Standard conditions = 60°F, 1 atm

Operating temperature = 70°F

Operating pressure = 20 psia

Adsorbent = activated carbon

Bulk density of activated carbon, pg = 36 Ib/ft’

Working capacity of activated carbon = 28 Ib TCE/1001b carbon
Inlet concentration of TCE = 2000 ppm (ppm by volume)
Molecular weight of TCE = 131.5

The adsorption column cycle is set at 4 h in the adsorption mode, 2 h in heating and
desorbing, 1 h in cooling, and 1 h in standby. The adsorber recovers 99.5% by weight
of TCE. A horizontal cylinder unit with an inside diameter of 6 ft and length of 15 ft
is used.

Solution

The actual volumetric flowrate of the contaminated gas stream, ¢, in acth (actual
cubic feet per hour), is obtained using Charles’ law.

70 + 460\ (14.7
=1 W
g = 10,000 (60 ¥ 460) ( 20 )

= 7491 acfm
= 4.5 x 10°acth
The volumetric flowrate of TCE in acth is
grce = (Yrce)9a)
= (2000 x 107%)(4.5 x 10°)
= 900 acth

The mass flow rate of TCE, m, in Ib/h can be calculated:

. . PMW)
m = Myce = 91CE RT

(131.5)(20)
(10.73)(70 + 460)

=416.21b/h

= (900)




122 MASS TRANSFER OPERATIONS (MTO)

The mass of TCE adsorbed during the 4-h period is

TCE adsorbed = (7i1)(0.995)(4)
= (416.2)(0.995)(4)
= 16561b

The volume of activated carbon, V¢, required is

v TCE adsorbed
AC ™ (281b TCE adsorbed/1001b carbon)(bulk density)
1656
©(28/100)(36)
= 164t

The height of the adsorbent, Z, is

Activated carbon volume
" Cross-sectional area
164

~(6)(15)
= 1.83ft

MTO.7 ADSORBENT BREAKTHROUGH CALCULATION

The R&D group at a local adsorbent manufacturer has recently developed a new
granulated activated column (GAC) adsorbent, JB26, for the removal of common
water pollutants. Some data have been collected on the adsorption isotherm for a few
solutes, but no extensive tests have been conducted as of yet. However, a major
client is very interested in the new adsorbent and would like to know approximately
how long one of its 65-ft> units could operate with JB26 before breakthrough would

occur.

The following information was given to estimate how many days a 56,000-gal/
day unit could run until breakthrough. From limited testing, the isotherm of interest

is described by
Yy = 0.002C>!

where Y1 = Ib adsorbate/lb adsorbent
C = adsorbate concentration, mg/L
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Currently, the client’s unit operates 30 days until regeneration; the client would like
to double that time if possible so as to limit down time and increase profits. The
density of JB26 is 42 Ib/ft> and it will treat a stream with an inlet concentration (C, )
of 3.5mg/L. In addition, the breakthrough concentration has been set at 0.5 mg/L.

In the design of the GAC it is important to be able to measure or predict the
approximate time until an adsorbent will reach its maximum capacity for adsorption.
The point at which this occurs is referred to as the breakthrough adsorption capacity,
Y3, and corresponds to an adsorbate (solute) concentration at breakthrough, Cp.
Once breakthrough occurs, undesired solute will pass through the bed without being
adsorbed, contaminating product quality. The breakthrough adsorption capacity
typically ranges between 25 and 50% of the theoretical capacity, Y, which is
determined from an adsorption isotherm, such as the Freundlich equation, evaluated
at the initial solute concentration in solution, C;. The time to breakthrough is then
given by the following equation:

o = Yyme
B 7 8.344[C; — (C/2)]

where #5 = time to breakthrough, days
Yy = adsorption capacity at breakthrough, 1b adsorbate/lb adsorbent
me = mass of carbon in column, 1b
g = volumetric flow rate of solution, Mgal/day (millions of gallons per day)
C; = adsorbate feed concentration, mg/L
Cp = adsorbate concentration at breakthrough, mg/L
Note: 8.341b = 1 Mgal - L/mg

Selution
The theoretical adsorption capacity, Y+, is

Yp = 0.002C*!"!

= 0.002(3.5)*"!
= 0.09842 |b adsorbate/Ib adsorbent

Assume the actual value is 50% of the theoretical value (see comment above). Thus,
Yg = (0.5)(0.09842) = 0.04921 Ib adsorbate/lb adsorbent
The mass of carbon in the unit is then

me = (65 ft*)(421b/ft%)
= 27301b carbon
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The breakthrough time can now be calculated:

_(0.04921)(2730)
' = 832)056)3.5 — (0.5/2)]
= 88.5 days

MTO.8 FLASH DISTILLATION

An organic chemistry professor performed a flash distillation experiment in a
laboratory for his students. A 10-kgmol/h liquid feed mixture consisted of 20 mol
% ethanol and 80 mol % water at 1 atm. While the professor was able to determine
that 30 mol % of the feed vaporized at 70°F, he lacked the necessary equipment to
measure the liquid and vapor compositions of the more volatile component, ethanol.
Determine the liquid and vapor compositions, as well as the percent ethanol recovery
from the flash. Equilibrium data for the ethanol-water system at 1 atm are provided
in MTO.1.

The separation of a volatile component from a liquid process stream can be
achieved by way of flash distillation. 1t is referred to as a flash since the more volatile
component of a gas mixture rapidly vaporizes upon entering a tank or drum that is at
a lower pressure and/or a higher temperature than the incoming feed. If the feed is
considered to be “cold,” a pump and heater may be required to elevate the pressure
and temperature, respectively, to achieve an effective flash (see Figure 26). As the
feed enters the tank/drum, it may impinge against the wall or an internal deflector
plate, which would promote liquid—vapor separation of the feed mixture.

As a result of the flash, the vapor phase will contain most of the more volatile
component. Typically, flash distillation is not an efficient means of separation.

VAPOR
V.y
FEED
F ,Z ——— ]
TP HEAT | T.B
PUMP
..__..>
F = Feed flowrate, Ibmol/h
V = Distillate flowrate, ibmol/h BOTTOMS
L = Bottoms flowrate, Ibmol/h Lx

Figure 26. Flash system.
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However, it can be a necessary and economical method of separating two or more
components with different relative volatilities. A high relative volatility indicates the
component more likely to vaporize from a mixture when the temperature is raised or
the pressure is lowered. For example, the relative volatility () of component A in
mixture AB is defined as:

aap = Ka/Kp

where K = vapor-to-liquid mole fraction ratio at equilibrium for each component.
As with many process operations, an overall material balance can be written to
describe the system illustrated in Figure 26 as follows:

F=L+V

Based on the above, a material balance can be written for component i as follows:

zF =x;, L +y,V

where z; = feed composition of component i
x; = liquid composition of component i
y; = vapor composition of component i

The overall balance equation can be rearranged to a linear form, i.e., y = mx + b,

y=—L/Vx+(F/V)z

where m = —(L/V') = slope of the operating line
b= (F/V)z = y intercept

Note that V/F is the fraction of feed vaporized.

The above equation defines an operating line for this system. Since this operation
is assumed to occur at equilibrium, it is defined as an equilibrium stage. The
equation therefore relates the liquid and vapor compositions leaving an equilibrium
stage.

As shown in Figure 27, plots of the equilibrium data, the y = x line, and the
operating line allow a procedure to calculate the unknown variables for a system,
typically, the outlet liquid and vapor compositions. The y = x line simplifies the
graphical solution method and intersects the operating line at the feed composition,
z. Thus, at this point, y = x = z. The unknown compositions, in the vapor and liquid
product streams, are determined by the intersection of the operating line and the
equilibrium curve.
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Figure 27. Graphical analysis of flash distillation.
Solution

The equilibirum data, are plotted in Figure 28. Superimposed on the graph is the
y = x line. Since the describing equation for the operating line is

y=—L/Vx+(F/[V)z

the slope of the operating line may be calculated:

VIF =03
V =03F
L=0.7F

Slope = —L/V = 0.7F/0.3F = —2.33

The operating line also appears on the plot.
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Figure 28. McCabe-Thiele diagram for flash calculation.

The liquid and vapor compositions as a result of the flash are found from the
intersection of the operating line and the equilibrium curve:

x = 0.208
y=0.52

These compositions can be used to check if a material balance is satisfied:

ZF =x,L+yV
(0.3)(250) = 75 = (0.208)(175) + (0.52)(75) = 754

< 1% error

MTO.9 DISTILLATION COLUMN DESIGN

A chemical manufacturer would like to evaluate the separation of ethanol from a
250-Ibmol/h 20 mol % ethanol/80 mol % water stream at 300°F and 1 atm. The cost
estimating group of the plant needs to know the height and diameter of a tray column
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required to obtain 70 mol % ethanol in the overhead distillate product and 5 mol %
ethanol in the bottoms if the tray efficiency is 65% and a tray spacing of 24 in. is
specified for this design. A total condenser and a partial reboiler, an external reflux
ratio (L/D) of 1.25, and a feed quality, g, of 1.2 are all specified for the design.
Equilibrium data are provided in the following table:

Ethanol-Water Vapor-Liquid Equili-
brium at 1atm (mole fractions)

T (°0) XETOH YETOH
212 0.000 0.000
192 0.072 0.390
186 0.124 0.470
181 0.238 0.545
180 0.261 0.557
177 0.397 0.612
176 0.520 0.661
174 0.676 0.738
173 0.750 0.812
172 0.862 0.925
171 1.000 1

Columnwise distillation involves two sections; enriching (top) and stripping
(bottom) (see Figure 29). In the stripping section, which lies below the feed, the
more volatile components are stripped from the liquid. Above the feed, in the
enriching or rectifying section, the concentration of the more volatile component is
increased. A column may consist of one or more feeds and may produce two or more
product streams. The product recovered at the top of a column is referred to as the
“tops” or overheads, while the product at the bottom of the column is referred to as
the “bottoms.” Any products drawn at various stages between the top and bottom are
referred to as “side streams.” Multiple feeds and product streams do not alter the
basic operation of a column, but they do complicate the analysis of the process to
some extent. If the process requirement is to strip a volatile component from a
relatively nonvolatile solvent, the rectifying (bottom) section may be omitted, and the
unit is then called a stripping column. Virtually pure top and bottom products can be
achieved by using many stages or sometimes additional columns; however, this is
not usually economically feasible.

The top of the column is cooler than the bottom, so that the liquid stream
becomes progressively hotter as it descends, and the vapor stream becomes
progressively cooler as it rises. This heat transfer is accomplished by actual contact
of liquid and vapor; and, for this purpose, effective contacting is desirable. Each
plate in the column is assumed to approach equilibrium conditions. This type of
plate is defined as a “theoretical plate,” i.e., a plate on which the contact between the
vapor and liquid is sufficiently good so that the vapor leaving the plate has the same
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Figure 29. Schematic of a tray distillation column.

composition as the vapor in equilibrium with the liquid overflow from the plate. For
such a plate the vapor and liquid leaving are related by the equilibrium curve.
Distillation columns designed on this basis serve as a standard for comparison to
actual columns. By such comparisons it is possible to determine the number of
actual plates that are equivalent to a theoretical plate and then to reapply this factor
when designing other columns for similar service.

In some operations where the top product is required as a vapor, the liquid
condensed is sufficient only to provide reflux to the column, and the condenser is
referred to as a partial condenser. In a partial condenser, the reflux will be in
equilibrium with the vapor leaving the condenser and is considered to be an
equilibrium stage in the development of the operating line and when estimating
the column height. When the liquid is totally condensed, the liquid returned to the
column will have the same composition as the top product and is not considered to
be an equilibrium stage. A partial reboiler is utilized to generate vapor to operate the
column and to produce a liquid product if necessary. Since both a liquid and vapor
are in equilibrium, a partial reboiler is considered to be an equilibrium stage as well.

As described earlier, an operating line can be developed to describe the
equilibrium relation between the liquid and vapor components. However, in staged
column design, it is necessary to develop an operating line that relates the passing
streams (liquid entering and vapor leaving) on each stage in the column. The
following analysis will develop operating lines for the top, or enriching (rectifying),
section and the bottom, or stripping, section of a column.
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To accomplish this analysis, an overall material balance is written for the
condenser as ¥V = L + D, which relates the vapor (V) leaving the top stage,
the liquid reflux returning (L) to the column from the condenser (reflux), and the
distillate (D) collected. A material balance for component A is written as

Vy = Lx + DxD

This can be rearranged in the form of an equation for a straight line straight,
y=mx+bas

y=5x+?xl)

From the overall material balance, D =V — L and

L L
y=;x+ 1—; Xp

where L/V is the slope. This is the internal reflux ratio (liquid reflux returned to the
column/vapor from the top of the column). Also, the term (1 — L/¥)xp, represents
the y intercept. Even though this equation has been developed around the condenser,
it represents the equilibrium relationship of passing liquid/vapor streams and can be
applied to the top of the column.

The corresponding operating line in the bottom, or stripping, section can be
developed in a similar manner. The overall material balance around the reboiler is

L=B + i
and the component material balance is given by

Note that the terms with the bars over them represent the flow at the bottom of the
column. Again, this material balance can be rearranged in the form of a straight line
as

L B

Yy==X—=Xp

But since
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the equation becomes

The term L/V is the slope and [(L/V) — 1]xg represents the y-intercept. The slope
can be calculated from the external reflux ratio by

L _ (L/D)z — xg) + 9 (xp — xp)
VvV  (L/D)z~xp)+q (xp —xp) — (xp — 2)

where L/D = external reflux ratio; the ratio of liquid returned to the column to the
distillate collected
q = feed quality; represents the fraction of feed remaining liquid below
the feed stage

For further information on feed quality, the reader is referred to any chemical
engineering text that addresses distillation. A procedure for designing a staged
distillation column is provided below:

1. Plot the equilibrium data, the top and bottom operating lines, and the y = x
line on the same graph. This plot is called a McCabe—~Thiele diagram (Figure
30).

2. Step off the number of stages required beginning at the top of the column. The
point at the top of the curve represents the composition of the liquid entering
(reflux) and gas leaving (distillate) the top of the column. The point at the
bottom of the curve represents the composition of liquid leaving (bottoms) and
the gas entering (vapor from reboiler) the bottom of the column. All stages are
stepped off by drawing alternate vertical and horizontal lines in a stepwise
manner between the top and bottom operating lines and the equilibrium curve.
(See Figure 30.) The number of steps is the number of theoretical stages
required. When a partial reboiler or partial condenser is employed, the number
of equilibrium stages stepped off is N + 1 and the number of theoretical plates
required would be N. Thus, if both are to be included, the number of
equilibrium stages stepped off would be N + 2.

3. To determine the actual number of plates required, divide the result in step 2
by the overall plate fractional efficiency, typically denoted by E,. Values can
range from 0.4 to 0.8. The actual number of plates can be calculated from

Nact :N/EO

4. The column height can be calculated by multiplying the result in step 3 by the
tray spacing (9, 12, 15, 18, and 24 in. are typical tray spacings).
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Figure 30, McCabe-Thiele diagram for a column distillation.

5. To determine the optimum feed plate location, draw a line from the feed

composition on the y =x line, through the intersection of the top/bottom
operating lines, to the equilibrium curve. The step straddling the feed line is
the correct feed-plate location.

. Due to differences in vapor traffic throughout the column, the diameter will

vary from the top to the bottom. Typical designs are swedged columns, where
the diameter is larger at the bottom than at the top. A “conelike” connection
links the bottom of the column with the top of the column. The diameter at the
top of a column can be roughly sized by assuming a superficial vapor velocity
of 5 ft/s and then using the following equation to calculate the diameter. (Note:
A superficial velocity, sometimes referred to as an empty tower velocity, is the
velocity the gas would have if only the vapor were flowing through the

column.)
PN
()
v
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where D = diameter of the column, ft
g = vapor volumetric flowrate, ft> /s
v = gas velocity in column, ft/s

A somewhat similar procedure is employed to calculate the diameter at the bottom of
a column. The interested reader is referred to a mass transfer text that can provide a
more detailed analysis.

Solution

The equilibrium data for the ethanol-water mixture and the y = x line are plotted in
Figure 31.

Since the describing equation for the operating line at the top of the column is

L=t
Y=y v

1.0

yd

o /
Equilibrium Curve 1/
2 I
3|

Top Operating
Line

0.5 4

™~ y=x Line

y (ethanol)

Feed Line
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e
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|

5

\

Bottom 5 Equilibrium Stages
Operating Line

o0& ‘
0 Xg Xr 0.5 Xo 1.0
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Figure 31. McCabe-Thiele analysis of equilibrium stages for the ethanol-water system.
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the slope of this line may be determined:

V=D+1L

L_ L LD
V D+L 1+(/D)

Slope =

Thus, with L/D = 1.25,

L/V =1.25/(1+1.25)
=0.56

The operating line for the top of the column (see Figure 31) is then

y = (0.56)x + (1 — 0.56)(0.7)
= 0.56x + 0.308

The describing equation for the operating line at the bottom of the column is

—zx L l)x
y—v 7 B

where

E _ (L/D)z — xg) + q (xp — xp)
V. (L/D)z—xp)+q (xp —xp) — (xp —2)

Substitution yields

L_ 1.25 (0.2 — 0.05) + 1.2 (0.7 — 0.05)
¥ 1.25(0.2—-0.0541.2 (0.7 —0.05) — (0.7 — 0.2)

=2.07

The operating line for the bottom of the column (see Figure 31) is

y=(2.07)x — (2.07 — 1)(0.2)
=2.07x — 0.0535

By counting the number of equilibrium stages in Figure 31, one obtains five
equilibrium stages. Note, however, that the partial reboiler counts as a stage. The
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number of equilibrium stages not counting the reboiler, N, is four. The stage
efficiency E; is used to find the actual number of stages:
N, = N/E, = 4/0.65
=62

% 6 actual stages

The column height is
6stages 2ft) = 12ft

The feed line is drawn from the x = 0.2 on the y = x line through the intersection of
the top and bottom operating lines to the equilibrium curve (see Figure 31). The
optimum feed stage from the diagram is equilibrium stage 4, which is the lowest
stage above the reboiler. This corresponds to the sixth actual stage. The optimum
feed stage is stage 6.

Finally, the vapor volumetric flowrate is calculated:

_ (2501bmol) { 1h ) /379t (300 + 460°R
L 36005/ \ Tomol / \ 60 + 460°R

=38.47 /s

This enables one to estimate the diameter at the top of the column:

g 3847f%/s ,
Area = = — - — = 7.693 ft
rea =~ SRS 7693
Diameter = D = 4(7.693)
n
=3.13ft
~3fi

MTO.10 EQUILIBRIUM STAGES OF A DISTILLATION COLUMN

J.B. Chemicals, Inc., has hired Theodore Distillation Consultants (TDC) to assist in
the separation of 500 kmol/h of a saturated vapor feed (quality, ¢ = 0) consisting of
40 mol % benzene (C), 30 mol % toluene (A), and 30 mol % cumene (B). It has been
suggested that the distillation column include a partial reboiler and a total condenser.
J.B. Chemicals requires 99% recovery of the toluene in the distillate (FR )y and
95% recovery of the cumene in the bottoms (FRp),.. As an engineer for TDC you
need to determine the actual number of equilibrium stages required for the
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separation, as well as the fractional recovery (FR) of the benzene in the distillate.
The column will operate at a reflux ratio of 2.0 times the minimum and will have
relative volatilities of acy = 2, ags = 0.25, and o, = 1.0.

A = toluene (light key)
B = cumene (heavy key)
C = benzene (light nonkey)

Solution

Fenske developed the following equation to calculate the minimum number of stages
at total reflux for the separation of two key components (i.e., A and B in a mixture of
A, B, and C). The original notation is employed here

ln(FRA,dist/(l - FRA,dist)>
N - (1 = FRp 1) /FRp pot
e In(1/ag,)

where N, = minimum number of equilibrium stages
FR; = fractional recovery in distillate (dist) or bottoms (bot) for component i
apa = relative volatility of component B versus that of component A

The following equation can be used to calculate the fractional recoveries of the
nonkey components (i.e., of C) in the distillate and bottoms:

Nmin

o

— CB
FRC,dist - FRB bot
,bo

I - I::RB,bot

Nmin
+ aeq

The Underwood equation requires a trial-and-error solution and a subsequent
material balance to estimate the minimum reflux ratio. First, the unknown, ¢, is
determined by trial and error, such that both sides of the following equation are
equal. The unknown value of ¢ should lie between the relative volatilities of the light
and heavy key components. The key components are those that have their fractional
recoveries specified. The most volatile component of the keys is the light key and the
least volatile is the heavy key. All other components are referred to as nonkey
components. If a nonkey component is lighter than the light key component, it is a
light nonkey; if it is heavier than the heavy key component it is a heavy nonkey
component.

"o Fz;
AVpea = F(1 —q) = ;a———;p
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where AV;,.q = change in vapor flowrate at feed stage
F = feed rate
q = percentage of feed remaining liquid
z; = feed composition of component i
n = number of components
¢ = unknown root to be determined by trial and error

Next, calculate the minimum vapor flowrate, V., from the following equation:

yoo— Zn:ail)xi,dist
min —
i=1 % — @

where D,; 4« = amount of component  in the distillate
= Fz,(FR), gi

Once Vi, i8 known, the minimum liquid flowrate is calculated from the following:

L -D

min — 7 min

The minimum reflux ratio is then calculated by dividing the minimum liquid flowrate
by the distillate flowrate as shown below:

Rmin = (L/D)

min

The Gilliland correlation uses the results of the Fenske and Underwood equations to
determine the actual number of equilibrium stages. The correlation has been fit to
three equations:

N — Nmin

= 1.0 - 18.5715x for 0 < x <0.01
N+1

= 0.545827 — 0.591422x + 0.002743 /x for 0.01 <x < 0.90
= 0.16595 — 0.16595x for 09 <x<1.0

where N = actual number of equilibrium stages
x =[(L/D)— (L/D)pnl/[(L/D) + 1]

The values of N, and (L/D).;, have been previously defined as the minimum
number of equilibrium stages (Fenske equation) and minimum reflux ratio (Under-
wood equation).

Thus, the calculational procedure is as follows:

1. Calculate the minimum number of equilibrium stages, N,;,, from the Fenske
equation.,

2. Calculate the minimum reflux ratio, (L/D),,;,, from the Underwood equation.

3. Select an actual reflux ratio, L/D, which usually ranges from 1 to 2.5 times the
minimum ratio.
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4. Calculate x.
5. Solve the Gilliland correlation for the actual number of equilbrium stages.

Following this procedure, the minimum number of equilibrium stages, Ny,
total reflux is

| (0-99/(1 = 0.99)
N n((l —0.95)/0.95)
min = In(1/0.25)

=544

The fractional recovery of benzene, FR, in the distillate is

2\ 04
0.95 N 2 \%#
1-0.95 0.25

= 0.9998

FRC,dist =

Then ¢ is determined by trial and error using the Underwood equation:

n - o,Fz;
AVies = F(1 —q) = I;&l—_—(p
= (500)(1 — 0)
(1)(500)(0.3)  (0.25)(500)(0.3)  (2)(500)(0.4)
ROET 025 -0 2) -0
¢ = 0.561678

at

The recovery rate of each component in the distillate, D,;, and the total distillate

flowrate, D, are obtained from a simple material balance:

Toluene: Z,F(FRy 4i) = Dy (3)(500)(0.99) = 148.5kmol/h
Cumene: ZgF(FRg 4i) = Dy (0.3)(500)(1 — 0.95) = 7.5kmol/h
Benzene: ZoF(FR¢ 4iyt) = Dc (0.4)(500)(0.9998) = 199.95 kmol /h

The minimum overhead vapor flow rate, V,;, is

_1(148.5) 0.25(7.5) 2(199.95)
min = 170.561678 © 0.25 — 0.561678 ' 2 — 0.561678

= 610.81 kmol/h
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The minimum reflux ratio, (L/D),,,, is calculated from

L

= -D
= 610.81 — 355.95
= 254.86 kmol/h
Ruin = (L/D)yin
— (254.86/355.95)
=0.72

min min

The actual reflux ratio is
Ract - 2(Rmin)
= 2(0.72)
=1.44

The quantity x is required for the Guilliland correlation:
x =[(L/D) ~ (L/D)in)/I(L/D) + 1]
={(1.44) — (0.72)]/[(1.44) + 1]
=0.294
Using the Guilliland equation,
N — Ngin
N+1
= 0.545827 — 0.91422(0.294) 4+ 0.002743/(0.294)
N = 9.40 ~ 10 stages

= 0.545827 — 0.591422x + 0.002743 /x (for 0.01 < x < 0.90)

139

Thus, one stage is assigned for the partial reboiler and nine stages for separation.

MTO.11 LIQUID-LIQUID EXTRACTION

A 200-Ib/h process stream containing 20 wt % acetic acid (AA) in water is to be
extracted with 400 1b/h of methyl isobutyl ketone (MIBK) ternary containing 0.05 wt
% acetic acid and 0.005 wt % water. Determine the number of theoretical stages
required to achieve an acetic acid concentration of 1 wt % in the process stream. The
equilibrium data for the MIBK and acetic acid system, for acetic acid weight ratios

between 0.01 and 0.25, can be represented by
Y = 0.48(X)"°

where X = weight ratio of solute to feed solvent in the raffinate phase
Y = weight ratio of solute to extraction solvent in the extract phase
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Solution

Liquid-liquid extraction (or liquid extraction) is a process for separating a solute
from a solution based on the concentration driving force between two immiscible
(nondissolving) liquid phases. Thus, liquid extraction involves the transfer of solute
from one liquid phase into a second immiscible liquid phase. The simplest example
involves the transfer of one component from a binary mixture into a second
immiscible liquid phase such as is the case for the extraction of an impurity from
wastewater into an organic solvent. Liquid extraction is usually selected when
distillation or stripping is impractical or too costly (e.g., when the relative volatility
for two components falls between 1.0 and 1.2).

The feed to an extractor consists of a liquid component, referred to as the feed
solvent, and the solute(s) to be removed from the stream. The extraction solvent is
usually an immiscible liquid that removes the solute from the feed without any
appreciable dissolution of either solvent into the other phase. The extract phase is the
solute-rich extraction solvent leaving the unit. The treated liquid feed phase
remaining after contact with the extraction solvent is referred to as the raffinate.

A theoretical or equilibrium stage provides a mechanism by which two immis-
cible phases intimately mix until equilibrium concentrations are reached and then
physically separated into clear layers. Cross-current extraction involves a series of
stages in which the raffinate (R) from one extraction stage is contacted with
additional fresh solvent (S) in a subsequent stage. Cross-current extraction is usually
not economically attractive for large commercial processes because of the high
solvent usage and low solute concentration in the extract. In countercurvent
extraction, the extraction solvent enters a stage at the opposite end from where
the feed (F) enters, and the two phases pass each other countercurrently. The purpose
is to transfer one or more components from the feed solution to the extract (E).

The distribution coefficient, &, is defined as the ratio of the weight fraction of
solute in the extract phase, y, to the weight fraction of solute in the raffinate phase, x,
ie.,

k=y/x

For shortcut methods the distribution coefficient is represented as the ratio of the
weight ratio of solute to extraction solvent in the extract phase, ¥, to the weight ratio
of solute to feed solvent in the raffinate phase, X

K =Y/X

The cross-current extraction process is an ideal laboratory procedure since the
extract and raffinate phases can be analyzed after each stage to generate equilibrium
data as well as to achieve high solute removal. If the distribution coefficient, as well
as the ratio of extraction solvent to feed solvent (§'/F"), are constant and the fresh
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extraction solvent is pure, then the number of cross-current stages (N) required to
reach a specified raffinate composition can be estimated from

log (X;/X,)
k'S
log ( i + 1)
where X; = weight ratio of solute in feed
X, = weight ratio of solute in raffinate

S’ = mass flowrate of solute-free extraction solvent
F’ = mass flowrate of solute-free feed solvent

N =

Most liquid extraction systems can be treated as having either (a) immiscible
(mutually non-dissolving) solvents, (b) partially miscible solvents with a low
solute concentration in the extract, or (c) partially miscible solvents with a high
solute concentration in the extract. Only case (a) will be addressed in this problem.
For further information on cases (b) and (c), the reader is referred to Perrys (R. H.
Perry and D. W. Green, Eds., Perry’s Chemical Engineers’ Handbook, 7™ Edition,
McGraw Hill, New York, 1996.) or any other chemical engineering book dealing
with liquid extraction.

For case (a), since the solvents are immiscible, the rate of solvent in the feed
stream (F”) is the same as the rate of feed solvent in the raffinate stream (R’). Also,
the rate of extraction solvent (S’) entering the unit is the same as the extraction
solvent leaving the unit in the extract phase (E’). However, the total flowrates
entering and leaving the unit will be different since the extraction solvent is
removing solute from the feed. Thus, the ratio of extraction-solvent to feed-solvent
flowrates (S’'/F") is equivalent to (E'/R’).

By writing an overall material balance around the unit, a McCabe—Thiele type of
operating line with a slope (F’/S’) can be generated:

FX;+S8Y,—RX
Y, = Fo

where Y, = weight ratio of solute to the extraction solvent at the feed stage
Y, = weight ratio of solute to the extraction solvent at the raffinate stage

Note that the feed solvent enters at the “feed stage” and exits at the “raffinate stage.”

If the equilibrium line is straight, its intercept is zero and the operating line is
straight. The number of theoretical stages can then be calculated with one of the
following equations, which are forms of the Kremser equation. When the intercept
of the equilibrium line is greater than zero, Y, /&’ should be used instead of Y,/m,
where &y is the distribution coefficient at Y. Also, these equations contain an
extraction factor, ¢, which is calculated by dividing the slope of the equilibrium line,
m, by the slope of the operating line, F”'/S":

e=mS |F'
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where m is the slope of equilibrium line.

If the equilibrium line is not straight, a geometric mean value of m should be used
(Treybal, Liquid Extraction, 2" ed., McGraw-Hill, 1963). This quantity is deter-
mined by the following equation:

m= ./mym,

where m; = slope of the equilibrium line at the concentration leaving the feed stage
m, = slope of the equilibrium line at the concentration leaving the raffinate

stage
When ¢ # 1.0
K —Ym( 1\ 1
1“[()4 —vym\! T3t
N=—
Ing
When ¢ = 1.0,
Xy — Y)/m
N=—r—"F—-1
X, —Y)/m

The feed solvent flow rate (F’) in Ib/h is
F' = (2001b/h)(0.8) = 1601b/h
The extraction solvent flowrate (S’) in 1b/h is
S = (400 1b/h)}(1 — 0.00055) = 399.81b/h

The weight ratios of the AA in the feed (X), raffinate (X,), and extraction solvent
(Y,) are

X; = (0.2)(2001b/h)/160 = 0.25
X, = 1/(100 — 1) = 0.0101
Y, = 0.0005/(1 — 0.0005) = 0.0005

The weight ratio of the AA in the extract (1) is

F'X; +8'Y, —RX;
Y, = =
_ (160)(0.25) + (399.8)(0.0005) — (160)(0.010)
- 399.8

= 0.0965
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The weight ratio of the liquid leaving the first stage (X;), which is in equilibrium
with the vapor leaving the same stage (Y,), is given by

X, = (0.0965/1.23)/1-D
=0.988

The slope of the equilibrium line is next calculated:
Y =123 ()
dY /dX = (1.1)(1.23)x*!
= 1.353x%
The slope of the equilibrium line at the feed stage (m,) is

m, = dY /dX = 1.353 (0.988)""'
=1.351

The slope of the equilibrium line at the raffinate stage (m,) is
m, = dY /dX = 1.353 (0.0101)*!
= 0.8545
The geometric mean equilibrium slope (m) is
m = [(1.351)(0.8545)]%>
=1.074
The extraction factor (&) is

¢ = 1.074 (399.8/160)
=2.68

The number of theoretical stages (NV) is, therefore,

(X — Ys)/m>< 1) 1]

In (——— 1——)+-

A AZTANT AR
In ¢

[ (025 -00005)/1.074 \ (1 1
| \(0.0101 — 0.0005)/1.074 2.68

In 2.68

=2.85
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MTO.12 LEACHING

A countercurrent leaching system (Figure 32) is to treat 10 kg/h of crushed sugar
stalks with impurity-free water as the solvent. Analysis of the stalks is as follows:

Water:  38% (by mass)
Sugar:  10%
Pulp:  52%

If 95% sugar is to be recovered and the extract phase leaving the system is to
contain 12% sugar, determine the number of actual stages required if each kilogram
of the dry pulp retains 2.5 kg of solution. Assume an overall stage efficiency of 85%.

In Figure 32,

V' = overflow solution (no inerts in overflow)
L = underflow solution exclusive of inerts
x = solute mass fraction in the underflow solution retained by the inerts

y = solute mass fraction in the extract overflow phase

The following notation is also employed: subscripts 4, B, and I refer to solute,
solvent, and inerts, respectively; and R represents the total underflow solution
without inerts.

1t is usually assumed that the inerts are constant from stage to stage and insoluble
in the solvent. Since no inerts are usually present in the extract (overflow) solution,

Y=Jra

When the solution retained by the inerts is approximately constant, both the
underflow Ly and overflow V), are constant, and the equation for the operating
line approaches a straight line. Since the equilibrium line is also straight, the number
of stages can be shown to be

_ log [(yni1 —xn)/(y1 —x))]
log {(yy41 —y1)/ Gy — xp)]

Vieets Vs Vi Wu - Vrs Yoo Vs bs Vs Ve Vion
- -t -t (-
[ Ly Xy = Ly Xy, Ly . x, Lyx Lo vx,

Figure 32. Countercurrent leaching system.
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The above equation should not be used for the entire extraction cascade if L, differs
from L,, L,, ..., Ly, i.e., the underflows vary within the system. For this case, the
compositions of all the streams entering and leaving the first stage should first be
calculated before applying this equation to the remaining cascade.

Solution

For a basis of 100 kg of sugar stalks,

Sugar: 38kg
Water: 10kg
Pulp: 52kg

For 95% sugar recovery, the extracted solution contains
0.95(10) = 9.5kg sugar
and
[(1 —0.12)/0.12](9.5) = 69.7 kg water
The total extract solution is then

V,=9.5469.7
= 79.2kg

The solution is
Li=L,=---=Ly=(2.5)52) =130kg

Since L, =10+ 38 =48kg, a material balance on the initial stage must be
performed:

L0+V2 = Vl +L1
or

484V, =79.2+130
V, = 161.2kg

Applying a componential solute (sugar) balance across the first stage,

161.2 (»,) + 10 = 9.5 + 130 (0.12)
y, = 0.0937
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As indicated above, the remaining (N — 1) stages operate with the underflow and
overflow solutions relatively constant. For this part of the system,

_log [(yns1 —xn)/ (3 — x1)]

N-1= log [(yn+1 —¥2)/ Gy — xy)]

For this equation,

Y1 = 0.0
xy = (0.05)(10)/(130) = 0.00385

Substitution of the values into the above equation gives

_ log [(0 — 0.00385)/(0.0937 — 0.12)]
~ log [(0 — 0.0937)/(0.00385 — 0.12)]

= 8.96
N = 9.96 stages

This represents the theoretical number of stages. The actual number of stages, N,, is
Ny =9.96/0.85 = 11.71

Twelve (12) stages are suggested.
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9 Thermodynamics (THR)

THR.1 PARTIAL PRESSURE

A storage tank contains a gaseous mixture comprised of 30% CO,, 5% CO, 5%
H,0, 50% N,, and 10% O,, by volume. What is the partial pressure of each
component if the total pressure is 2 atm? What are their pure-component volumes if
the total volume is 10 ft*? What are their concentrations in ppm (parts per million)?

Solution

Dalton’s law states that the partial pressure, p,, of an ideal gas is given by
Pa =y

where y, = mole fraction of component a
P = total pressure

Thus,

Pco, = 0.30(2) = 0.60 atm
Pco = 0.05(2) = 0.10 atm
Pu,o = 0.05(2) = 0.10 atm
Py, = 0.50(2) = 1.00 atm
Po, = 0.10(2) = 0.20atm
P = 2.00 atm

Amagat’s law states that the pure component volume, ¥, of an ideal gas is given by
Va=y.V

where V is the total volume.

147
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Thus,

Veo, = 0.30(10) = 3.00
Veo = 0.05(10) = 0.50 f**
Vi,o = 0.05(10) = 0.50 f’
Vx, = 0.50(10) = 5.00 ft’
Vo, = 0.10(10) = 1.00 f
4 =10.00 ft’

By definition, the parts per million (ppm) is given by

ppm, = y,10°
Thus,

ppmeo, = 0.30(10°) = 3.00 x 10° ppm
ppmeg = 0.05(10°) = 0.50 x 10° ppm
ppmy; o = 0.05(10°) = 0.50 x 10° ppm
ppmy, = 0.50(10%) = 5.00 x 10° ppm
ppmg = 0.10(10%) = 1.00 x 10° ppm

Unless otherwise stated, ppm for gases is by mole or volume and is usually
designated as ppmv. When applying the term to liquids or solids, the basis is
almost always by mass; the notation may appear as ppmw or ppmm.

THR.2 CLAPEYRON EQUATION

For acetone at 0°C, the Clapeyron equation contains coefficients that have been
experimentally determined to be

4=1503
B = 2817
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for p’ (vapor pressure) and 7 in mm Hg and K, respectively. Also for acetone at 0°C,
the Antoine coefficients are

A4 =16.65
B =2940
C=-3593

with p’ and T in the same units.

(1) Use the Clapeyron equation to estimate the vapor pressure of acetone at 0°C.
(2) Use the Antoine equation to estimate the vapor pressure of acetone at 0°C. (3) If
the vapor pressure of acetone is 71 mm Hg, calculate the maximum concentration
(mole fraction) of acetone at 1 atm total pressure.

Solution

The Clapeyron equation is given by
In p) =4—(B/T)

where p’ and T are the vapor pressure and temperature, respectively. The Antoine
equation is given by

In p)=4-B/(T+C)
The vapor pressure, p’, of acetone at 0°C using the Clapeyron equation is

In p' = 15.03 — 2817/(0 + 273)
=4.7113
p =111.2mm Hg

The vapor pressure of acetone at 0°C predicted by the Antoine equation is

Inp = 16.65 — 2940/(273 — 35.93)
= 4.2486
= 70.01 mm Hg

The maximum concentration of a component in a noncondensable gas is given by its
vapor pressure p’ divided by the total pressure, P:

Ymax =P'/P
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Any increase in concentration will result in the condensation of the component in
question. Thus, the maximum mole fraction of acetone in air at 0°C and 1 atm is

Vo = P /P = 70.01/760
= 0.0921

The reader should note that the Clapeyron equation generally overpredicts the vapor
pressure at or near ambient conditions. The Antoine equation is widely used in
industry and usually provides excellent results. Also note that, contrary to statements
appearing in the Federal Register and some Environmental Protection Agency (EPA)
publications, vapor pressure is not a function of pressure.

THR.3 IDEAL GAS LAW

Given the following pressure, temperature, and molecular weight data of an ideal
gas, determine its density:

Pressure = 1.0 atm
Temperature = 60°F
Molecular weight of gas = 29

Solution

An ideal gas is an imaginary gas that exactly obeys certain simple laws (e.g., Boyle’s
law, Charles’ law, and the ideal gas law). No real gas obeys the ideal gas law exactly,
although the “lighter” gases (hydrogen, oxygen, air, etc.) at ambient conditions
approach ideal gas law behavior. The “heavier” gases such as sulfur dioxide and
hydrocarbons, particularly at high pressures and low temperatures, deviate consider-
ably from the ideal gas law. Despite these deviations, the ideal gas law is routinely
used in engineering calculations. The ideal gas law equation takes the form

PV =nRT
where P = absolute pressure
V = volume
T = absolute temperature

n = number of moles
R = ideal gas law constant

The ideal gas law in terms of density, p, is
p=m/V =nMW)/V
= P(MW)/RT

where MW = molecular weight
m = mass of gas
p = density of gas
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Typical values of R are given below:

R = 10.73 psia - ft* /(Ibmol - °R)
= 1545 psfa - fi* /(Ibmol - °R)
= 0.73 atm - ft* /(Ibmol - °R)
= 555mm Hg - ft*/(Ibmol - °R)
= 82.06 atm - cm® /(gmol - K)
= 8.314kPa - m®/(kgmol - K)
= 1.986 cal/(gmol - K)
= 1.986 Btu/(Ibmol - °R)

The choice of R is arbitrary, provided consistent units are employed.
The density of the gas using the appropriate value of R may now be calculated:

p = P(MW)/RT
= (1)(29)/(0.73)(60 + 460)
= 0.07641b/ft>

Since the molecular weight of the given gas is 29, this calculated density may be
assumed to apply to air.

Also note that the effect of pressure, temperature, and molecular weight on
density can be obtained directly from the ideal gas law equation. Increasing the
pressure and molecular weight increases the density; increasing the temperature
decreases the density.

THR.4 ACTUAL VOLUMETRIC FLOWRATE

Given a standard volumetric flowrate, determine the actual volumetric flowrate. Data
are provided below.

Standard volumetric flowrate of a gas stream = 2000 scfm
Standard conditions = 60°F and 1 atm
Actual operating conditions = 700°F and 1 atm

Solution

The actual volumetric flowrate, usually in acfim (actual cubic feet per minute), is the
volumetric flowrate based on actual operating conditions (temperature and pressure
of the system). The standard volumetric flowrate, usually in scfm (standard cubic
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feet per minute), is the volumetric flowrate based on standard conditions. The
standard conditions have to be specified, for there are different sets of standard
conditions. For most engineering environmental applications, standard conditions
are 60°F and 1atm or 32°F and 1 atm.

Charles’ law states that the volume of an ideal gas is directly proportional to the
temperature at constant pressure. Boyle’s law states that the volume of an ideal gas is
inversely proportional to the pressure at constant temperature. One can combine
Boyle’s law and Charles’ law to relate the actual volumetric flowrate to the standard
volumetric flowrate:

90 = 45(To/TH)Ps/Py)

where g, = actual volumetric flowrate
q s = standard volumetric flowrate
T, = actual operating temperature, °R or K
T, = standard temperature, °R or K
P = standard pressure, absolute
P, = actual operating pressure, absolute

This equation may be used to calculate the actual volumetric flowrate in acfm:

qda = qs(Ta/Ts)
= 2000(700 + 460)/(60 + 460)
= 4462 acfm

If it is desired to convert from acfm to scfim, reverse the procedure and use the
following equation:

qs = qu(Ts/T)(P,/Py)

The reader is cautioned on the use of acfm and/or scfm (see Problem THR.5).
Predicting the performance and the design of equipment should always be based on
actual conditions. Designs based on standard conditions can lead to disastrous
results, with the unit usually underdesigned. For example, the ratio of acfm (2140°F)
to scfim (60°F) for a particular application is 5.0. The reader is again reminded that
absolute temperatures and pressures must be employed in all ideal gas law
calculations.

THR.S STANDARD VOLUMETRIC FLOWRATE

Given a mass flowrate, determine the standard volumetric flowrate. Data are
provided below.
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Mass flowrate of flue gas, m = 50 Ib/min
Average molecular weight of flue gas, MW = 29 |b/Ibmol
Standard conditions = 60°F and 1 atm

Solution

Another application of the ideal gas law arises when one is interested in converting a
mass (or molar) flowrate to a volumetric flowrate (actual or standard), or vice versa.
The ideal gas equation is rearranged and solved for one variable in terms of the
others. For example, the volume of 1lbmol of ideal gas is given by

PV =nRT R =0.73atm- ft’/(Ibmol - °R)
V/n=RT/P

= (0.73)(60 + 460)/1.0

= 379 scf /Ibmol

Thus, if the standard conditions are 60°F and 1 atm, there are 379 standard cubic feet
of gas per Ibmol for any ideal gas.
The standard volumetric flowrate, ¢, in scfm is

q, = (m/MW)(379 scf /Ibmol)
= (50/29)(379)
= 653 scfm

The previous result is an important number to remember in many engineering
calculations: 11Ibmol of any ideal gas at 60°F and 1atm occupies 379 ft*; and,
equally important, 1 Ibmol of any ideal gas at 32°F and 1.0 atm occupies 359 ft*. In
SI units, 1 gmol of any ideal gas occupies 22.4 liters at 0°C and 1.0 atm.

THR.6 ENTHALPY OF COMBUSTION

Find the enthalpy of combustion of cyclohexane from enthalpy of formation data.
Perform the calculation for both liquid and gaseous cyclohexane. The following
enthalpy of formation (25°C) data are available:

Species AH{ (cal/gmol)
CHpp (D —37,340
Ce¢Hy, () -29,430
CO, —94,052

H,0 —68,317
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Solution

To simplify the solution that follows, examine the equation
aA+bB — ¢C+dD

If the above reaction is assumed to occur in the standard state, the standard enthalpy
of reaction, AH®, is given by

AH® = ¢ (AH})c +d (AHR), — a (AH), — b (AHR)y

where (AHY); is the standard enthalpy of formation of species i.

Thus, the (standard) enthalpy of a reaction is obtained by taking the difference
between the (standard) enthalpy of formation of products and reactants. If the
(standard) enthalpy of reaction or formation is negative (exothermic), as is the case
with most combustion reactions, then energy is liberated due to the chemical
reaction. Energy is absorbed if AH is positive (endothermic).

The balanced combustion equation for cyclohexane, C¢H,,, is

Ce¢H;, () + 90, — 6CO, + 6H,0 (I)
The enthalpy of combustion for the above reaction is
AHE = 6 (AHf)co, + 6 (AH{ )y, 00 — (AHF)c n,,
Using the data provided gives

AHE = 6 (—94052) + 6 (—68317) — (—37340)
= 936,874 cal/gmol of liquid cyclohexane

For gaseous cyclohexane,

AHE = 6 (—94052) + 6 (—68317) — (—29430)
= 944,784 cal/gmol of gaseous cyclohexane

Tables of enthalpies of formation, combustion, and reaction are available in the
literature (particularly thermodynamics texts/reference books) for a wide variety of
compounds. It is important to note that these are valueless unless the stoichiometric
equation and the states of the reactants and products are included. However, enthalpy
of reaction is not always employed in engineering reaction/combustion calculations.
The two other terms that have been used are the gross (or higher) heating value and
the net (or lower) heating value. These are discussed in the next problem.



THR.8 GROSS HEATING VALUE FOR A COMBUSTIBLE MIXTURE 155
THR.7 GROSS HEATING VALUE

Given the following gas mixture and combustion properties, determine the gross
heating value, HV, in Btu/scf:

Species Mole Fraction Gross Heating Value (Btu/scf)

N, 0.0515 0
CH, 0.8111 1013
C,H, 0.0967 1792
C;H, 0.0351 2590
C,H,, 0.0056 3370

Solution

The gross heating value (HV ;) represents the enthalpy change or heat reieased when
a gas is stoichiometrically combusted at 60°F, with the final (flue) products at 60°F
and any water present in the liquid state. Stoichiometric combustion requires that no
oxygen be present in the flue gas following combustion of the hydrocarbons.

The gross heating value of the gas mixture, HV;, may now be calculated using
the equation

n
HVG - in HVG,i
i=1

where x; is the mole fraction of ith component.
Thus,

HV = (0.0515)(0) + (0.8111)(1013) + (0.0967)(1792)
+ (0.0351)(2590) + (0.0056)(3370)

= 1105 Btu/scf
The net heating value (HVy) is similar to HV except the water is in the vapor state.

The net heating value is also known as the lower heating value, and the gross heating
value is also known as the higher heating value.

THR.8 GROSS HEATING VALUE FOR A COMBUSTIBLE MIXTURE

Calculate the gross heating value in Btu/lbmol for a combustible gas mixture of
75 mol % methane, 10 mol % propane, and 15 mol % n-butane. The following gross
heating value data are available:



156 THERMODYNAMICS (THR)

Species HV (Btu/lb)

CH, 23,879
C;H, 21,661
C,Hy, 21,308

Solution

The HV data may be converted to a mole basis using molecular weights:

HV; cn, = 23,879 Btu/1b(16.04 Ib/1bmol)
= 383,019 Btu/Ibmol
HVg c,n, = 21,661 Btu/1b(44.09 Ib/1bmol)
= 955,033 Btu/lbmol
HVg cn,, = 21,308 Btu/Ib(58.12 1b/Ibmol)
= 1,238,421 Btu/Ibmol

Using the equation given in the previous problem gives

HV, = 0.75(383,019) + 0.10(955,033) + 0.15(1,238,421)
= 568,531 Btu/Ibmol

As demonstrated in this and the previous problem, the reader should note that
various units can be employed when dealing with combustion properties such as
AH,AH°, AH, AH?,HV, HVy, etc. The two most common sets of units are
Btu/scf and Btuw/lbmol.

THR.9 THEORETICAL ADIABATIC FLAME TEMPERATURE

Calculate the theoretical adiabatic flame temperature of benzene (in air). The
following standard heats of formation and heat capacity data are provided:

Species  AH; (cal/gmol) a bx 10 cx 1073
CeHe 11,720 — _ _
CO, —94,052 10.57 2.10 -2.06
H,O0 —57,798 7.30 2.46 0

N, 0 6.83 0.90 -0.12
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The terms @, b, and c are constants for the heat capacity equation Cp =
a+ bT + cT~2, where Tis in K and Cp is in cal/(gmol - °C).

Solution

If all the heat liberated by a reaction goes into heating up the products of combustion
(the flue gas), the temperature achieved is defined as the flame temperature. If the
combustion process is conducted adiabatically, with no heat transfer loss to the
surroundings, the final temperature achieved by the flue gas is defined as the
adiabatic flame temperature. If the combustion process is conducted with theoretical
or stoichtometric air (0% excess), the resulting temperature is defined as the
theoretical adiabatic flame temperature (TAFT). TAFT represents the maximum
temperature the products of combustion (flue) can achieve if the reaction is
conducted both stoichiometrically and adiabatically. For this condition, all the
energy liberated on combustion at or near standard conditions (AH? and/or
AH3,g) appears as sensible heat in heating up the flue products, AH,. This may
be represented in equation form as

AH; + AH, =0

where AH? = standard heat of combustion at 25°C
AH,, = enthalpy change of the products as the temperature increases from
25°C to the theoretical adiabatic flame temperature

If the heat capacity for each product (flue) gas is expressed as
Cp=a+bT +cT?
then the heat capacity for the flue gas may be represented by
2Cp =Za+ (TH)T + (Zc)T~2
where

Ya= Y na

products

n = lbmol or stoichiometric coefficient (depending on basis of calculation) of
individual product

with similar definitions for b and Xc. Since 25°C = 298 K, the enthalpy change
associated with heating the flue products is given by

T,
AH, = j ZCpdT T, = theoretical adiabatic flame temperature (K)
298
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Substituting ZCp obtained previously and integrating yields
b 2 -1 -1
AH, = Za(T, — 298) + 7(T2 —298%) — Zc(T; ' —29877)

This expression may now be equated with the negative of the enthalpy of reaction (or
combustion) to calculate the theoretical adiabatic flame temperature. This procedure
is illustrated in the solution to this problem.
The balanced combustion equation for benzene is

C4¢Hg + 7.50, — 6CO, + 3H,0

The heat of combustion (using the data provided) is then
AH; = 6(—94,052) + 3(-57,798) — 11,720
= —749,426 cal/gmol

Rewriting the above reaction equation for air (21 mol% O, and 79 mol % N,),
C¢Hg + 7.50, + 28.2N, — 6CO, + 3H,0 + 28.2N,

Since

T
AH, = J 2CpdT 7, = final temperature
298

the term XC, needs to be evaluated. By definition,
LCp = 6Cp co, +3Cpu,0 +28.2Cp,
Based on the heat capacity data given in the problem statement,

Sa =271.9
Th = 0.0454
Te=—1.57 x 10°

and

LCp=Za+ IbT + ZcT™?
=277.9 +0.0454T — 1.57 x 107672
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Substituting ZCp into the equation for AHp and integrating yields

0.0454

11
AHp = 277.9(T, — 298) + ( )(T22 —298%) 4+ 1.57 x 108 (— - _)

T, 298
For adiabatic conditions,

AHp = —AH;
= 749,426 cal/gmol

Substitution gives
839,524 = 277.9T, + 0.0227T,2 + 1.57 x 107°7,7!

This equation can be solved by trial-and-error. However, a simpler method can be
used. As a first guess, neglect the last term on the right-hand side (RHS):

0.0227T,% + 277.9T, — 839524 = 0

—277.9 % \/(277.9) + (4)(0.0227)(839524)
A 0.0454
— 2507K

Substituting this temperature into the RHS of the original equation and evaluating
the RHS gives a value of 839,992. Since this compares very favorably with the left-
hand side (LHS) value of 839,524 cal/gmol, the assumption is valid, i.e., the third
term of the RHS is negligible. Thus,

T, = 2507K
=4513°R
= 4053°F

THR.10 EQUILIBRIUM CONSTANT

The equilibrium constant (K,) for the reaction (at 1 atm pressure)
SO, +10, = SO,

may be expressed in the form (Theodore, personal notes)

Y = 4e”¥
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where 4 = 0.148 x 10~
B=11,700
Y == KP
X=1T T = kelvin (K)
Develop a more rigorous equation for Kp as a function of the absolute temperature

(K). The following standard free energy of formation (AGY), standard heat of
formation, and heat capacity data are provided.

Species AH? (cal/g) AG (callg) a bx 103 cx 1073
0, — — 7.16 —-1.0 —04
SO, -70,960 —71,790 11.04 1.88 —1.84
SO, —94,450 —88,520 13.90 6.10 -3.72

Once again, a, b, and ¢ are constants for the equation Cp =a + bT + cT72,
where 7' is in K and Cjp is in cal/(gmol - °C).

Solution

Chemical reaction equilibrium calculations are structured around a thermodynamic
term referred to as free energy. This so-called energy (G) is a thermodynamic
property that cannot be easily defined without some basic grounding in thermo-
dynamics. No attempt will be made to define it here, and the interested reader is
directed to the literature for further development of this topic. Free energy has the
same units as enthalpy and may be used on a mole or total mass basis. Consider the
equilibrium reaction

aA +bB = cC+dD
For this reaction
AG3eg = c(AG)c + d(AGy)p — a(AGF) s — B(AGY)g

The standard free energy of reaction AG® may be calculated from standard free
energy of formation data in a manner similar to that for the standard enthalpy of
reaction. The following equation is used to calculate the chemical reaction
equilibrium constant K at a temperature 7

AG% = —RTIhK

The effect of temperature on AG} and K is provided below. If the molar heat
capacity for each chemical species taking part in the reaction is known and can be
expressed as a power series in T (kelvins), then

Cp=o+ pT +yT?
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If Aa, etc., represent the difference between the o values for the products and the
reactants, then

AH, AB

=S, o A r M
Ky RT+R1 T+5e T+ T+
and
A A
AG%—_—AHO—Acx(T)lnT—-TBTZ % — IR)(T)

Two unknowns, AH,, and /, appear in the above two equations. The term AH, may be
evaluated from the equation

Ap

A
AH} = AHy + AaT +=- Sl

T2 +
3

if AHR is given (or available) at a specified temperature (usually 25°C). The term /
can be calculated if AGY or K is given at a specified temperature.
If the heat capacities for the gases are in the form (as with this problem)

Cp=a+bT 4 cT™?

then
anTz—%+%l T+%T+§—;T +1
and
AG} = AHy — Aa(T)InT — %’3 T — %ﬁ T — IRRXT)
with
Ab, Ac

AH? = AHy + AaT
T 0+a+2 T
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Applying all of the above to the reaction equation,

AGSes = —88,520 — (=71, 790)
= —16,730 cal/gmol
AH555 = —94,450 — (—70, 960)
= —23,490 cal/gmol
Aa = 13.90 —[11.04 + 0.5(7.16)]
=—-0.72
Ab=6.10 x 107 — [1.88 x 1073 4+ 0.5(—1.0 x 1073)]

=372x 1073
Ac = —3.72 x 10° —[—1.84 x 10° + (0.5)(—0.4 x 10°)]
=—1.18 x 10°
Thus,
AHy = AHSgs — 298A 2982 Ab + LA
0 = A9 T 298¢

2982 i
= —23,490 — 298(—0.72) — —958—(3.72 x 1073) + 555 (118 x 1075)

= —23,836 cal/gmol
In addition

AGsy 16,730

InK = — = =282
nk RT  (1.99)(298)
One may now solve for I using the above two values:
AHy, Aa Ab Ac,__,
an———ﬁ-f-—ElnTﬁ-ﬁT'l'ﬁT +17
23,836  0.72 3.72 x 1073 1.18 x 10° 5
282 = — In298) + ——————(298) ~ ————2987“ +/
8 (1.99)(298) 1.99 (In298) + 2(1.99) (298) 2(1.99) +
I=-9.88

The equation for the equilibrium constant as a function of temperature is therefore

11,978
InK = — = 0.362InT +9.35 x 107*T —2.96 x 10°T~2 — 9.88
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THR.11 EQUILIBRIUM PARTIAL PRESSURES

Refer to Problem THR. 10. The chemical reaction equilibrium constant based on
partial pressures (Kp) was obtained as a function of temperature for the reaction

SO, + %02 = SO,
The final result took the form

11,978
InkK = —7 0.362InT +9.35 x 107*T —2.96 x 10°T"2 —9.88

If the initial partial pressures of SO,, O,, and SO; are 0.000257, 0.102, and 0.0 atm,
respectively, estimate the equilibrium partial pressure of the SO;. The operating
conditions are 1.0atm and 1250 K.

Solution

Once the chemical reaction equilibrium constant (for a particular reaction) has been
determined, one can proceed to estimate the quantities of the participating species at
equilibrium. The problem that remains is to relate K to understandable physical
quantities. For gas-phase reactions, as in an incinerator operation, the term K may be
approximately represented in terms of the partial pressures of the components
involved. This functional relationship for the hypothetical reaction

aA + bB = ¢C+dD
is given by
c,, d
Kp= Pc pr
PaA’pPe

where p, is the partial pressure of component A, etc.

Assuming a K value is available or calculable, this equation may be used to
determine the partial pressures of the participating components at equilibrium. To
determine these quantities, one must account for the amounts reacted or produced.
The following equations are valid if the partial pressures of the participating
components are low. If x represents the increase in p due to the reaction, then

Pc = pclinitial) + x

Pp = ppfinitial) + (d/c)x
Pa = pa(initial) — (a/c)x
pg = pglinitial) — (b/c)x
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The reaction equation
SO, +10, = SO,
is to be employed with the following initial partial pressures:

Pso, = 0.000257 atm
p02 = 0.102 atm

pso3 = 0.0 atm
For this reaction
Kp = Pso, -
Pso,Po,

The partial pressures may be approximated by

Pso, =X
Pso, = 0.000257 — x
Po, =0.102 — 0.5x

For T = 1250 K,
11,978 2.96 x 10*
InK = — -0. ) “1250) - ——_—— 938
n 550 0.362(In 1250) + 9.35 x 107%(1250) 50 9.88
=—1.73
K =0.1773

For ideal conditions, K, may be assumed to be equal to K. Therefore,

X

0.1773 = -
(0.000257 — x)(0.102 — 0.5x)"

Solving by trial and error,

x=13.8 x 10~%atm

= 13.8ppm
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THR.12 SPRAY CHAMBER APPLICATION

An air stream at 90°F, 14.7 psia, and a relative humidity of 60% is flowing into a
water-spray chamber where enough water is added to reach saturation. The outlet
temperature and pressure of the saturated stream are 80°F and 12.0 psia, respectively.
After the spray chamber, the stream is heated and compressed to 30 psia and has a
final relative humidity of 30%.

1. In the spray chamber, what is the ratio of the amount (moles) of water added
(i.e., absorbed by the air stream) to the amount of incoming moist air?

2. What is the dew point of the moist air leaving the compressor/heater unit?
3. What is the final temperature of the moist air?

The following data are from steam tables and may be used for this problem:

Temperature (°F) Vapor Pressure (psia)

32 0.08859
40 0.12163
50 0.17796
60 0.25611
70 0.36292
80 0.50683
90 0.69813
100 0.94924
110 1.2750
120 1.6927
130 22230
140 2.8892
150 3.7184
160 4.7414
170 5.9926
180 7.5110
190 9.340
200 11.526
212 14.696

Solution
The reader should become familiar with the following definitions, which are

pertinent to vapor-liquid systems (some specifically to air—water systems).

o Absolute saturation: mass of vapor/mass of bone dry gas

o Absolute humidity (h,): same definition as absolute saturation but applied to
the air—water system, i.c.,

h, = mass of water vapor/mass of BDA

where BDA is bone dry air.
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o Relative saturation: (partial pressure vapor/vapor pressure) x 100%

e Relative humidity (h,): same definition as relative saturation, but applied to the
air-water system, i.e.,

Partial pressure of water vapor

x 100%
Vapor pressure of water

or
h, = (py/Py) x 100%

Note that since the vapor pressure is the maximum partial pressure that a gas can
have at a given temperature, the relative humidity (or relative saturation) is a
measure of how much vapor the gas is holding relative to the maximum (saturation)
amount it can hold.

Another term that measures how concentrated the vapor is in the gas phase is the
dew point. Since vapor pressure decreases with decreasing temperature, a gas
holding a specific amount of vapor can be brought to the saturation point by
lowering the temperature. The temperature at which the gas reaches saturation in this
fashion is called the dew point. As an example, suppose the air in a room at 70°F is
at 50% relative humidity. From the steam tables, the vapor pressure of water at 70°F
is 0.3631 psi, which means that the air at 50% humidity holds water vapor with a
partial pressure of (0.50) (0.3631) or 0.1812 psi. If the temperature is dropped to the
point where 0.1812psi equals the water vapor pressure (around 52°F), the air
becomes saturated with water and any further drop in temperature will cause
condensation. The dew point of this air mixture is then 52°F. Obviously, if the air
were already saturated at 70°F, (i.e., 100% relative humidity), the dew point would
also be 70°F.

With the aid of steam tables, the reader should now be able to find the mole
fractions of air and water in an air—water system, given only the temperature, 7, plus
either

1. The dew point
2. Relative humidity or
3. Absolute humidity

These three cases are discussed below.
1. If the dew point temperature (DPT) is known, the vapor pressure at the dew

point temperature should be found from the steam tables. The mole fraction of
water, y,, is then found using Dalton’s law.

Yw = PBPT/P
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2. If the relative humidity, A,, is given, the vapor pressure at the gas temperature
is first found from the steam tables. The partial pressure of the water is then

Pw = h. Dl

where A, is expressed as a fraction, not as a percent. The water mole fraction is
then obtained from Dalton’s law:

Yw =DPw/P

3. If the absolute humidity, /,, is known, the molecular weights of water (18) and
bone dry air (29) must be used to convert from a mass ratio to a molar ratio.
The molar ratio of water vapor to BDA is

(29/18)h, = 1.611h,

The mole fraction of water vapor is now

y, = 1.611h,/(1.611h, + 1)

In all three of these examples, the mole fraction of air, y,, is found by subtracting y,,
from unity.

For the problem at hand, choose a basis of 100 lbmol feed. A flow diagram of the
process as shown in Figure 33.

Dalton’s law and the steam table data given in the problem statement may now be
used to determine the compositions (mole fractions) of the moist air feed stream, the
stream leaving the spray chamber, and the stream leaving the compressor/heater unit.

Moist air Moist air Moist air
n, = 100 ibmol n n
L . SC 2 . H/C 4 .
90'F, 14.7 psia 80 F, 12.0 psia T, 30.0opSla
h,=60% saturated h,=30%
Water
ny

Figure 33. Flow diagram for THR.12.
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Feed stream:

Dw = h. Dl (from the table provided, p,, at 90°F = 0.69813 psia)
= (0.60)(0.69813)
= 0.4189 psia
Yw =Pw/P
= 0.4189/14.7
= 0.0285
y, = 1 —0.0285
= 0.9715

Stream exiting the spray chamber:

Dw = b Dy (from the table, pl, at 80°F = 0.50683 psia)
= (1.00)(0.50683)
= 0.50683 psia
Yw =Pw/P
= 0.50683/12.0
= 0.0422
y, =1 —0.0422
= 0.9578

Stream exiting the compressor/heater unit:
Since no water is added to or removed from the air stream in the compressor/
heater unit, the composition must remain the same. Therefore,

y, = 0.0422
y, = 0.9578

A material balance on the air around the water spray unit is used to find the amount
of moist air leaving this unit:

(0.9715)100 = (0.9578)n;
n3 = 101.43 Ibmol
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A total material balance around the water-spray unit provides the amount of water
added:
100 + n2 = n3
ny, = 101.43 — 100
= 1.43 Ibmol water added

Thus the ratio of the amount of water added to the amount of incoming moist air is

Ratio = n,/n, = 1.43/100
=0.0143

The steam table can again be used to determine the dew point of the moist air leaving
the compressor/heater unit.
In this stream,

Pu =YuP
= (0.0422)(30 psia)
= 1.266 psia

From the table, the temperature at which the air stream would be saturated (dew
point) is somewhere between 100°F (0.94924 psia) and 110°F (1.2750 psia). Using
linear interpolation,

1.2750 — 0.94924 110 — 100
12750 —1.266 ~ 110 —T

T =109.7°F
~ 110°F

The vapor pressure of the water in the air stream leaving the compressor/heater unit
is given by

Pw =yuP
= (0.0422)(30 psia)
= 1.266 psia

p;v = pw/hr
=1.266/0.30

= 4.22 psia
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Frem the table, the temperature of moist air with a p/, of 4.22 psia is somewhere
between 150°F (3.7184 psia) and 160°F (4.7414 psia). Using linear interpolation,

4.7414—-4.22  160-T
4.7414 —3.7184 ~ 160 — 150

T =154.9°F
~ 155°F




10 Chemical Kinetics (KIN)

KIN.1 REACTION MECHANISMS

Assuming power law (elementary reaction rate) kinetics to apply, write the rate
equation for the following reactions:

1. First-order, irreversible reaction

A — products

2. Second-order, irreversible reaction

2A — products

3. Second-order, irreversible reaction

A + B — products

4. Third-order, irreversible reaction

3A — products

5. Third-order, irreversible reaction

2A + B — products

6. Fractional or higher order, irreversible reaction

nA — products

7. First-order reversible reaction

171
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8. First-/second-order, reversible reaction

A=B+C

9. Simultaneous irreversible reactions

kA]
A — products
k
A + B =5 products

kas
3A — products

10. Consecutive irreversible reactions

Solution

Based on experimental evidence, the rate of reaction is a function of:

1. Concentration of components existing in the reaction mixture (this includes
reacting and inert species)

2. Temperature
3. Pressure
4. Catalyst variables

This may be put in equation form:
ra = ra(C;, P, T, catalyst variables)
or simply
ra = £kpf(C)

where k, incorporates all the variables other than concentration. This & notation is
included to account for the reaction or formation of A. One may think of k, as a
constant of proportionality. It is defined as the specific reaction rate or more
commonly the reaction velocity constant. It is a “constant” that is independent of

concentration but dependent on the other variables. This approach has, in a sense,
isolated one of the variables. The reaction velocity constant, like the rate of reaction,
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must refer to one of the species in the reacting system. However, K almost always is
based on the same species as the rate of reaction. Consider, for example, the reaction

aA+bB — ¢cC+dD

where the notation — represents an irreversible reaction, i.e., if stoichiometric
amounts of A and B are initially present, the reaction will proceed to the right until
all the A and B have reacted (disappeared) and C and D have been formed. If the
reaction is elementary, the rate of the above reaction is given by

Fa = —kACAaCBb

where the negative sign is introduced to account for the disappearance of A and the
product concentrations do not affect the rate. For elementary reactions, the reaction
mechanism for r, is simply obtained by multiplying the molar concentrations of the
reactants raised to powers of their respective stoichiometric coefficients (power law
kinetics). For nonelementary reactions, the mechanism can take any form.

The order of the above reaction with respect to a particular species is given by the
exponent of that concentration term appearing in the rate expression. The above
reaction is, therefore, of order a with respect to A, and of order b with respect to B.
The overall order n, usually referred to as the order, is the sum of the individual
orders, i.e.,

n=a+b

All real and naturally occurring reactions are reversible. A reversible reaction is one
in which products react to form reactants. Unlike irreversible reactions that proceed
to the right until completion, reversible reactions achieve an equilibrium state after
an infinite period of time. Reactants and products are still present in the system. At
this (equilibrium) state, the reaction rate is zero. For example, consider the following
reversible reaction:

aA+ bB = ¢C +dD

where the notation = is a reminder that the reaction is reversible; — represents the
forward reaction contribution to the total or net rate, while <« represents the
contribution of the reverse reaction. The notation = is employed if the reaction
system is at equilibrium. The rate of this reaction is given by

b d
ra= =k Cp'Cyp”  +  kWCCp
forward reaction reverse reaction

and

Ky = kA/k;\
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With this as an introduction, the reader is now provided with the answers to this
10 -part problem.

Since these are elementary reactions, power law kinetics apply, so that the
solutions become

1. ry = =k, Cy

2. ra = ks C}

3. ra = —k,CaCy

4. rp = —ksC3

5. ra = —koCiCy

6. ry = —k,Ch

7. ry = —kpoCp + k,Cp

= _kA(CA - KACB)]

where K is the chemical reaction equilibrium constant for A based on concentra-
tion:

Ky =kp/ka

Note that the contribution from the reverse reaction needs to be included in the rate
term for A. The reaction rate constant for the reversible reaction is normally
designated by &'.

8. VA = _kACA + kIIACBCC
9. rp = —kp Cp — kg CaCp — kA3C/3x
rg = —karCaCp

Note that the contribution from each of the three reactions needs to be included in
the rate term.

10 rA = —kACA
rg = kaCp — kgCy
re = kgCy

Note that the rate term for C is positive since it is being formed.

Before leaving this problem, the reader should note that a consistent and correct
definition of the rate of a reaction is essential before meaningful kinetic and reactor
applications can be discussed. The rate of a chemical reaction is defined as the time
rate of change in the quantity of a particular species (say A) participating in a
reaction divided by a factor that characterizes the reacting system’s geometry. The
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choice of this factor is also a matter of convenience. For homogeneous media, the
factor is almost always the volume of the reacting system. In equation form, then

1 dny
=V ar

where r, = rate of reaction for A
n, = moles of A at time ¢
t = time
V = volume of reacting system

If the volume term is constant, one may write the above equation as

_dny/V) _dCy
AT dr T dr

where C, is the molar concentration of A.

This equation states that the reaction rate is equal to the rate of change of
concentration with respect to time—all in consistent units. Rates expressed using
concentration changes require the assumption of constant volume. The units of the
rate become Ibmol/(h - ft*) and gmol/(s-L) in the engineering and metric (SI)
systems, respectively. For fluid—solid reaction systems, the factor is often the mass of
the solid. For example, in gas-phase catalytic reactions, the factor is the mass of
catalyst (cat). The units of the rate are then lbmol/(h-1b) cat. In line with this
definition for the rate of reaction, the rate is positive if species A is being formed or
produced since C, increases with time. The rate is negative if A is reacting or
disappearing due to the reaction because C, decreases with time. The rate is zero if
the system is at equilibrium.

KIN.2 ARRHENIUS EQUATION

The following reaction velocity constant data were obtained for the reaction between
two inorganic chemicals:

T(°C)  kI[L/(gmol-h)]

0 5.20
20 12.0
40 21.0
60 39.0
80 60.0

100 83.0
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Using the values of & at 40 and 100°C, calculate the constants of the Arrhenius
equation. Use these to obtain k at 75°C.

Equations to describe the rate of reaction at the macroscopic level have been
developed in terms of meaningful and measurable quantities. The reaction rate is
affected not only by the concentration of species in the reacting system but also by
the temperature. An increase in temperature will almost always result in an increase
in the rate of reaction; in fact, the literature states that, as a general rule, a 10°C
increase in reaction temperature will double the reaction velocity constant. However,
this is generally no longer regarded as a truism, particularly at elevated temperatures.

The Arrhenius equation relates the reaction velocity constant with temperature. It
is given by

k = Ae~Ea/RT
where A = frequency factor constant and is usually assumed to be independent of
temperature
R = universal gas constant

E, = activation energy and is also usually assumed independent of tempera-
ture

Solution
The Arrhenius equation
k= Ae_E"‘/RT
may also be written as
Ink =Ind —E,/RT

When the data are plotted on Ink vs. 1/T(K) coordinates, an approximate straight
line passing through the points (7 = 283K, ¥ = 8.5 L/gmol - h) and (T = 363K,
k = 68.3L/gmol - h) results. For 40°C, substitution yields

In8.5=1Ind —E,/(1.987)(283)
At 100°C,

n68.3 = InA — E,/(1.987)(363)

The two equations given above may be solved simultaneously. Subtracting the first
equation from the second gives

In8.5 —In68.3 = —E,/562.3 4 E,/721.3
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Solving for E,,

E, = 5316 cal/gmol

Solving for 4 yields

A = 108,400 L/(gmol - h)

Thus, & at 75°C is

k = 108,400 exp[—5316/(1.987)(348)]
=49.71L/(gmol - h)

Note that linearly interpolating between 60 and 80°C gives a value of
54.8L/(gmol - h).

Accordingly, the Arrhenius equation should yield a straight line of slope —F,/R
and intercept 4 if In k& is plotted against 1/7. Implicit in this statement is the
assumption that £, is constant over the temperature range in question. Despite the
fact that E, generally varies significantly with temperature, the Arrhenius equation
has wide applicability in industry. This method of analysis can be used to test the
rate law, describe the variation of £ with T, and/or evaluate E,. The numerical value
of E, will depend on the choice and units of the reaction velocity constant.

KIN.3 LINEAR REGRESSION ANALYSIS

The following data have been obtained for the rate —r, versus concentration Cj.

—ra Cy
[bmol/(f*-s)]  (lbmol/ft})

48 8
27 6
12 4

3 2

Using the above data, estimate the coefficient £, and « in

—Fp = kACA“
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Solution

If the functional relationship between one variable and another is linear, a straight-
line plot would be obtained on arithmetic-coordinate graph paper. If the relationship
approaches a linear one, the “best” method of fitting the data to a linear model
would be through the method of least squares. The resulting linear equation (or line)
would have the properties of lying as “close” as possible to the data. For statistical
purposes, “close” and/or “best” fit is defined as that linear equation or line for
which the sum of the squared vertical distances between the data (values of Y or
independent variable) and line is minimized. These distances are called residuals.
This approach is employed in the solution below.

Linearizing the above equation may be accomplished by taking the natural
logarithm (In) of both sides of the equation:

In(—r,) =Ink, +alnC,
Setting In(—r,) equal to Yand In C, equal to X produces
Y=44+BX

where 4 = Ink,
B=a

The above data (four data points), when substituted into the equation, yield:

In(3) = 4 + B In(2)
In(12) = 4 + B In(4)
In(27) = 4 + B In(6)
In(48) = 4 + B In(8)

As indicated earlier, the method of least squares requires that the sum of the squared
residuals be minimized. The resulting coefficients are

A4 =-0.2878
B=20

These calculations may be done through a long-hand calculation. However, they are
more often accomplished with the aid of computer software.
Taking the inverse natural logarithm of 4 to obtain %, leads to

o=2.0
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The equation for the rate of reaction is therefore

—ry = 0.75C3°

KIN4 TIME REQUIREMENT—FIRST-ORDER REACTION

Calculate the time required to achieve a 99.99% conversion of benzene at a
temperature of 980°C. The arrhenius constants are

Frequency factor, 4 = 3.3 x 10'%5~!
Activation energy, E = 35,900 cal/gmol

Assume benzene undergoes a first-order irreversible reaction.

Solution
The kinetic equation for a first-order reaction is

ac _

=k
dr ¢

where C = concentration of the compound undergoing reaction
k = reaction constant
t = time

The solution to the above differential equation becomes

C . _ .
lnC— = —kt C, is the initial concentration
0

For a 99.99% conversion, the ratio C/C, is

C/C,y = (0.0001/1.0)
= 0.0001

The reaction rate constant, £, is calculated directly from the Arrhenius equation:

k = AeE/RT
= 3.3 x 10'% exp[(—35,900 cal /gmol)/[1.98 cal /(gmol - K)](980 + 273)K]
= 1.804 x 10%s7!
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Therefore, the required residence time ¢ is

t=—In(C/Cy)/k
= —In(0.0001)/1.804 x 10*
=5.106 x 1075

Note that all real and naturally occurring reactions are reversible. A reversible
reaction is one in which the products also react to form the reactants. Unlike
irreversible reactions that proceed to the right until completion, reversible reactions
achieve an equilibrium state after an infinite period of time. Reactants and products
are still present in the system. At this equilibrium state the net reaction rate is zero.

KIN.5 LIMITING AND EXCESS REACTANTS
When ammonia is burned, the products are nitric oxide and water.
4NH; + 50, — 4NO + 6H,0

Ammonia is fed to a combustion device at the rate of 150 kgmol/h and oxygen at a
rate of 200 kgmol/h.

1. Which is the limiting reactant?
2. What is the percent excess of the excess reactant?

3. If 85kgmol/h of nitric oxide is produced, at what rate in kg/h is water
produced, what is the fractional conversion of the ammonia, and what is the
fractional conversion of the oxygen?

Solution
When methane is burned completely, the stoichiometric equation for the reaction is
CH, + 20, — CO, + 2H,0
The stoichiometric ratio of the oxygen to the methane is
0.5 mo! methane consumed/mol oxygen consumed
If one starts out with 1 mol of methane and 3 mol of oxygen in a reaction vessel, only
2mol of oxygen would be used up, leaving an excess of 1 mol. In this case, the

oxygen is called the excess reactant and methane is the limiting reactant. The
limiting reactant is defined as the reactant that would be completely consumed if the
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reaction went to completion. All other reactants are excess reactants. The amount by
which a reactant is present in excess is defined as the percent excess and is given by

_ns

% excess = (n ) x 100%

n

where n = number of moles of the excess reactant at the start of the reaction
n, = stoichiometric number of moles of the excess reactant (i.e., the exact
number of moles needed to react completely with the limiting reactant)

In the example above, the stoichiometric amount of oxygen is 2 mol, since that is the
amount that would react with the 1 mol of methane. The excess amount of oxygen is
1 mol, which is a percentage excess of 50% or a fractional excess of 0.50. These
definitions are employed in the solution below.

The extent of reaction balance on this reaction is

Input — 150 200 0 0
4NH, + 50, — 4NO + 6H,0
Output —> 150 -z 200 — (5/4)z z (6/4)z

where z is the rate of NH; consumed.
To determine which is the limiting reactant, allow the output rate of NH; to go to
zero, i.e.,

150 ~z=0
z = 150kgmol/h

The output rate of O, is then
200 — [(3)(150)] = +12.5kgmol/h

Since the output rate of O, is still positive when the NH; is all consumed, NH; is the
limiting reactant. The stoichiometric O, rate is (%) (150) or 187.5 kgmol/h.

Since 12.5 kgmol/h is the “excess” rate of O, over and above that needed to react
with all of NHj;,

Percent excess O, = % (100%)

= 6.67%
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Based on the problem statement, NO is produced at the rate of 85kgmol/h.
Therefore, the reaction does not go to completion and

z = 85kgmol/h
Rate H,O produced = (g)z = (1.5)(85) = 127.5kgmol/h
Mass flowrate = (127.5 kgmol/h)(18 kg/kgmol)
= 2295kg/h

The fractional conversion of the ammonia, fyy, , becomes

Fractional conversion of NH; = rate consumed/input rate
S, = 2/150
=85/150
= 0.567

The fractional conversion, f; , of the oxygen is

fo, = $2/200
= 3(85)/200
=0.531

KIN.6 CONVERSION, YIELD, AND SELECTIVITY
Acetaldehyde can be formed by oxidizing ethane:
C,H¢ + 0, —» CH;CHO + H,0
However, some carbon dioxide is usually an unwelcome by-product:
C,Hs +10, — 2C0, + 3H,0

If 65% (by mole) of the ethane feed stream forms acetaldehyde, 15% forms CO, and
the remainder is unreacted, calculate

1. The fractional conversion of ethane
2. The fractional yield of acetaldehyde
3. The selectivity of acetaldehyde over carbon dioxide production
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Solution

When multiple reactions (either parallel or consecutive) occur, the side or undesired
reactions compete with the main or desired reaction; the less predominant the main
reaction is, the smaller will be the amount of desired product for a given amount of
reactant. Suppose the following hypothetical parallel reactions occur:

A— B
A—C
A—-D

Suppose also that, of a starting amount of 10 mol of A, 4 form the desired product B,
2 form the undesired product C, 1 forms the undesired product D, and 3 remain
unreacted. While this process produces 4mol of valuable product, it could have
produced 10 if everything went the way we wanted it to, i.e., if all 10 mol of A
reacted to form B. The ratio of the 4mol of B actually produced to the 10 it
potentially could have produced is called the yield (0.40 or 40%). By definition, the
yield of a reaction is a measure of how much of the desired product is produced
relative to how much would have been produced if only the desired reaction
occurred and if that reaction went to completion. Obviously, the fractional yield
must be a number between zero and unity. Another term used in conjunction with
multiple reactions is selectivity. Selectivity is a measure of how predominant the
desired reaction is relative to one of the side reactions. The value of the selectivity is
obtained by dividing the number of moles of a desired product actually generated by
the number of moles of one of the undesired products produced by a side reaction. In
the example above, the selectivity of B over C is 2.0 and that of B over D is 4.0.
These definitions are employed in the solution below.

Choose a basis of 100 Ibmol/h C,Hg input. Perform extent of reaction balances on
the two reactions. Only the C,Hg, CH;CHO, and CO, need be considered since
information on the other components is not required in the solution:

Input — 100 0

CGGH, + O, — CH,CHO + H,0
Output — 100—-z—y (1/1)z z
Input — 100 0

CH, + (7/20, — 2C0, + 3H,0
Output — 100~z-y 2y

where z = amount of C,H, that forms CH;CHO
y = amount of C,H that forms CO,



184 CHEMICAL KINETICS (KIN)

The fractional conversion, f, of the C,Hy is

f =rate C,H, consumed/rate C,Hg input

= (z+y)/100

= (65 + 15)/100

=0.80
If all of the C,H, had reacted to form CH,CHO, 100 ibmol/h of the CH;CHO would
have been produced. Thus, the fractional yield Y is

Y = 65/100
=0.65

The selectivity S of the CH;CHO over CO, production may now be calculated:

S = rate of CH;CHO produced/Rate of CO, produced
=z/2y
= 65/[(2)(15)]
=217

The reader shouid note that the terms conversion, yield, and selectivity are sometimes
confusing. Some people in the field use them interchangeably (which is poor
practice). Note that conversion is measured solely from the disappearance of a
particular reactant; yield is measured in terms of the generation of a particular
product; and selectivity is a comparison of the amounts or flowrates of two generated
products.

KIN.7 LIQUID-PHASE REVERSIBLE REACTION

Compound B is prepared from compound A according to the following liquid-phase
elementary reversible reaction:

A=—=23B
ks

A 10-liter batch reactor will be used to perform the reaction. Determine the amount
of time necessary to achieve a conversion of 40%.
Additional information:

CAO =3.0 lmel/L
k,(forward) = 6.0 min~"
ky(reverse) = 0.53 min™!
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Solution

A batch reactor is a solid vessel or container. It may be open or closed. Reactants are
usually added to the reactor simultaneously. The contents are then mixed (if
necessary) to ensure no spatial variations in the concentration of the species present.
The reaction then proceeds. There is no transfer of mass into or out of the reactor
during this period. The concentration of reactants and products change with time;
thus, this is a transient or unsteady-state operation. The reaction is terminated when
the desired chemical change has been achieved. The contents are then discharged
and sent elsewhere, usually for further processing.

The describing equation for chemical reaction mass transfer is obtained by
applying the conservation law for either mass or moles on a time rate basis to the
contents of a batch reactor. It is best to work with moles rather than mass since the
rate of reaction is most conveniently described in terms of molar concentrations.

The describing equation for species A in a batch reactor takes the form

dn
@

where n, = moles A at time ¢
r, = rate of reaction of A; change in moles A/time-volume
V' = reactor volume contents

The above equation may also be written in terms of the conversion variable X since
np = TNpg — HaX

where n,, = initial moles of A
X = X, = moles of A reacted/moles of A at the start of the reaction.

Thus,

dx
nA()E: ‘-VAV

The integral form of this equation is

X 1
1= L (‘af)““

If V' is constant (as with most liquid-phase reactions),
X
(A
Vo Fa
Yo
o[
0 N
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The general rate expression for the reaction, r,, in terms of the concentrations of the
participating species is

—Fp = kch - k2CB

The expressions for the concentrations of A and B in terms of the conversion
variable X, can also be written:

Ca = Cpo(l — Xy)
Cg = Cag( + Xa)
= CaoXa
where 6 = initial moles of B/initial moles of A

Note that 8z = 0 since the initial amount of B present is zero. The reaction rate
equation may be rewritten in terms of the conversion:

—rA = 6CAO - 6CA(}XA - 053CA0XA CAO = 3
= 18(1 — 1.0883X,)

This expression may be inserted into the characteristic batch reactor design equation:

X,
A 1
t= dX,
Cao JO (18)(1 — 1.0883X,)
Cho JXA 1
St U S )
18 J, (1 —1.0883x,) 4

The integrated form of this equation is

t = (Cpo/18)[1/(—1.0883)] In[1 — 1.0883.X,])
= (3/18)[1/(—1.0883)] In[1 — (1.0883)(0.4)]
= 0.0875 min
=525s

KIN.8§ VOLUME FOR TWO CSTRs IN SERIES

Consider the elementary liquid-phase reaction between benzoquinone (B) and
cyclopentadiene (C):

B + C — product
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If one employs a feed containing equimolal concentrations of reactants, the reaction
rate expression can be written as

—rg = kCCCB = kCBz

Calculate the reactor size requirements for one continuously stirred tank reactor
(CSTR). Also calculate the volume requirements for a cascade composed of two
identical CSTRs. Assume isothermal operation at 25°C where the reaction rate
constant is equal to 9.92 m?/(kgmol - ks). Reactant concentrations in the feed are
each equal to 0.08 kgmol/m?, and the liquid feed rate is equal to 0.278 m? /ks. The
desired degree of conversion is 87.5%.

Solution

Another reactor where mixing is important is the tank flow or CSTR. This type of
reactor, like the batch reactor, also consists of a tank or kettle equipped with an
agitator. It may be operated under steady or transient conditions. Reactant(s) are fed
continuously, and the product(s) are withdrawn continuously. The reactant(s) and
product(s) may be liquid, gas, or solid or a combination of these. If the contents are
perfectly mixed, the reactor design problem is greatly simplified for steady condi-
tions because the mixing results in uniform concentration, temperature, etc.
throughout the reactor. This means that the rate of reaction is constant. The
describing equations are therefore not differential and do not require integration.
In addition, since the reactor contents are perfectly mixed, the concentration and/or
conversion in the CSTR is exactly equal to the concentration and/or conversion
leaving the reactor. The describing equation for the CSTR can then be shown to be

_ FaoXa
-

V

where V' = volume of reacting mixture
F o = inlet molar feed rate of A
X, = conversion of A; moles of A reactant/moles of A entering the system
—r, = rate of reaction of A

If the volumetric flowrates entering and leaving the CSTR are constant (this is
equivalent to a constant density system), the above equation becomes

CAI — CAO — CAO - CA]

Fa —Fa

vV
q

where g = total volumetric flowrate through the CSTR
Cyo = inlet molar concentration of A
C,; = exit molar concentration of A
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The rate equation, —rp, in terms of the conversion variable X is

—VB = kBC%
Cg = Cpo(l — X)
~rg = kgCho(1 — X’

If only one reactor is employed,

FaoX

-rg

_ FyoX
kC3o(1 — X)?

V =

Since

Fgo = Cpogq
= (0.08)(0.278)
= 0.02224 kgmol/ks
= 0.02224 gmol/s

The volume may be calculated:

V = (0.02224)(0.875)/[(9.92)(0.08)*(1 — 0.875)°]
=19.6m’

The design equation above may also be applied to two reactors in series:

— FBO Xl
ks Cho (1 — X,
Fpy AX

kGl (1 - X
For reactor 1,

kC3,V X,

Fgo  (1-X)
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For reactor 2,

kC3V X, — X,
Fgo — (1-X)

Since the LHSs (left-hand sides) of both of the above equations are equal,

X, X-X
(1-X) (1-Xx)

Solving with X, = 0.875 yields
X, = 0.7251
Thus,

_(0.278)(0.08)(0.7251)
T (9.92)(0.08)%(1 — 0.7251)?
=336m’
Vo=V, +V,

= (2)(3.36)

=6.72m’

1

KIN.9 GAS-PHASE REACTION
The following elementary gaseous reaction
A—2B  ky=07s"!

1s conducted in a tubular flow reactor. The volumetric flowrate and inlet concentra-
tion of A are 2.0L/s and 0.1 gmol/L, respectively. Determine the volume of reactor
required to achieve a conversion of 90%. Perform the calculations with and without
the volume effects included in the analysis.

Solution

This problem is somewhat complicated because of the gaseous nature of the reacting
medium. Before proceding to the actual solution, consider the reaction

aA + bB - cC+dD
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The volume of an ideal gas in a reactor at any time can be related to the initial
conditions by the following equation:

V="V, fﬁ 1 I
P TO AT
where P = absolute pressure
T = absolute temperature
V = volume

ny = total number of moles
0 = subscript denotes initial conditions

If § is defined as the increase in the total number of moles per moles of A reacted,
then

6= (d/a)+ (c/a) — (b/a)— 1

The term ¢ is defined as the change in the total number of moles when the reaction is
complete divided by the total number of moles initially present in (or fed to) the
reactor.

This may be shown to be

€= Ya00

where v, is the initial mole fraction of A.
The gas volume can now be expressed as follows:

V= VO(%) (TZO)(I +eX)

If the pressure does not change significantly, the equation becomes
T
Ty

For isothermal operation, one obtains
V="Vl +eX)

The most common type of tubular flow reactor is the single-pass cylindrical tube.
Another type is one that consists of a number of tubes in parallel. The reactor(s) may
be vertical or horizontal. The feed is charged continuously at the inlet of the tube,
and the products are continuously removed at the outlet. If heat exchange with
surroundings is required, the reactor setup includes a jacketed tube. If the reactor is
empty, a homogeneous reaction—one phase present—usually occurs. If the reactor
contains catalyst particles, the reaction is said to be heterogeneous.



KIN.9 GAS-PHASE REACTION 191

Tubular flow reactors are usually operated under steady conditions so that, at any
point, physical and chemical properties do not vary with time. Unlike the batch and
tank flow reactors, there is no mechanical mixing. Thus, the state of the reacting
fluid will vary from point to point in the system, and this variation may be in both the
radial and axial direction. The describing equations are then differential, with
position as the independent variable.

For the describing equations presented below, the reacting system is assumed to
move through the reactor in plug flow (no velocity variation through the cross
section of the reactor). It is further assumed that there is no mixing in the axial
direction, and complete mixing occurs in the radial direction so that the concentra-
tion, temperature, etc., do not vary through the cross section of the tube. Thus, the
reacting fluid flows through the reactor in an undisturbed plug of mass. For these
conditions, the describing equation for a tubular flow reactor is

X,
V = FAOJ_d_A
Fa
Since Fpg = Cpo4os
14 X,
A CAOJ_d_A
do Fa

The RHS (right-hand side) of the above represents the residence time in the reactor
based on inlet conditions. If g does not vary through the reactor, then

Vig="9

where 0 is the residence time in the reactor.
The rate equation for —r, is

—ra =kaCy

If volume effect changes are included,

1-X
Cy = Crol ——
A A0(1+&X>
so that

1-X
—ra = kaChpo (H——aX)

Without volume effect changes,

Ca = Cao(1 = X)
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and
—rp = kpCao(l — X)

The tubular flow reactor design equation is

X
dax
o rof -
0o Fa
Since Fao = Caodos
X
dx
V= CAOqOJ -
o ra

The volume of the reactor, neglecting any volume effect changes, may now be
calculated. Since
—rp = kyCpo(1 — X)

09 ax

v =—(qo/kA)J0 “1-x

= —(qo/ka) (1 =) ]7°
= —(2.0/0.7) In(0.1)
= 6.57 liters

In order to include volume effect changes, the terms y,y, J, and ¢ must be
determined:

Yao = 1.0
6 =2-1
=1.0
¢ = (1)(1)
=10

The volume of the reactor with volume effect changes becomes

490 1+8X
V =— dx = 1.0
kAKl—X) ’

0.9
90 1+X
=-— — JdX
ka Jo (1 _X)
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Integration yields
9o 0.9
V= E[—X -2 In(1 ——X)]O
=(2.0/0.7)[-0.9 — (2) In(0.1) + 0 — (2) In(1)]
= 10.59 liters

The reader should note the difference in the two calculations for the volume. Some
researchers have incorrectly neglected this effect. This effect becomes more
pronounced for reactions involving large changes in the moles of the reacting
system (e.g., petrochemical reactions) and where there are significant changes in the
temperature and/or pressure.

KIN.10 CSTR VS. TUBULAR FLOW REACTOR

The liquid reaction
A — products
follows the rate law

ke
AT 1+ kY

where k; = 5(gmol/ L)"/?/h and k, = 10(L/ gmol)z. The initial concentration of A is
0.5 gmol/L, and the feed rate is 200 gmol/h of A.

1. Find the volume necessary to achieve 60% conversion in a CSTR.

2. Would a larger or smaller tubular flow reaction be required to achieve the same
degree of conversion? Explain the difference in results.

Solution

The rate of reaction, —r,, in terms of the conversion variable X is

CA = CAo(l “‘X)

_ RCEa-x)?
L+ kGl —X)

_..rA
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The design equation if the reaction is conducted in a CSTR is

1+ kC2,(1 — X)°

X =06
kK CYH(1 - X)'72

= FpoX

Substitution yields

1 4+ (10)(0.5)*(1 — 0.6)*

V= Q00005 050 — 0.6

= 75.1 liters

The design equation if the reaction is conducted in a tubular flow reactor is

V=FA0J —%X
0o ta
_ Fp J"‘l+k2C§0(l—X)2

= dx
KC o (1-X)7?

The integral / may be defined as

dx

I JM 1+ kC3y(1 — X)
0 (1 =x)!?

= J% F(X)dx

0

Simpson’s three-point rule is used to evaluate the integral:

I = (h/3)[£(0.0) + (4)(0.3) + £(0.6)] h =03
= (0.3/3)[(3.5) + (4)(2.659) + 2.214)]
= 1.635

The volume is then

_ Faol

kG
= 92.5 liters
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Surprisingly, the CSTR requires a smaller volume. This result arises because of the
unique nature of the rate expression. Also note that the integral could have been
evaluated by any one of several methods.

KIN.11 BATCH REACTOR

The elementary liquid-phase reaction
A+B—P

is carried out to a conversion of A of 0.5 in a constant volume, insulated batch
reactor. The reactor is charged with equimolar concentrations of A and B at 27°C.
Additional information:

Rate constant £ = 1.0 x 107*L/ min - gmol at 27°C
Activation energy E, = 3000 cal/gmol
Heat capacities Cpy, = Cpg = 10 cal/(gmol - K)

Cpp = 20 cal/(gmol - K)
Heat of reaction AHy = —5000 cal/gmol of A at 27°C
Initial concentrations C,y = Cgy = 5 gmol/L

Calculate the reaction temperature at X, = 0.5, and outline a method to calculate the
time required to achieve this conversion.

Solution

The equation describing temperature variations in batch reactors is obtained by
applying the conservation law for energy on a time—rate basis to the reactor contents.
Since batch reactors are stationary (fixed in space), kinetic and potential effects can
be neglected. The equation describing the temperature variation in reactors due to
energy transfer, subject to the assumptions in its development, is

nCp(dT/df) = Q + V(—AH,)| — ry|

where n = number of moles of the reactor contents at time ¢
Cp = heat capacity of the reactor contents

Q = heat transfer rate across the walls of the reactor
V' = reactor volume
—AH, = enthalpy of reaction of species A
|-} = absolute value of the rate of reaction of A
T = reactor temperature
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In addition,
Q=UAT-T,

where U = overall heat transfer coefficient
A = area available for heat transfer
T, = temperature surrounding reactor walls

For nonisothermal reactors, one of the reactor design equations, the energy transfer
equation (see above), and an expression for the rate in terms of concentration and
temperature must be solved simultaneously to give the conversion as a function of
time. Note that the equations may be interdependent; each can contain terms that
depend on the other equation(s). These equations, except for simple systems, are
usually too complex for analytical treatment.

Regarding the energy equation, note that for an adiabatic system the above
equation reduces to

dT

nC, == V(—=AH)| = ral
Since, by definition,
1dn
—ra :Vd—; na = npp(l —X)
1d
= 52l — )]

Thus,

7.4
Vi—ral = A0 I

and the above equation becomes
ndeT = (—AHA)nAO ax

This equation may be integrated directly to give the temperature as a function of
conversion,

nCy(T — Tp) = (—AHp)npg(X — Xp)

where the subscript 0 refers to initial conditions. This equation directly relates the
conversion with the temperature. The need for the simultaneous solution of the mass
and energy equations is, therefore, removed for this case. Note that all the terms in
the above equation must be dimensionally consistent. The reader should also note
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that both the heat capacity and enthalpy of reaction have been assumed to be
constant.

Fogler, in his Prentice-Hall text Elements of Chemical Reaction Engineering,
1999, has derived a somewhat similar equation relating the conversion to tempera-
ture:

T X AH(T,)
T 0 20,Cp + XAC,

where X = conversion of A
AH°(T,) = standard enthalpy of reaction at inlet temperature 7
ACp = heat capacity difference between products and reactants
0,Cp; = applies only to the initial reaction feed mixture (including inerts);
0, = moles i/moles of A; Cp; = heat capacity of i.

For the reaction
aA +bB — ¢C+dD
one may write
ACp = cCpc + dCpp — aCpp — bCpp
Note that this term accounts for enthalpy of reaction variation with temperature.

Folger’s approach is employed in the solution to this problem.
Calculate ACp for this reaction:

ACp = Cpp — Cpp — Cpp
=20—-10—-10
=0

Since the enthalpy of reaction is not a function of temperature,

AH(T) = AH°(TR) + ACp(T — Ty)
= AH*(Ty)
= —5000 cal/gmol A

Thus, AH(T) is a constant.
By definition,

0A = 1.0



198 CHEMICAL KINETICS (KIN)
and for an equimolar feed,
GB = 10

Using Fogler’s approach, the temperature in the reactor may be obtained as a
function of the conversion:

X AH(T
T=T,— WC(P—)
$0,Cp; = (1)(10) + (1)(10)
=20
T = 300 — [(X)(=5000)/(20)]
= 300 + 250X

The temperature when the conversion is 0.5 becomes

T =300+ 125
=425K
= 152°C

The rate of reaction, —r,, in terms of the conversion variable X is

—ra = kyCaCy
Since
Ca = Cpo(1 = X)
Cg = Cyo(fg — X)
= Cpo(l = X)

—rp = kCho(1 — X)?
The design equation for this batch reactor becomes

dCy _,

dr — A
dx

CAOE = —Fp

ax
=5 = KCaoll - Xy

Cp = Cpol = X)
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The reaction velocity constant, k, may be expressed as a function of the conversion X
through the Arrhenius equation:

Efl 1

T =300+ 250X

k = kyexp( £ ! 1
=P\ TR 1300 + 250X T,

3000 1 1
=(107* - -
(10 )°Xp( 1.987{300+250X 300})

The term £ in the design equation can now be replaced by the expression obtained
above. Thus,

1510

ax 4 2
g = A -X) °Xp< 300 + 250X

+ 5.03) =1

Therefore,
dt = (1.0/dX

This resulting integral may be evaluated to obtain the time required to achieve an
X = 0.5. One procedure would be to employ the trapezoidal rule. However, the
Runge—Kutta method would produce more accurate results.

The reader is left the exercise of showing that the required time is approximately
820 min.

KIN.12 COMPLEX SYSTEMS

The following liquid-phase reaction takes place in a constant volume, isothermal
batch reactor:

A+B+C—>P

The initial reaction rates were measured at various initial concentrations at 0°C. The
following data were obtained (Castellan, Physical Chemistry, Addison-Wesley,
Boston, 1964):
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Run  Cuo x 10 Cpy x 102 Cco x 10> Initial Reaction Rate x 107

(gmol/L) (gmol/L) (gmol/L) [gmol/(L-min)]

1 0.712 2.06 3.0 4.05
2 2.40 2.06 3.0 14.60
3 7.20 2.06 3.0 44.60
4 0.712 2.06 1.8 0.93
5 0.712 2.06 3.0 4.05
6 0.712 2.06 9.0 102.00
7 0.712 2.06 15.0 508.00
8 0.712 2.06 3.0 4.05
9 0.712 5.18 3.0 28.0

10 0.712 12.50 3.0 173.0

Assuming a reaction mechanism of the form
A= kACAaCBﬁCCy

Estimate the order of the reaction with respect to A, o.
Estimate the order of the reaction with respect to B, f.
Estimate the order of the reaction with respect to C, 7.
Estimate the overall order of the reaction.

Outline how to calculate the reaction velocity constant, k.

S S o

Outline how to calculate the above (parts 1-5) numerically by regressing the
data.

Solution
The application of any interpretation of kinetic data to reaction rate equations
containing more than one concentration term can be somewhat complex. Consider
the reaction

iA + jB — products

where

dCy o
el Py ReXe:
dt A~AYVB

For the differentiation technique, this equation is written

dcC
log(— EA-) =logk, +ilogCy +jlogCy
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Three unknowns appear in this equation and can be solved by regressing the data; a
trial-and-error graphical calculation is required. Using the integration technique is
also complex. If one assumes i = 1 and j = 1, then

dcC
TtA = —kpCpCy

which may be integrated to give

i CB()Ca)
ky = In
A HCyro — Cpo) (CAOCB

A constant value of k, for the data would indicate that the assumed order
(i=1,j=1) is correct.

The isolation method has often been applied to the above mixed reaction system.
The procedure employed here is to set the initial concentration of one of the
reactants, say B, so large that the change in concentration of B during the reaction is
vanishingly small. The rate equation may then be approximated by

dC * i
P G

where
ki = kpCly ~ constant

Either the differentiation or integration method may then be used. For example, in
the differentiation method, a log-log plot of (—dC, /df) vs. C, will give a straight
line of slope i. A similar procedure is employed to obtain ;.

The initial rate of reaction, —r,q, in terms of the initial concentrations Cyq, Cgy,
and C¢ for the problem at hand is

B
—Ftao = kC;OC,gOCZ;O

Linearizing the equation by taking logs,

log(—7r40) = log(k) + alog(Cpag) + Blog(Cgg) + 710g(Ceo)
(n (2) 3 4

One may also use /n instead of log in the above equation.
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For runs (1)(3), the concentrations of B and C are constant (for each run at the
initial conditions specified). Therefore, terms (1), (3), and (4) above may be treated
as constants. Thus,

log(—rag) = log K + o 10g(Cio)
where
_ B
K = kCqyCey

To obtain o graphically, plot

log(—ra0) log Cyo

—6.3925 —4.1475
—5.8356 —-3.6197
—5.3506 —3.1426

or note that « & 1.0.
Use runs (8)—(10) in order to establish the order of the reaction with respect

to B:

log(—rap) log Cg

—6.3925 —1.6861
—5.5528 —1.2856
—4.7619 —0.9039

For this set of runs, f =~ 2.0.
Use runs (4)~(7) to estimate the order the reaction with respect to C:

log(—749) log Ceq

—7.0315 —1.7440
—6.3925 —1.5228
—4.9913 —1.0457
—4.2941 -0.8239

For this case, y &~ 3.0.
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The overall order of the reaction, n, is therefore

n=oa+p+y
~1.0+20+3.0=60

To calculate k,, use the o, f, and y values above and calculate 10 values of k,. Sum
the results and average. The units are L’ /(gmol5 - min).

In order to calculate «, f, y, and k by regressing the data, the equation (with logs)
is of the form

Y = AO +A1Xl +A2X2 +A3X3

where ¥ = log(—rag)

Ay =logk

A =ua

4, =5

A3 =y

X = log(Cyo)

X, = log(Cgy)
X; = log(Ccy)

The method of least squares may now be used to generate the A%s.
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1 1 Process Control (CTR)

CTR.1 FEEDBACK CONTROL

A heavy oil is heated by condensing steam in a shell-and-tube heat exchanger.
Which sketch in Figure 34 contains a feedback control loop that will deliver the oil
at the proper temperature by adjusting the amount of steam going to the exchanger?
Note that TRC = temperature recorder and controller.

Solution

A control system or scheme is characterized by an output variable (e.g., temperature,
pressure, liquid level, etc.) that is automatically controlled through the manipulation
of inputs (input variables). Suppressing the influence of external disturbances on a
process is the most common objective of a controller in a chemical plant. Such
disturbances, which denote the effect that the external world has on a process, are
usually out of reach of the human operator. Consequently, a control mechanism must
be introduced that will make the proper changes on the process to cancel the
negative impact that such disturbances may have on the desired operation of the
process. Control engineers usually refer to the combination of a sensing element and
a control device with a set point as a “control loop.”

The central element in any control loop is the process to be controlled. Therefore,
the control objectives must be defined (e.g., maintain a desired outlet temperature
and/or composition, maintain the level in a tank at a certain height, etc.). Once the
control objective is specified, variables are measured in order to monitor the
operational performance of the process (sensing element). Next, the input variables .
that are to be manipulated are determined. Finally, after the control objectives, the
possible measurements, and the available manipulated variables have been identified,
the control configuration is defined. The control configuration is the information
structure used to connect the available measurements to the available manipulated
variables. The two general types of control configurations are feedback control and
feedforward control. Details on feedback control are discussed below in this
problem. Feedforward control is discussed in the next problem, CTR.2.

Feedback control, the general structure of which is illustrated in Figure 35, uses
direct measurements of the controlled variable to adjust the values of the manipu-
lated variable. The objective is to keep the controlled variable at a desired level (set
point). In a feedback control loop, a measurement is made downstream of the

204
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Figure 34. Answers to Problem CTR.1.




206 PROCESS CONTROL (CTR)
Disturbance
Manipulated Controlled Variable

Variable (Measured Output)
y -> PROCESS >

y

CONTROLLER

Figure 35. Feedback control.

process being controlled in order to manipulate a variable and achieve the desired set
point.

Since the controlled variable (the outlet oil temperature) in Figure 34A is being
measured, this is a feedback control system. Since the disturbance (the inlet oil
temperature) in Figure 34B is being measured, this is a feedforward control system
and not a feedback control system. Since both the outlet and inlet oil temperatures in
Figure 34C are being measured, this is not a feedback control system. Therefore, the
correct answer is Figure 34A.

CTR.2 FEEDFORWARD CONTROL

Consider a tank’s contents that are heated by steam in a coil. Which sketch in Figure
36 contains a feedforward control loop that will deliver the fluid at the proper
temperature by adjusting the flowrate of the steam in the heating coil? Note once
again that TRC = temperature recorder and controller.

Solution

Feedforward control, the general structure of which is illustrated in Figure 37, uses
direct measurement of the disturbances to adjust the values of the manipulated
variables. The objective is to keep the values of the controlled output variables at
desired levels.

Feedforward control does not wait until the effect of the disturbances has been felt
by the system but acts appropriately before the external disturbance affects the
system by anticipating what its effect will be.

Since the controlled variable (the outlet fluid temperature) in Figure 36A is being
measured, this is a feedback control system and not a feedforward control system.
Since the disturbance (the inlet fluid temperature) in Figure 36B is being measured,
this is a feedforward control system. Since both the outlet and inlet fluid tempera-
tures in Figure 36C are being measured, this is not a feedforward control system.
Therefore, the correct answer is Figure 36B.
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Figure 37. Feedforward control.
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CTR.3 BLOCK DIAGRAMS

Consider the block diagram in Figure 38. Calculate the output z if a = 14, b =4,
and ¢ = 3.

Solution

A block diagram is a line diagram representation of the cause-and-effect relationship
between the input and output of a physical system. As such, it provides a convenient
and useful method for characterizing the functional relationships among the various
components of a control system. System components are alternatively called
elements of the system.

The simplest form of the block diagram is a single block, with one input and one
output (see Figure 39). The interior of the block usually contains a description of or
the name of the element or symbol for the mathematical operation to be performed
on the input (/) to yield the output (O). The arrows represent the direction of flow of
information or signal. Two such operations are presented in Figure 40.

One can think of this operation in either of two ways. On one hand, one could say
that O is the result of a control element operating on /. On the other hand, one can
simply say that O is the product of a control element and I. Each of these
descriptions is correct. Thus, the blocks representing the various components of a
control system can be connected in a fashion that characterizes their functional
relationship within the system.

For operations of addition and subtraction, the block is replaced by a small circle,
called a summing point, with the appropriate plus or minus sign associated with the

ax
+

bx3 > s dldx zZ_,
I
C

Figure 38. Block diagram for Problem CTR.3.

INPUT OUTPUT
~—~———» BLOCK

Figure 39. Single block with one input and one output.

— o e — Y g [Mdx=z

Figure 40. Symbols representing mathematical operations.
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Y TN\ Xav=Z Y 7\ Xy=Z

+ +

Figure 41. Summing points.

arrows entering the circle. The output is simply the algebraic sum of the inputs, and
any number of inputs may enter a summing point (see Figure 41).

If the same signal or variable is an input to more than one block or summing
point, a point is used. This allows the signal to proceed unaltered along several
different paths to several destinations. For example, see Figure 42.

In this problem (see initial Figure 38), the output from the summing point, S, is

S=ax—b> +¢
The output from the control element, dS/dx, is

ds/dx = d(ax — bx* + ¢)/dx
= d(ax)/dx — d(bx*)/dx + dc/dx
=a-—3bx?+0

Since
dS/dx =z
then

z=a—3bx’

\)

Y

Figure 42. Sending the same signal along different paths.

o
Rt
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Substituting ¢ = 14 and b = 4 yields
z=14-12¢

In control system analysis, the block diagrams are used to show the functional
relationship between the various parts of the system. As described earlier, each part
is represented by a rectangle or box with one input and one output. The “transfer
function” (or its symbol), which is the mathematical relationship between output
(response function) and input (forcing function), is written inside the box, and the
blocks are connected by arrows that indicate the flow of the information in the
system. The outputs and inputs are considered as signals.

CTR.4 FORCING FUNCTIONS

Obtain the function shown in Figure 43 in the time domain, 7.

Solution

Commonly encountered forcing functions (or input variables) in process control are
step inputs (positive or negative), pulse functions, impulse functions, and ramp
functions (refer to Figure 44).

Consider a step input of magnitude 1. The step function may be represented by
u(r), where u(t) = 1 for t > 0 and u(f) = 0 for < 0. Substituting the value of this
function into the definition of the Laplace transform and solving results in
Llult)] = 1/s.

Details on Laplace transforms are beyond the scope of this Handbook. The reader
is referred to the literature for more information. However, the Laplace transforms of
the above functions are now discussed.

Now consider a rectangular pulse whose magnitude is H and duration is T'units of
time. In the time interval 0 < ¢t < 7, the function f(#) = H. When ¢ < 0 or when
t > T, the function f(f) = 0. Substituting the value of the pulse func ion into the

| /]

0 1 2 3 4 5 6 7 t

Figure 43. Forcing function for Problem CTR.4.
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Unit Step Impulse
1
0
=0 t t=0 t
Pulse Ramp
L
0
=0 =T t t

Figure 44. Types of forcing functions.

definition of the Laplace transform, and integrating between the limits 0 to 7,
ultimately yields

LI Ol =F(s) = H/s)1 ")

Consider an impulse function. The impulse function is also known as a Dirac delta
function and is represented by &(f). The function has a magnitude oo and an area
equal to unity at time ¢ = 0. The Laplace transform of an impulse function is
obtained by taking the limit of a pulse function of unit area as ¢t — 0. Thus, the area
of pulse function H7 = 1. The Laplace transform is given by

Z16(n] = lim Zf(?)

_—1 H —Ts
=lm5d-¢")

Using I’Hopital’s rule, the limit is found to be 1, i.e., £[6(¢)] = 1.

Now consider a ramp function described by f(¢) = #[u(?)] The Laplace transform
of this function is 1/s°. Finally, the Laplace transform of a sine-wave disturbance,
sin(wf), is w/(s? + w?).

The second-shifting theorem, which permits the mathematical treatment of “lag”
or “dead time,” is defined in the following manner:

If

L[] =F(s)
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then,

Lt —ty) = e F(S)
Conversely,

LTl =1t~ 1)

Figure 43 is a combination of a positive step input at 7 = 1, a ramp function at 7 = 3,
a negative step input at 7 = 4, and a negative ramp at ¢ = 6. Thus, the time-domain
equation is

() = ult — 1)+ (t = 3)ult — 3) — ult — 4) — (t — Du(t — 4) — (t — 6)u(t — 6)

The reader is left the exercise of showing that the equation in the Laplace domain is

exp(—s) 4 exp(=3s) exp(—4s) B exp(—6s)
s

F =
) 52 s 52

CTR.5S TIME TO REACH A SET TEMPERATURE

The transfer function relating the thermometer temperature (in a simple mercury
thermometer), Ty, to the fluid temperature, T%, is described by a first-order transfer
function. (The term first order refers to the fact that the differential equation
describing the transient process is first order). The transfer function is

T _ K

Tf s+ 1

where K and 7 are the gain and time constant, respectively, and the temperatures are
deviation variables.
The following data are provided:

Time constant, T = 0.2 min

Initial temperature of fluid = 20°C

Magnitude of step change in temperature of fluid = 10°C
Thermometer is at steady state at time # = 0 at 20°C

At what time (in minutes) will the thermometer read 25°C?
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Solution

The transfer function relates two variables in a process; one of these is the forcing
function or input variable, and the other is the response or output variable. The
transfer function completely describes the dynamic characteristics of a system. The
input and output variables are usually expressed in the Laplace domain and are
written as deviations from the set-point values.

The process time constant, 7, provides an indication of the speed of the response
of the process, i.e., the speed of the output variable to a forcing function or change in
the input variable. The slower the response, the larger is the time constant, and vice
versa. The time constant is usually composed of the different physical properties and
operating parameters of the process. Constant 7 has the units of time,

The steady-state gain gives an indication of how much the output variable
changes (in the time domain) for a given change in the input variable (also in the
time domain). The gain is also dependent on the physical properties and operating
parameters of the process. The term “steady state” is applied if a step change in the
input variable results in a change in the output variable, which reaches a new steady
state that can be predicted by application of the final-value theorem. Gain may or
may not be dimensionless.

Process dead time refers to the delay in time before the process starts responding
to a disturbance in an input variable. It is sometimes referred to as “transportation
lag” or “time delay”. Dead time or delays can also be encountered in measurement
sensors such as thermocouples, pressure transducers, and in transmission of
information from one point to another. In these cases, it is referred to as measure-
ment lag.

For the problem at hand, the response in the time domain is first determined. The
forcing function is a step change of magnitude 10. Hence,

Te(s) = 10/s
Therefore,
Ty(0) = 10(1 — e™02)

Note: For more in-depth examples of this type of calculation, see Problems CTR.10
and CTR.12.
When the thermometer reads 25°C, Ty, () = 5°. Hence,

5=10(1 — e /%%
Solving yields

t = 0.139 min
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CTR.6 STABILITY IN A FEEDBACK CONTROL SYSTEM

A feedback control system is represented in Figure 45. In this diagram

1
G =—
P33 4252 +5—5

What value(s) of the proportional gain, K, will produce stable closed-loop
responses?

Solution

A dynamic system is considered to be stable if for every bounded input, the output is
also bounded, irrespective of its initial state. The transfer function G(s) relates an
output variable to an input variable or forcing function and is defined as:

_ Yo

=X

The location of the roots of a transfer function of a dynamic system is important,
since even if one root has a positive real part (i.e., lies on the right side of the
complex plane), the system is unstable.

+
 +
-<

Figure 45. Feedback control system for Problem CTR.6.
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D
Gq
oy
Yo - Go G, G, =0

Gm

Figure 46. Generalized feedback control system.

The generalized feedback control system is shown in Figure 46 where

G, = transfer function of the controller
G; = transfer function of the final control element
G,, = transfer function of the process
G, = transfer function of the disturbance
G, = transfer function of the measuring device
Y = output

Y

s = set point

D = disturbance

The general closed-loop response, which gives the transfer functions relating ¥(s),
the output, to ¥,(s), the set point, and D(s), the load disturbance, is given by

G,GG,

Gd
_ 7ty S W'
1+ G,GG.G, () + )

Y(s) =
() 1+ G,6G. G,

or equivalently,
Y(S) = Gsp Ysp(s) + GloadD(S)

It is clear that the denominator of the overall transfer function for both load and set-
point changes is the same. This denominator is 1 plus (4) the product of the transfer
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functions in the feedback loop (1 + G,G¢G.G,,). The numerator of an overall
closed-loop transfer function is the product of the transfer functions on the forward
path between the set point or the load disturbance and the controlled variable.

The stability characteristics of the closed-loop response is determined by the
poles of the transfer functions G, and Gj,q. These poles are common for both
transfer functions (because they have a common denominator) and are given by the
solution of the equation

1 + G,G;G.G,, =0

This equation is called the characteristic equation for the generalized feedback
system in Figure 46.
Let |, 7y, ..., r, be the n roots of the characteristic equation:

14+ G,GiG.Gp=(s—r)s—r).....(s—r,)

Then one can state the following criterion for the stability of a closed-loop system:

A feedback control system is stable if all the roots of its characteristic equation
have negative real parts (i.e., are to the left of the imaginary axis). If any root of the
characteristic equation has a real positive part (i.e., is on or to the right of the
imaginary axis), the feedback system is unstable.

Examination of the characteristic equation indicates that it is not necessary to
compute the actual values of the roots. All that is required is a knowledge of the
location of the roots, i.e., if the roots liec on the right- or left-hand side of the
imaginary axis. A simple test known as the Routh—Hurwitz test allows one to
determine if any root is located on the right side of the imaginary axis, therefore
rendering the system unstable.

The Routh—Hurwitz criteria for stability are:

1. Expand the characteristic equation into a polynomial form, which gives
1+ G,G;G. G, = aps” + as" '+ +a, ;s+a,=0

2. If a, is negative, multiply both sides of the equation by —1.
3. Place coefficients of polynomial into a Routh array as follows:

Row 1 ag a, ay
Row 2 a as as
Row 3 4, A A
Row 4 B, B, B,

Row 5 Cl C2 C3
Row (n+ 1) Z ..
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where
- Ajay —a A B4, —AB
4, _ 419 — dods B, = 143 — a4, C, = 212 152
a A, B,
a ay — dods A1a5 —a1A3 BlA3 —AIB3
: 4 ? 4 2 B,
etc.
4. First test for stability: If any of the coefficients a|, a,, .. ., a,, is negative, then

no further analysis is necessary since there is at least one root on the right-
hand side of the imaginary axis, and the system is therefore unstable.

5. Second test for stability: If all the coefficients are positive, then it is difficult to
conclude anything about the location of the roots and the first column must be
examined. If the elements of the first column of the array ay, a,, 4,, By, C),
etc., are all positive, then the system is stable. If any element in the first
column is negative, there is at least one root to the right of the imaginary axis
and the system is unstable. The number of sign changes in the elements of the
first column 1s equal to the number of roots to the right of the imaginary axis.

The characteristic equation for the system in the problem statement is

1
1+ G,G,G,Gy = 1 + KD =0

353 + 22
This equation may be expanded into nth-order polynomial form.
38 425 + 5+ (K, —5) =0

The first test for stability is performed by examining the coefficients of the nth-order
polynomial.

First test K, —5 > 0 K. >S5

The second test for stability is performed by examining column 1 of the array.

Routh Array

Row 1 3 1 0
Row 2 2 K.-5 0
Row3 1[2-3K —5) 0 0
Row 4 K.—5 0 0

Second test 1[2 - 3(K,—5)>0 K <52
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Therefore, stability occurs at

5<Kc<5%

CTR.7 MIXING PROCESS IN A FOOD PROCESSING PLANT

Consider the thermoneutral (AH,,, = 0) mixing process that takes place in a food
processing plant. Pure water (W), pure oil (O), and pure grain (G) are combined to
create a livestock feed mixture (see Figure 47). While the product flowrate F is not
critical, the temperature 7' and composition of the product mixture, P (i.e.,
Cw. Co, Cg), must be precisely maintained.

Develop a control loop to monitor each of the exit stream variables. At least one
loop must be a feedforward loop. For each loop list:

1. Control objective
2. Measured variable(s)
3. Manipulated variable(s)

The following additional information is available:

1. The pure water reservoir is supplied by two (2) sources.
2. The pure oil reservoir is supplied by three (3) sources.

3. The holding tanks must be constantly stirred to maintain uniform temperature
since the temperatures of the source streams are not equal and may vary.

F. T i

Fuly fy
TaVa 1 I
=
F,.T. ' )
LSR5 NN Pure Grain
Pure Water | ¢ 7
FIREY > ha Fwnva Gir'Gi
Fel T |
Holding Tank B Pure Oil
ForT o
v v
TV
For To,Cw»Cos Cs

>

Figure 47. Line diagram for Problem CTR.7.



4. The temperature of the grain does not vary significantly with external
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conditions and may be considered a constant.

5. An adjustable pump regulates the flowrate of the water feed, Fy,;. However, the
viscosity of the oil is such that an in-line pump would be prohibitively
expensive. Therefore, the flowrate of the oil feed, Fy,, is directly dependent on
the height in the holding tanks, 4y, and an in-line adjustable valve on this

stream is not recommended for process control.

6. The exit product flowrate is a function of the height in the mixer.

7. Assume the density and heat capacities of all feed streams are constant and

equal to 1.0.

Solution

The line diagram in Figure 48 is employed to maintain the appropriate flowrate.

Feedforward control is applied.

Note: The only manipulated variables available for any loop are the inlet feed

flowrates.

1. Control

2. Measured variables: F3, Fy, Fs, Fy;, Fg;

objective: F,,

3. Manipulated variables: F5, Fy, Fs, Fy;, Fg;

The line diagram in Figure 49 is employed for temperature (feedback) control.

|

F.T, CL T
T h
| TA= VA l
© —X FvTa I m
2 __97 T l Pure Water
g g ety N ha Fwnva
o g FsTs » . Ve
[y
Holding Tank B Pure Oil
FourToi

'

Pure Grain
[

1 Flowmeter
¥
4

v

TV

o

FoiTos Cws Cos Co
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Figure 48. Line diagram with feedforward control included.
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The following applies for temperature control.

1. Control objective: Tp
2. Measured variables: Tp (plus Ty, T, T3, 1y, Ts)
3. Manipulated variables: Fy;, Fg;, F3, Fy, Fs

The line diagram in Figure 50 is employed for concentration (feedback) control.
The following applies for concentration control.

1. Control objectives: Cy, Cq, Cg
2. Measured variables: Cy,, Co, Cg
3. Manipulated variables: Fy;, 3, Fy, Fs, Fg;

CTR.8 TWO CSTRs IN SERIES
Reactant A forms product B quite readily. However, this reaction will only take place
in the presence of a preheated catalyst:

A + catalyst — B + catalyst

The above endothermic reaction takes place in two continuous stirred tank reactors
(CSTRs) in series, and the heat required by the reaction is supplied by steam (see

F.T, J) I
FoT, ha
v
=
Fu T, {
(L LILE B .
> F. T I Pure Water Pur,e Grain
SR Y | T
p—Fuls TV, 1 DK
Holding Tank B Pure Oil
ForTor
v v
TV TIC
Fo.T. .Cw.Co,Cq

Figure 49. Line diagram showing temperature feedback control.
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AT CL T
F,.T, hy
A
=
FyT, |
e Pure Grain
F.T, Pure Water ,
Dt | hd FosTon ere
___Fﬁﬁ___, I'N'A l L1
Holding Tank B Pure Oil
FOI’TOI
v v
Q/ Analyzer
TV
FP’ 7; - Cw' Cov Cc;gL

Figure 50. Line diagram showing concentration feedback control.

Figure 51). The temperature of reactant A and the temperature of the catalyst are set
by an upstream process.

1.

The primary control objective is to maintain the product flowrate F,; at a
desired level. Identify five additional control objectives.

Identify all of the variables in Figure 51 as either input or output variables. (Do
not inctude the intermediate variables F;, Cy 5, and Cg; associated with stream
3)

Develop six independent feedback control loops to satisfy each of the six
control objectives (i.e., one loop for each objective). For each loop, the control
objective and the manipulated variable must be identified.

Develop three independent feedforward loops to satisfy only three of the
control objectives. Again, for each loop, identify the control objective and the
manipulated variable as well as the variable being measured.

Hint: For parts 3 and 4 consider a composition analyzer on either the second reactor
or the exit stream of the second reactor.

Solution

1

. Additional control objectives are: hy, iy, Cpy, T3, T}.
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Catalyst hopper
and preheat

F T,,Pure A F,.T,

I8 6 Reactor 1

FS’ CAG' 083

= —f

Steam T
4
Reactor 2
m

>

5

Fez

Steam

Figure 51. Line diagram for Problem CTR.8.

2. Input variables are: Fy, T, F,, T,, Fgy, Fg;.
Output variables are: h, hy, Ty, T4, Fy, Cpy-

3. Six possible feedback loops are developed to satisfy each of the six control
objectives. The control objective and the manipulated variable are identified
for each one. Control objectives and manipulated variables for feedback
control are provided in tabular format:

Loop Control Objective Manipulated Variable

1 h, F,
2 hy F,
3 CB4 F2
4 T, Fg,
5 T, Fy
6 F, F,
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Note: For loop 6, it is permissible to go back and manipulate the flow if too
much product is being made.

The system is pictured in Figure 52 for feedback control. Note that the
loops are numbered according to the answer to part 1.

4. Control objectives and manipulated variables for feedforward control are
provided in tabular format:

Control Measured Manipulated

Loop Objective Variable Variable
1 hy F, F;
2 hy F, F,
3 Cgy F, F,
4 Ty T, T,
3 Cay Cus Fs,
5 T T; Fs

The system is pictured in Figure 53 for feedforward control.

EZI

Level
v measuring
device

Composition
analyzer
I Controller

Level
measun ng
device
e
| -

Figure 52. Line diagram for feedback control.

Controller

v
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ol | |/

Steam Composition (g

analyzer
®

OR

@ T/IC qu §_>

o |

Steam

Figure 53. Line diagram for feedforward control.

CTR.9 DILUTION OF A NONREACTING IMPURITY

Consider the slightly endothermic reaction

Heat

A+2B —>P

Pure A reacts with B to form the product P. Unfortunately, the stream supplying
reactant B also contains some nonreacting impurity C. Therefore, it is often
necessary to dilute the impurity in that stream with pure B supplied from a small
holding tank (see Figure 54).

1. Develop a mathematical model for this system. The following information/
directives may be useful:
a. Include all units of the system, including the mixing junction. Hint: the
mixing junction has no volume.
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V2
F,.T,,Pure B
F,, T,,Pure A FeTyCoyiCcy ¢ Fy:T5.Ca3 C s
Mixing
Junction

Fs:Ts:Cas:Cosr Cow Cos

—

Q, Steam

Figure 54. Line diagram for Problem CTR. 9.

b. It is not necessary to include the relationship between F and % in the
solution.

c. Include the heat of solution (AH,) where applicable.
d. Neglect any additional downstream effects.
2. Perform a degree of freedom analysis on the CSTR.

Solution

1. The following models (equations) are provided for each unit in the system:
For the holding tank, the total mass balance is

dv.
22 F,
dt
There is no component balance since only pure B is involved. There is no energy
balance since there is no temperature change and no mixing.

For the mixing junction, there is no accumulation. The total mass balance is

dv
E=O=F2+F3—F4
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The component balance on B is
0 = CpyF, + Cp3Fy — CyiF)y
A component balance on C may be employed in place of that on B:
0 = Ce3F3 = CeaFy
An energy balance yields

0 = pcpFy(T, — Ty) + [pcpF3(T5 — Tg) + Cy3F3 AHg;]
— locpFy(Ty — Tr) + CpaFy AHg,]

If Ty is arbitrarily set equal to zero, and p and ¢p are assumed constant, the above
equation reduces to

1 1
0 :F2T2 +F3T3 +——CB3F3 AHs3 —F4T4 —"—‘CB4F4 AHs4
pcp pcp

For the mixer (CSTR), the total mass balance is

dv
'(-1?=F1+F4—F5

There are three component balances. The following kinetics are employed in these
balances:

N :‘le’ACWB2
rg = 2r,
rp = —}’A

For component A,
d
E(CAV) = Cp1F) — CpsFs —raV

Also note that

Cas = Cy
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Expanding the derivative yields

d v _dc

E(CAV) = CAE+ V——th = Cp(F| — CpFs —r\V
dC,
V7=CA1F1_CAFS_rAV_—CAFl—CAF“-FCAFS
dC, CyF, C

@ = v Ty BRI

For component B,

d av dC,

7 GV =Car + V=2 = CasFy = CysFs — raV
dcCy
VWZCB“F“_CBFS_VBV_CBFI_CBF4+CBF5
dCy  CpiFy G
i e A R

For component C,

d dv dac

E(CcV) = CCE-F Vth = CeaFy — CisFs
dc,

VE——‘ c4F4_CcF5_CcF1_CcF4+CcF5

dac,

=== CuFy - CF — CF,

Note: C, = Cs
For component P,

d dv dcC

E(CPV) = Cp—t+ V—dt_P = _CP5F5 - VPV
dCp

V_dt_ = —CPF5 +rPV— CPFI —_ CPF4 + CPF5

C,
7 —VP—-V—P(Fl +Fy)

227
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The energy balance is

%[PVCPT + CAV AH(] = pFicpTy + [pFycpTy + CpyFy AHy]
— [pFscpTs + CasFsAH]
+ Q- AH,,,(rA})
Assume that AH ~ AH, ~ AH; = AH . Also set

AH,

pcp

= AH,

AH,
= () = AH]
pcp

Q _

pcp

The equation above becomes
d ,d ’ /
E(VT) + AHSE(CAV) =F\T\ + FaTy + CasFy AH — FsTs + CpsFs AH
+ 0 — AH(V)

The lefi-hand side of the above equation may be expanded to

d d T dav dv dC,

Substituting for dV/dt and dC, /dt yields

dar CaF, C
V(T4 AH'.C\)F, + Fy — Fs) + AH;V<LV‘,—‘ - 7A(F1 +F)— rA)
Thus,
dar ,
VE+(T)(F1 + Fy = F5) + AH(Cp Fy — 1,V — CpFs)
=FlTl +F4T4+CB4F4AH/S—‘F5T5+CA5F5AHIS
+ 0 — AH., (V)
dar

V;J? =F\(T) = T)+Fy(T, - T)+ Q + AH], (V)

+ AH(CpyFy +2CpsFs — Cp Fy +1aV)
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2. A degree of freedom (DOF) analysis around the CSTR (total moles not specified)
gives

Number of equations = 5 (total mass, 3 component, energy)

Number of variables = 13(F,, T\, F4, Ty, Cps, Ce4, Fs, Ts, Cas, Cps» Ccs. Cpss
Q)

Number of degrees of freedom =13 —5=38

Number of control objectives = 4(T, Fs, Cps, Cas)
Number of disturbances = 4(F, Ty, F,, T3)

CTR.10 HEIGHTS OF TWO MIXING TANKS

Two constantly stirred mixing tanks with a recycle stream are being used to dilute a
very concentrated NaNO; solution by addition of pure water (see Figure 55).

1. Assume that cross-sectional areas of the tanks 4, and A, are constant.
2. Assume that the inlet flowrate F; is held constant by a downstream process.

3. Assume that F), is a function of the height in tank 1 only and that the following
relationship exists:

Colrt\centrated Water Water

sal

solution W, w,
11 CA1

Y /
i e

Iy

—

O

F3.Cas

Dilute
salt
solution

Recycle R, C.,

Figure 55. Line diagram for Problem CTR.10.
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Determine the height in each tank after 1 h given the fact that each of the pure water

streams experiences a unit impulse disturbance.
The following information is also available:

k=2 /h¥% A =11
hy, = hy, = 11t; 4, =117

Solution

1. A mass balance around tank 1 gives

dh,

A =R+F + W~ F, Fy =khy
Alle—t‘=R+F1+W,—k\/h_l

2. This equation may be linearized by noting that
1, _
k2 & k2 +§khlsl/2(h1 - hyy)

Thus,

dh 1
A, Ttl =R+ F, —kh)/* - Ekhl'sl/z(hl —hy)

3. To obtain the deviation form of the equation, note that

dh
Ayt = R+ Fy+ Wy — ki !

Subtracting this equation from the last equation in step 2 yields

dh] 1, _
A17t1= wi ) hlsl/zhll

4. The Laplace transform of the above equation may now be obtained:

dis Wi _w)”

h/
dt — A, 24, !
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Letting
—172
khil
24,
yields
am Wi _
dr A, !
dh, wi
1 W =1
a T =
— - W,
shy — B} (0) + ol = —
4
Noting that 47(0) = 0, then
/ W,
By +ohy =1
Shy + o 1 Al
- W,
hl - 1
A(s+a)
Note that since Wy = 1 and 4, = 1,
— 1
hl =
s+ o

5. Heaviside expansion is not applicable here.
6. Generating the inverse Laplace transform yields

=™
Rooos
=
hy=e"

7. The height can now be calculated:

h] “’h]s =e_l
hy=e'+1=0368+1

= 1.368 ft

231
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The same seven steps are now applied to tank 2.
I. A mass balance around tank 2 gives

dh,

dr

dh
Athzzk\/h'l+ W,—F,;—R

4, +F,+ Wy —F,—R

2. The linearized version of k\/h_l is substituted:

dh 1
A27t2 = khl’? + Ekhls'/z(hl —h)+W,—F;—R

3. The deviation form of the equation is now obtained:

dhy,
dt

a, 1. _ ,
Azjtz = Ekhlsl/zh/l + W,

Ay —Z =kh* + Wy, —F; — R

4. The Laplace transform is:

’ —-1/2
dh2=+khls/ /+Z2/
dt 24, ' 4,
Letting
—1/2
g ki)’
24,
yields
A . W
o
—F —/ W’
shy — hy(0) = fhy +—2
A2

Noting that 45(0) = 0, then
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Since

then

— W, W,

T Ais(s ) Ays

5. Heaviside expansion gives

1 A B
=—+
ss+a) s s+4a

1
A=-

I la 1/a
ss+a) s s+

6. The inverse Laplace transform is now generated:

— B, (I/_a_ l/oc>+:W_/%

By ==

4, s s+a Ays
Since
_ W _,
(2)(1)
(e
="om =
A =1
4, =1
Wy =1
and
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the mverse Laplace is

hy=2—¢"
7. The height is
I’lz _h2s =2—e_1
hy=2—e'4+1=2-0368+1
=2.632ft

CTR.11 CSTR WITH PROPORTIONAL FEEDBACK CONTROL

A unimolecular, first-order reaction takes place in the CSTR pictured in Figure 56.
The inlet stream to the reactor, F|, experiences disturbances from a downstream
process. A proportional feedback control system has been installed on the exit
stream, F,, in order to monitor the height in the reactor and prevent it from
overflowing. The mathematical model that determines the height of liquid in the
CSTR has been defined as follows:

Z/ _ 6 F/ + 0.5 =1
P+ 1) P G+ )05+ 1) 2

l
T

l F,,Pure B

F,,Pure A

>

Figure 56. Flow diagram for Problem CTR.11.
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1. Draw the block diagram for the above closed-loop process. Make sure that

each block and the value of each block is labeled clearly. Use the following
additional transfer functions to complete the diagram:

G =

=2
0551 2 G

2. Determine the acceptable values for the proportional gain, K.

Solution

1. The disturbance is F;, where

6

Gy=——
R
The manipulated variable is F,, where

G — 0.5
P (s+ 1)0.5s+ 1)

For proportional control,

and

1
G, =
™ 055+ 1

Gf=2

The block diagram is provided in Figure 57.
2. The characteristic equation is

I +G,G;G,Gp =0
0.5 i
I K =0
P DO+ D) 05+ 1

(s+ 1055+ 17 +K, =0
(s+ 10258 +s+ 1)+ K, =0
0255 + 12582 + 2s + (K, + 1) =0
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‘—
R

G o1

[ - | _ F | _ 05 4 B
G.=k > Ge=2 * Ge = G055

=1 _
0.55+1

G,

Figure 57. Block diagram for Problem CTR.11.

To determine acceptable values, employ the Routh-Hurwitz approach:

Row 1 0.25 2 0

Row 2 1.25 K. +1 0

Row 3 (1.25)(2) — (K, + 1)(0.25) 0 0
1.25

Row 4 K. +1 0 0

First test: Since K, is always positive, all coefficients are positive. Therefore,
proceed to the second test.
Second test: Since K + | is always positive, one may write

2.5 — (K, + 1)(0.25)

125 >0
L 25— (Ke+ 1025
1.25

— 225> 025K, and 9>K,

Thus,

0<K, <9
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CTR.12 HEIGHT OF LIQUID IN A TRAP
The second-order reaction
2A - B

takes place in a perfectly mixed, isothermal CSTR with an overflow weir to maintain
constant volume. The flowrate over the weir can be described by the following
relationship:

F = kph%/s

A trap is used to collect any overflow, which is then recycled back to the CSTR (see
Figure 58). Two pumps are used to maintain the product flow, Fp, and the recycle
flow, Fg, at a constant rate. Initially, 4z and h, are at steady state and the height of
liquid in the CSTR never falls below #,,.

Determine A,(1), the height of liquid in the trap at t = 1 h, given the fact that
there has been an impulse disturbance of 5 ft*/h to the feed stream, Fj.

The following information may be useful:

A =31 hy =41t Fo = 10ft’/h
A, = 1.5 hp, = 0.1t Fp = 10ft*/h
ke =18%/h  h,,=02f  Fp=4f’/h

F o1 CAO FR

h,= h,+h,

w

L

g Fo,Cg

CSTR

TRAP

Figure 58. Diagram for Problem CTR.12.
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Solution

Since the fluid is a liquid, the density may be assumed constant. The describing
equation for tank 1 is

Accumulation = In — Out

@

dt =F0+FR—FP—F

Since Vl =Alh1 :Al(hw+hF)’

Alﬁwd_j-h—]:)zFo-i-FR —Fp —-th]2=/3 hy, = constant
dhg

A

= Fy+ Fg — Fp — kehi’

The describing equation for tank 2 is
dv,
dt

A2 % - thl2:/3 - FR

:F-FR

The two ordinary differential equations (ODE) above may be linearized by setting

2

23 . 12/3

hi) " (he — hgy)

The two tank balances become

dh 2.

4, _Etﬁ = Fo+Fg — Fp — kehi” — ngthm(hF — hgy)
dh 2 _

Ayt = ki) + Shehi”(hy — he) — Fy

The steady-state form of the mass balance for tank 1 is

dh
Al _d—tFi:FO +FR —Fp —th12:£3

The deviation form is found by subtracting this equation from the linearized mass
balance and letting

h/F = hp — hgg
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and
Fiy=Fy— Fy,
The result is

dn, 2 i,
Al th = F(S - §thFl/3hF

A

For tank 2, the linearized steady-state form of the mass balance is

4, dztzs = thl%g} —Fy
Letting
hy = hy — Iy,
leads to

diy, 2 i,
A27t2 = ngth/ hF

Taking the Laplace transforms of both equations,

dhy _Fy  2keh, b
dt 4, 3 4,

Letting o = % (kphy, /A,

dh,
dt

F/
+ Othi: = A—O
i

=4

shy — H(0) + ohF’ = 1% He(0) =0
1

- F

= =2
(s + o0)hg y
- 1 F
hp = ——2

Adis+oa

dhy _ 2 kphy, b
dt 3 4,

239
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Letting

Combining two of the equations above yields

7_b F,
A s(s + o)
Since Fy = 5,
- g1
2 =5
Ay s(s + o)
The Heaviside expansion yields
1 4 B

s(s+oc)_;+s+oc

1
A= ats =0 A=
+

Therefore,

5B/ 1
_Z<<Ts‘a(s+a))

Taking the inverse Laplace transform yields

wtin=2 70 )]
-6 -7 ()]

— (1 —e™)

i, SB
Aloc
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The term 4, at + = 1 h may now be calculated.

L= 2k @O

=34 a0 - 0.4788
_2kehg)”  @(0.)7 0.9575
T3 4, 0 315
(5)(0.9575) —(0.4788
hy — = AT ] — (04788 )y
2~ hs =T 0ames ! 7€ ) =1.268
hy, = 1.268 + 0.2

= 1.468 ft

241
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PRD.1 DILUTION AIR

Using ambient air at 60°F, calculate the quantity of dilution air required to cool
166,500 Ib/h of gas from 2050 to 520°F. Design an air quencher to accomplish this
if a 1.2-s residence time is recommended.

Solution

Under adiabatic conditions, the heat transferred from the flue gas is equal to that
received by the dilution air. Thus,

dilve = —Yair
For the flue gas,
Dflue = ’hﬂueCPAT
= (166,500)(0.3)(520 — 2050)
= —76.4 x 10° Btu/h

Therefore,

o764 10°
4t = (0.26)(520 — 60)
= 639,000 1b/h
Ay = 639,000/28.8
= 22,200 Ibmol/h

At 60°F, 1.01bmol of an ideal gas occupies 379 ft*. Therefore,
Gair = 84.1 x 10° f* /h = 140,000 acfm

A more rigorous approach may be employed if detailed polynomial expressions for
the heat capacities of the flue gas components are available (see Chapter 9).

242
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The total mass flowrate, (including dilution air) is

mp = 166,500 4 639,000
= 805,5001b/h

The total volumetric flow, g, at 520°F is then
_ mgRT
- P(MW)

_ (805,500)(0.73)(520 + 460)
- (1.0)(28.8)

=2.00 x 107 f*/h = 5558 ft* /s

qr

The volume of the tank, V;, can now be calculated. Using a residence time 7 of 1.2 s,

Vi=qr1/t
= 5558/1.2

= 4630 f°

Assume L = D for minimum surface area. Then

nD?
Vt_TD
1/3
D:(W) — 181 ft
i
L=18.11t

PRD.2 MINIMUM VOLUME FOR TWO CSTRs IN SERIES

Consider the elementary liquid-phase reaction between benzoquinone (B) and
cyclopentadiene (C):

B + C — product

If one employs a feed containing equimolal concentrations of reactants, the reaction
rate expression can be written as

—rg = kCoCy = kCy?
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Determine the effect of using a cascade of two CSTRs that differ in size on the
volume requirements for the reactor network. For both reactors, assume isothermal
operation at 25°C where the reaction rate constant is equal to 9.92 m?/(kgmol - ks).
Reactant concentrations in the feed are each equal to 0.08 kgmol/m? and the liquid
feed rate is equal to 0.278m? /ks. Determine the minimum total volume required and
the manner in which the volume should be distributed between the two reactors. A
fractional overall conversion of 0.875 is to be achieved.

Solution

Set up an equation to determine the total volume requirement if the two reactor
volumes are not equal:

VT:V1+V2

F X, X, —X
=( Bf)( s+ ‘2) X, =0.875
kCao/ \(1 = X)) (1 = X3)
Details of this equation are provided in Problem KIN.8.

Solve this equation for the intermediate conversion X, under minimum volume
conditions. To minimize V7, set

ax,
and solve for X,. Analytically differentiating yields
dVy 1 2X,
= 5 + 5 —
;.  (1-x) (1-X)

0

64=0

Solving by trial and error gives

The volumes of the two individual reactors and the total minimum volume
requirement can now be calculated:

(0.08)(0.278)(0.702)
' (9.92)(0.08)%(1 — 0.702)?
=2.77m’

_(0.02224)(0.875 — 0.702)
(9.92)(0.08)%(1 — 0.875)°
=3.88m’
Ve=V,+V,

=2.77+3.88

2

= 6.65m"
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If the two reactor volumes are equal (see Problem KIN.8),
Vi=6.72m’

As expected, the volume calculated in this problem is lower.

The reader is left the exercise of calculating the volume requirements for three
equal-volume CSTRs in series. For this condition, Vy=4.77m® with
V, =V, =V, =159m’. This is left as an exercise only for those with a strong
analytical mathematics background.

PRD.3 AMMONIA FROM NATURAL GAS

Figure 59 shows a simplified process flow diagram for the manufacture of ammonia
from natural gas, which can be considered to be pure methane. In the first stage of
the process, natural gas is partially oxidized in the presence of steam to produce a
synthesis gas containing hydrogen, nitrogen, and carbon dioxide. The carbon
dioxide is removed. The remaining mixture of hydrogen and nitrogen is reacted
over a catalyst at high pressure to form ammonia.

The two reactions for the process, neglecting side reactions and impurities, are

7CH, + 10H,0 + 8N, + 20, — 7CO, + 8N, + 24H,

Calculate the amount of methane gas, both in pounds per day and in standard cubic
feet (60°F, 1atm) per day, required for a world-scale ammonia plant producing
1200 tons of ammonia per day. The standard volume normally used in the natural gas
industry is 379.5 cubic feet per 1b - mol. It is based on conditions of 14.7 psia (one
atmosphere) and 60°F.

Solution
The number of pound moles per day, 71,, of ammonia formed is
1, = (1200 tons/day)(2000 Ib/ton)/(17.03 Ib ammonia/lbmol of ammonia)
= 140,900 Ibmol/day

co,
o,
air
> >
steam COZ N NH
R N, Ho N

H

Figure 59. Flow diagram for Problem PRD.3.
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The number of Ibmol of methane required per lbmol of ammonia is obtained from
the stoichiometry of both reactions. From the second reaction, 11bmol of ammonia
requires % Ibmol of hydrogen. From the first, 1 lbmol of hydrogen requires 2—74 Ibmol
of methane. Therefore, the overall requirement is

B)&) 7

The number of lbmol of methane, 71, required per day is
Ry, = (140,900 lbmol/day)(7/16)
= 61,600 Ibmol/day

PRD.4 COOLING WATER REQUIREMENTS

Determine the total flowrate of cooling water, in gallons per minute, required for the
services listed below. If 5% of the return water is sent to “blowdown,” how much
fresh water makeup is required? The cooling tower system supplies water to the units
at 90°F with a return temperature of 115°F.

Process Unit Heat Duty (Btu/h) Temperature (°F)

1 12,000,000 250
2 6,000,000 276-200
3 23,000,000 175-130
4 17,000,000 300
5 31,500,000 225-150

The heat capacity of the cooling water is 1.00 Btu/(Ib - °F). The heat of vaporization
at cooling tower operating conditions is 1030 Btu/ib.

Solution

The total cooling load is simply the sum of the cooling loads for the five process
units:

0 =(12.0+6.0+23.5+17.0 + 31.5)(10%)
= 90,000,000 Btu/h

The cooling water flow required, F, is the total heat duty divided by the enthalpy
change per pound of water, which is the product of its heat capacity and temperature
rise:

_ 90.0 x 10° Btu/h

~ (115 — 90°F)[1.00 Btu/(Ib - °F)]

= 3,600,0001b/h

F
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Since the density of water in 1b/gal is 8.32,

_ 3.6x10°Ib/h
~ (60 min/h)(3.32 1b/gal)

= 7200 gal/min

Note that the cooling water flowrate is independent of the temperatures of the
process units. The sizes of the heat exchangers depend on all the temperatures, but
the flowrate of cooling water does not. The heat discharge temperatures must, of
course, all be higher than the cooling water temperature. Otherwise the cooling water
would heat, not cool, the process.
The blowdown rate, B, in this case, is 5% of the circulating water:
B = (0.05)(3,600,000)

= 180,0001b/h

= 360 gal/min
The amount of water vaporized, ¥ can be calculated from the total cooling system
heat load. Ultimately, all the heat is dissipated to the atmosphere by the evaporating
water. Therefore, the evaporation rate is the total heat load divided by the heat of
vaporization (latent heat) of the cooling water:

V' = (90,000,000 Btu/h)/(1030 Btu/1b)
= 87,4001b/h
= 175 gal/min
The total freshwater makeup, M, is the sum of blowdown and the amount
evaporated:
M = 180,000 4 87,400

=267,4001b/h

= 535 gal/min
Chemical additives are often added to the circulating cooling water to reduce
corrosion rates, reduce scaling and fouling, and prevent growth of bacteria and algae.

Plants often contract with specialty service companies to provide these additives and
supervise their use.

PRD.S NEW PROCESS EVALUATION

Provide a brief description of how “new” processes can be simply evaluated.
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Solution

In comparing alternate processes or different options of a particular process from an
economic point of view, it is recommended that the total capital cost be converted to
an annual basis by distributing it over the projected lifetime of the facility. The sum
of both the annualized capital costs (ACC) and the annual operating costs (AOC) is
known as the total annualized cost (TAC) for the facility. The economic merit of the
proposed facility, process, or scheme can be examined once the total annual cost is
available. Alternate facilities or options (e.g., a distillation column versus an
adsorber for solvent recovery, or two different processes for accomplishing the
same degree of waste destruction) may also be compared. Note, a small flaw in this
procedure is the assumption that the operating costs remain constant throughout the
lifetime of the facility. However, since the analysis is geared to comparing different
alternatives, the changes with time should be somewhat uniform among the various
alternatives, resulting in little loss of accuracy. More details on economic factors can
be found in Chapter 50.

PRD.6 ECONOMIC PIPE DIAMETER

Outline how to determine the optimum economic pipe diameter for a flow system.

Solution

The investment for piping can amount to an important part of the total cost for a
chemical process. It is usually necessary to select pipe sizes that provide the
minimum total cost of both capital and operating charges. For any given set of
flow conditions, the use of an increased pipe diameter will result in an increase in the
capital cost for the piping system and a decrease in the operating costs. (The
operating cost is generally the energy costs associated with moving, i.e., pumping,
the fluid of concern.) Thus, an optimum economic pipe diameter can be found by
minimizing the sum of pumping (or energy) costs and capital charges of the piping
system.
The usual calculational procedure is as follows:

Select a pipe diameter.

Obtain the annual operating cost.

Obtain the capital equipment cost.

Convert the capital cost to an annual basis.
Sum the two annual costs in steps 2 and 4.

A o e

Return to step 1.

The only variable that will appear in the resulting total-cost expressions is the pipe
diameter. The optimum economic pipe diameter can be generated by taking the
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derivative of the total annual cost with respect to pipe diameter, setting the result
equal to zero, and solving for the diameter. The derivative operation can be replaced
by a trial-and-error procedure that involves calculating the total cost for various
diameters and simply selecting the minimum.

PRD.7 FLUIDIZED-BED REACTOR

A fluidized-bed reactor is to be designed to destroy 99.99% of a unique liquid
hazardous waste. Based on laboratory and pilot plant studies, researchers have
described the waste reaction by a first-order reversible mechanism. Their preliminary
findings are given below.

k
A T‘R A = waste
k=1.0 e—l0,000/T T =°R
kK =9.89 ¢33000/T 7 —°R

Calculate a bed reaction operating temperature that will minimize the volume of the
reactor and achieve the desired degree of waste conversion.

Solution

A fluid-bed reactor is best described by a continuously stirred tank reactor (CSTR)
model. For more details on this, refer to Chapter 10, Problem KIN.8.
The rate of reaction, —r, in terms of the concentration of 4, C, is

¥y = kCAl - k/CRl

Since a fluidized-bed incinerator is best described by a CSTR,

K _ Cy— Cai
q ¥y
_ Cipo—Cy
kC 4 — K Cry

where V' = reactor volume
q = volumetric flowrate of the waste

C,, and Cp,, the outlet concentrations of 4 and R, respectively, can now be
expressed in terms of Cy,. Note that for 99.99% destruction of the waste, 4, the
conversion variable X, becomes

X, = 0.9999
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Thus

CA[ = 0'0001CA0
CR] — 09999CA0

The design equation for ¥ may be rewritten in terms of C,, and the two £'s:

v_ C — 0.0001(C,)
g (k)(0.0001)C 5 — (K)(0.9999)C 4
0.9999(C40)

T (C10)(0.0001 k — 0.9999 &)

The reaction velocity constants, k and %/, are described by the Arrhenius equation
given in the problem statement. Thus,

k = Ae /R
K= Ae B
4=10
4'=9.89

E/R = 10,000
E'/R = —35,000

To calculate the operating temperature that will require the minimum volume to
accomplish a conversion of 99.99%, minimize the volume by setting dV'/dt = 0 and
solving for the temperature:

ar/g) _ (0.9999) (dk/dT) — (9999)(dK' /dT)
ar ' (k — 9999k")
Setting
av/a _,
dT
dk ar’
77 = (9999)—
~ (10 ak

dT



Since
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dk AE
_ o—E/RT

dT ~ RT?
dc’ _AE _prr
dT ~— RT?

rearranging the above equation yields

AN(E .
104 = (_) (_) AE—E)/RT
A J\E

104 = 1.0} (10,000 1(=35.000 ~(~10,000))/ T
9.89/\—35,000

346,150 = ¢ 2000/T
T = 1960°R
= 1500°F

PRD.§ HEAT EXCHANGER ECONOMICS

251

In a new process, it is necessary to heat 50,000 1b/h of an organic liquid from 150 to
330°F. The liquid is at a pressure of 135 psia. A simple steam-heated shell-and-tube
floating-head carbon steel exchanger is the preferred equipment choice. Steam is
available at 150 psia (135 psig) and 300 psia (285 psig). The higher pressure steam
should result in a smaller heat exchanger, but the steam will cost more. Which steam
choice would be better?

The heat capacity of the organic liquid is 0.6 Btu/(Ib°F).

The plant stream factor is expected to be 90%. (The “stream factor” is the
fraction of time that the plant operates over the course of a year.)

Steam Properties 150 psia 300 psia
Saturation temperature, °F 358 417
Latent heat, Btu/lb 863.6 809.0
Cost, $/10001b 5.20 5.75

Heat exchanger cost correlation (1979 basis) data are provided below.

Base cost = 1174°%° (PF)
Installation factor = 3.29
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Pressure factors (PF) affecting capital cost:
100 to 200 psig = 1.15
200 to 300 psig = 1.20

Cost indexes

1979 = 230
1998 = 360
Solution

The overall heat duty is

O = Fep(T, — T;) = (50,000 1b/h)[0.6 Btu/(Ib-"F)}(330 — 150°F)
= 5,400,000 Btu/h

The log-mean temperature difference (LMTD) for each case is

(358 — 150) — (358 — 330)
n 358 — 150
358 - 330
= 89.8°F
(417 — 150) — (417 — 330)

(317 =150
"317 =330

= 160.5°F

LMTD]S() =

LMTD300 =

The required heat exchanger area is calculated from the standard heat transfer design
equation:

_ 0
4= (U)LMTD)

Substitution gives

5,400,000
150 ™ (138)(89.8)
4. _ 5400000
3007 (138)(160.5)

= 436 ft?

= 244
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The capital cost for each case is

Cost, sy = (117)(436)*(360/230)(3.29)(1.15) = $36,000
Costygy = (117)(244)*%%(360,/230)(3.29)(1.20) = $25,800

The steamn requirement in pounds per year for each case is

St;50 = (5,400,000 Btu/h)(8760 x 0.9h/yr)/(863.6 Btu/1b)
= 49.3 million Ib/yr

Styg0 = (5,400,000 Bru/h)(8760 x 0.9h/yr)/(809.0 Btu/1b)
= 52.6 million Ib/yr

The annual steam cost for each case is then

StCost, 5 = (49.3 x 10°1b/yr)(0.00520 $/Ib) = $256,000/yr
StCostygp = (52.6 x 10° 1b/yr)(0.00575 $/1b = $303,000/yr

The 300-psia exchanger costs $10,200 less to purchase and install, but it
costs $47,000 per year more to operate. The 150-psia exchanger is the obvious
choice.

PRD.9 PUMP SELECTION

Two centrifugal pumps are being considered for purchase to handle a flow of
140 gpm with a required pressure increase of 120psi. Both are nominal 20-HP
pumps, which should be adequate for this service. Pump A costs less, but pump B
operates more efficiently. Piping, installation, and foundation costs will be the same
for either pump. Which pump should be selected?

Data: The pump is expected to operate with a 90% stream factor. (The “stream
factor” is the fraction of time that the plant operates over the course of a year.) The
cost of electricity at the plant is $0.085/kWh.

Pump Specifications Pump A Pump B
Cost delivered to plant $4500 $6000
Efficiency at desired flow conditions 55% 60%

Plant economic criterion: simple 3-year payout
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Solution

The hydraulic horsepower (HHP) required is

HHP = (0.000583)(q}AP)  ¢[=lgpm  AP[=]psi
— (0.000583)(140)(120)
= 9.79 HP

The brake horsepower (BHP) for each pump is

BHP, =9.79/0.55 = 17.8 HP
BHP; = 9.79/0.60 = 16.3 HP

Converting to kW,

kW, = (17.8)(0.745kW/HP) = 13.3kW
kW = (16.3)(0.745kW/HP) = 12.2kW

The total electrical energy in kWh required for 3 years becomes

kWh, = (13.3)(3 yr)(8760 h/yr)(0.90) = 314,000 kWh
kWhg = (12.2)(3 yr)(8760 h/yr)(0.90) = 288,000 kWh

The cost of electricity for 3 years (the payout period) is

Cost, = (314,000 kWh)($0.085/kWh) = $26,700
Costg = (288,000 kWh)($0.085/kWh) = $24,400

The total 3-year cost for each pump can now be calculated:

Cost Pump A Pump B
Purchase cost $4,500 $6,000
Electricity cost $26,700 $24,400
Total $31,200 $30,400

Pump B is the more economical choice. Note, however, that the difference is only
about 2%. Small changes in the cost of electricity, the actual pump efficiencies, or
the streamn factor could shift the choice to pump A.

In the final design and purchase of equipment for a new plant, hundreds of
decisions such as this are made after the overall process flow design is completed.
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Note that a simple 3-year payout corresponds to a return on investment of about
14%, once taxes, depreciation, maintenance and other costs are accounted for.

PRD.10 HEAT EXCHANGER NETWORK

A plant has three streams to be heated and three streams to be cooled. Cooling water
(90°F supply, 155°F return) and steam (saturated at 250 psia) are available. Devise a
network of heat exchangers that will make full use of heating and cooling streams
against each other, using utilities only if necessary.

The three streams to be heated are

Stream Flowrate (Ib/h) ¢p [Btu/(lb - °F)] T CF) Tou CF)

1 50,000 0.65 70 300
2 60,000 0.58 120 310
3 80,000 0.78 90 250

The three streams to be cooled are.

Stream Flowrate (Ib/h) cp [Btu/(lb - °F)] T, CH) Tou CF)

4 60,000 0.70 420 120
5 40,000 0.52 300 100
6 35,000 0.60 240 90

Saturated steam at 250 psia has a temperature of 401°F.

Solution

The heating duties for all streams are first calculated. The results are tabulated
below.

Stream Duty

Heating 7,745,000
Heating 6,612,000
Heating 9,984,000
Cooling 12,600,000
Cooling 4,160,000
Cooling 3,150,000

N AW -
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The total heating and cooling duties are next compared:

Heating: 7,745,000 4 6,612,000 4 9,984,000 = 24,341,000 Btu/h
Cooling: 12,600,000 4 4,160,000 4 3,150,000 = 19,910,000 Btu/h

As a minimum, 4,431,000 Btu/h will have to be supplied by steam.

Figure 60 represents a system of heat exchangers that will transfer heat from the
hot streams to the cold ones in the amounts desired. It is important to note that this is
but one of many possible schemes. The optimum system would require a trial-and-
error procedure that would examine a host of different schemes. Obviously, the
economics would come into play.

It should also be noted that in many chemical and petrochemical plants there are
cold streams that must be heated and hot steams that must be cooled. Rather than use
steam to do all the heating and cooling water to do all the cooling, it is often
advantageous, as demonstrated in this problem, to have some of the hot streams heat
the cold ones. The problem of optimum heat exchanger networks has been
extensively studied and is available in the literature. This problem gives one
simple illustration.

Finally, highly interconnected networks of exchangers can save a great deal of
energy in a chemical plant. The more interconnected they are, however, the harder
the plant is to control, start-up, and shut down. Often auxiliary heat sources and
cooling sources must be included in the plant design in order to ensure that the plant
can operate smoothly.

PRD.11 STORAGE REQUIREMENTS FOR A CHEMICAL PLANT

A chemical plant uses two liquid feeds and produces four different liquid chemical
products. The flowrates and densities of the streams are given below.

Stream Flowrate (Ib/day) Density (lb/ft3)
Feed 1 110,000 49
Feed 2 50,000 68
Product A 40,000 52
Product B 25,000 62
Product C 10,000 52
Product D 95,000 47

The plant’s storage requirements call for maintaining 4-5 weeks supply of each feed,
4-6 weeks supply of product A, B, and C, and 1-2 weeks supply of product D. The
plant operates year round, but each tank must be emptied once a year for a week for
maintenance. Tanks are normally “dedicated” to one feed or product, but one or two
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Figure 60. Flow diagram for Problem PRD.10.
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could be used as “swing” tanks, with one day of cleaning required between use with

different liquids.

Specify an efficient set of tanks from the “standard” sizes given below to meet

this plant’s needs.

Solution

Standard Tank Sizes (gal)

2,800
5,600
8,400
11,200

16,800
28,100

281,000
561,000

56,100 1,123,000

140,000

There is no single, simple method for determining the optimum mix of storage tanks
for a chemical plant. Most often, estimates are made of the minimum and maximum
amounts of feeds, intermediates, and products that must be kept on hand. Then some
additional allowance is made to permit periodic cleaning and maintenance of the

tanks.
The maximum and minimum amounts of each material to be stored is first

obtained.

Stream b/day gal/day days Gallons of Storage Required

Feed 1 110,000 16,800 28 to 35 470,200 to 587,800

Feed 2 50,000 5,500 28 to 35 154,000 to 192,500

Product A 40,000 5,750 28 to 42 161,000 to 241,700

Product B 25,000 3,020 28 to 42 84,500 to 126,700

Product C 10,000 14,390 28 to 42 40,300 to 60,400

Product D 95,000 15,120 7to 14 105,800 to 211,700

The conversion to gallons requires dividing the rate in Ib/day by the density in 1b/ f°,
then multiplying by 7.481 gal/ft>.
Select a set of tanks for each stream.

Feed 1: Use 2 x 281,000-gal tanks
Feed 2: Use 4 x 56,100-gal tanks
Product A: Use 2 x 140,000-gal tanks
Product B: Use 2 x 56,100-gal tanks
Product C: Use 1 x 56,100-gal tank
Product D: Use 2 x 140,000-gal tanks

Note that this set is 5% short on the maximum of feed 1, 11% short on product B,
and 7% short on product C. For most situations, this would be acceptable.
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Spare and/or swing tanks also need to be provided for maintenance.

Feed 1: Use an additional 281,000-gal tank.
Feed 2 and all products: Use one 56,100-gal swing tank.

This combination provides adequate auxiliary storage for maintenance periods.
Thus, the total number of tanks required are three 281,000-gal, four 140,000-gal,
and eight 56,100-gal tanks.
The minimum number of tanks may not always be optimum if the tanks are
extremely large. Several smaller tanks may cost somewhat more initially, but they
offer more flexibility in use.

PDR.12 TROMBONE EXCHANGER

Design the trombone heat exchanger shown in Figure 61 using the data provided.
This design employs a double-pipe heat exchanger for heating 2500 Ib/h benzene
from 60 to 120°F. Hot water at 200°F is available for heating purposes in amounts
up to 4000 1b/h. Use schedule 40 brass pipe and an integral number of 15-ft-long
sections.

The design is to be based on achieving a Reynolds number of approximately
13,000 in both the inner pipe and annular region. As an additional constraint, the
width of the annular region must be at least equal to % the outside diameter of the
inner pipe.

For benzene at 90°F:

pu=055cP =3.70 x 107*Ib/(ft - s)
p = 54.81b/ft

¢ =c, =0.415Btu/(lb - °F)

k = 0.092Btu/(h - ft - °F) at 86°F

For water at 200°F:

1 =0.305cP = 2.05 x 107*Ib/(ft - 5)
p = 60.13 1b/ft°

¢ = 1.0Btu/(lb - °F)

k =0.392Btu/(h - ft - °F)
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water
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actual number of sections not shown

Figure 61. Trombone heat exchanger.

Solution

For flow inside tubes (pipes),

Solving for the inside diameter, D;, yields

4m
D, =
' n(Re)u

B 4(2500/3600)
~ (n)(13, 000)(3.70 x 104

=0.184 ft

=2.20in

The closest pipe with D; =2.20in. is 2-in. schedule 40 pipe, which has a
D; = 2.067 in. This results in

Re = 13,874
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For 2-in. schedule 40 pipe:

D(ri,)w outside diameter of pipe 2.375in.
pY inside diameter of pipe 2.067in.
S, outside pipe area per unit length 0.622 ft*/ft
S; inside pipe area per unit length 0.541 £ /ft
A; inside cross sectional area 0.0233 fi?
Xy pipe wall thickness 0.1541in.

The superscripts (i) and (o) represent “inside” and “outside,”
respectively

For flow in the annular region,

The equivalent diameter, D, is given by

4S8 45

D—_—4r ="
TN L a0 + DD

where r; = hydraulic radius
L, = wetted perimeter

Therefore

4m
Re = —am—G5—
oDy + D

However, one of the system constraints is that
1/2(D{ + D) = (1/4)DY
Therefore,

D > (3/1DY
= 3.5621in.

The smallest pipe that satisfies this constraint is 4 in., schedule 40 pipe. The outer
pipe is therefore 4 in. schedule 40 pipe.
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For Re = 13,000

o mRe)(DS + D)

4

_ 7(13,000)(2.375 + 4.026)(2.05 x 10~4)(3600)
B 4)(12)

= 40191b/h

This choice of outer pipe size is acceptable since the flowrate is approximately
4000 Ib/h.
The outlet water temperature is obtained from a heat (enthalpy) balance:

Q = rnc AT, = myc, AT,
= (2500)(0.415)(60) = (4000)(1.0)AT,
AT}, = 62,250/4000 = 15.6°F
Thout = 200 — 15.6 = 184.4°F
Ty, = (200 + 184.4)/2 = 192.2°F
For water at 192°F:
p=0322¢P =2.16 x 10~*1b/(ft - s)
p = 60.311b/ft*
¢ = 1.0Btu/(Ib - °F)
k = 0.390Btu/(h - ft - °F)

To determine the heat-transfer coefficients, the following equation is used. (See
Chapter 7 for additional details.)

St = 0.023 (Re) " *?(Pr)~*/*

where St = Stanton number
Pr = Prandtl number

For the inside pipe (benzene),

Re = 13,000

pp _ G _ (0:415)(3.70 x 1074
Tk 0.092/3600
= 6.01

St = 0.023(13,000)%2(6.01)~%3
= 0.00105
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By definition,

h
t=—
S cG
where G is the mass flux = m/S.
Therefore,
e
b = (SteG = S0
_(0.00105)(0.415)(2500)
- 0.0233

= 46.7Btu/(h - fi - °F)
For the annular region (water),

4m
(DY + D\
B (4)(4000,/3600)

n<2'375 1—24'026)(2.16 « 10-4)

= 12,278

pp_ S _ (102,16 x 107%)
&k T 0.390/3600

=199

St = 0.023(12, 278)7%2(1.99)"%3
= 0.00221

S

annular

T .
=70 = Dy™)

= 0.0576 ft
(St)crin

hy = (St)eG =

_(0.00221)(1.0)(4000)
- 0.0576

= 154Btu/(h - f* - °F)

263
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Neglecting fouling,

1 D, XwDy I

F0 Dihi kWDLM h
2.375 — 2.067

o]

= 2P =2 5017

M = (123752067~ 22170

12375 (0.154)(2.375) 1

U, 2.067)@6.7) « (26)(2217) " 154
= 0.0374

U, = 26.7Btu/(h - ft* - °F)

The length is now obtained by

Q = U4, ATy
ATy = 124.4 — 80
In(124.4/80)
= 100.6°F
A, = 0.622L
62,250 = (26.7)(0.622)(L)(100.6)
L =37.26f

Two sections might do the job; however, three sections are recommended, although
the unit would be significantly overdesigned with three sections.
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13 Fluid Particle Dynamics (FPD)

FPD.1 CHECK FOR EMISSION STANDARDS COMPLIANCE

As a consulting engineer, you have been contracted to modify an existing control
device used in fly ash removal. The federal standards for emissions have been
changed to a total numbers basis. Determine if the unit will meet an effluent standard
of 10°7 particles/acf. Data for the unit are given below.

Average particle size, d, = 10 pm; assume constant
Particle specific gravity =2.3

Inlet loading = 3.0 gr/ft’

Efficiency (mass basis), E=99%

Solution
The outlet loading, (OL) is
OL = (1.0 — 0.99)3.0
= 0.030 gr/f°

Assume a basis of 1.0 ft*:

. ndg
Particle Mass = p,V, = ppT
7[(10 pm)(0.328 x 10~3 ft/um)}*(2.33)(62.4 lb/ft3))
6

= (7000 gr/ lb)(

=1.881 x 1078 gr

Number of particles = (0.03 gr)/(1.881 x 1078 gr/particle)
= 1.595 x 10° particles in 1 ft>

Allowable number of particles/ft’ = 10°7

=5.01x 10°

Therefore, the unit will not meet a numbers standard.

267
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FPD.2 LOG-NORMAL DISTRIBUTION

You have been requested to determine if a particle size distribution is log-normal.
Data are provided below.

Particle Size Range, d, pm Distribution (ug/m®)

< 0.62 25.5
0.62-1.0 33.15
1.0-1.2 17.85
1.2-3.0 102.0
3.0-8.0 63.75
8.0-10.0 5.1
> 10.0 7.65
Total 255.0

Solution

Particulates discharged from an operation consist of a size distribution ranging
anywhere from extremely small particles (less than 1pum) to very large particles
(greater than 100 um). Particle size distributions are usually represented by a
cumulative weight fraction curve in which the fraction of particles less than or
greater than a certain size is plotted against the dimension of the particle.

To facilitate recognition of the size distribution, it is useful to plot a size—
frequency curve. The size-frequency curve shows the number (or weight) of
particles present for any specified diameter. Since most dusts are comprised of an
infinite range of particle sizes, it is first necessary to classify particles according to
some consistent pattern. The number or weight of particles may then be defined as
that quantity within a specified size range having finite boundaries and typified by
some average diameter.

The shapes of the curves obtained to describe the particle size distribution
generally follow a well-defined form. If the data include a wide range of sizes, it is
often better to plot the frequency (i.e., number of particles of a specified size) against
the logarithm of the size. In most cases an asymmetrical or “skewed” distribution
exists; normal probability equations do not apply to this distribution. Fortunately, in
most instances the symmetry can be restored if the logarithms of the sizes are
substituted for the sizes. The curve is then said to be logarithmic normal (or log-
normal) in distribution. Cumulative distribution plots described above are therefore
generated by plotting particle diameter versus cumulative percent. For log-normal
distributions, plots of particle diameter versus either percent less than stated size (%
LTSS) or percent greater than stated size (% GTSS) produce straight lines on log-
probability coordinates.
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Cumulative distribution information can be obtained from the calculation results
provided below.

d, pm % Total Cumulative %GTSS
<0.62 10 90
0.62-1.0 13 77
1.0-1.2 7 70
1.2-3.0 40 30
3.0-8.0 25 5
8.0-10.0 2 3
>10.0 3 0

The cumulative distribution above can be plotted on log-probability graph paper.
The cumulative distribution curve is shown in Figure 62. Since a straight line is
obtained on log-normal coordinates, the particle size distribution is log-normal.

FPD.3 MEAN AND STANDARD DEVIATION OF A PARTICLE SIZE
DISTRIBUTION

With reference to the previous log-normal distribution problem (FPD.2), estimate the
mean and standard deviation from the size distribution information available.

The use of probability plots is of value when the arithmetic or geometric mean is
required, since these values may be read directly from the 50% point on a
logarithmic probability plot. By definition, the size corresponding to the 50%

point on the probability scale is the geometric mean diameter. The geometric
standard deviation is given (for % LTSS) by:

o = 84.13% size/50% size
or

o = 50% size/15.87% size
For % GTSS,

o = 50% size/84.13% size

or

o = 15.87% size/50% size
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Solution

The mean, as read from the 50% GTSS point on the graph in Figure 62 (and
duplicated in Figure 63), is around 1.9 um. A value of 1.91 um is obtained from an
expanded plot.

From the diagram, the particle size corresponding to the 15.87% point is

d,(15.87%) = 4.66 pm
The standard deviation may now be calculated. By definition,
o = d,(15.87%)/d,(50%)
=4.66/1.91
=2.44

FPD.4 PARTICLE SETTLING VELOCITY

Three different sized fly ash particles settle through air. You are asked to calculate

the particle terminal velocity and determine how far each will fall in 30s. Also

calculate the size of a fly ash particle that will settle with a velocity of 1.384 ft/s.
Assume the particles are spherical. Data are provided below.

Fly ash particle diameters = 0.4, 40, 400 pm
Air temperature and pressure = 238°F, 1 atm
Specific gravity of fly ash=2.31

Solution

The terminal velocity of a particle is a constant value of velocity reached when all
forces (gravity, drag, buoyancy, etc.) acting on the particle are balanced. The sum of
all the forces is then equal to zero (no acceleration). To calculate this velocity, a
dimensionless constant K determines the appropriate range of the fluid-particle
dynamic laws that apply:

g(p, — p)p\'"
st

where K =dimensionless constant that determines the range of the fluid-particle
dynamic laws.
d,, = particle diameter

g = gravity force

pp, = particle density
p =fluid (gas) density
w1 =fluid (gas) viscosity
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A consistent set of units that will yield a dimensionless X is: d,, in ft, g in ft/ s, ppin
Ib/ft’, and y in Ib/(ft - s). The numerical value of K determines the appropriate law:

K < 3.3; Stokes’ law range
3.3 < K < 43.6; intermediate law range
43.6 < K < 2360; Newton’s law range

For the Stokes’ law range:

b= gdipy
~ 18u
For the intermediate law range:
o oLs3 gO'”dg'Mpg'”
11043 5029

For Newton’s law range:
d 0.5
v=1.74 (‘ﬁ>
P

Larocca (Chem. Eng., April 2, 1987 p. 73) and Theodore (personal notes), using the
same approach employed above, defined a dimensionless term W that would enable
one to calculate the diameter of a particle if the terminal velocity is known (or
given). This particular approach has found application in catalytic reactor particle
size calculations. The term W, which does not depend on the particle diameter, is
given by

v p?

W =
gup,

The two key values of W that are employed in a manner similar to that for K are
0.2222 and 1514, i.e., for

W < 0.2222; Stokes’ law range
0.2222 < W < 1514; intermediate law range
1514 < W; Newton’s law range

When particles approach sizes comparable to the mean free path of other fluid
molecules, the medium can no longer be regarded as continuous since particles can
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fall between the molecules at a faster rate than predicted by aerodynamic theory. To
allow for this “slip”, Cunningham’s correction factor is introduced to Stokes’ law.

gdop, c
f
18u

where C; = Cunningham correction factor
=1+ (244/d,)
A = 1.257 + 0.40¢™!10d,/24
/. =mean free path of the fluid molecules (6.53 x 10~ ¢ cm for ambient air)

The Cunningham correction factor is usually applied to particle diameters equal to or
smaller than 1 um.

For the problem at hand, the particle density is calculated using the specific
gravity given.

p, = (2.31)(62.4)
= 144.14 b/t

The density of air is

p = P(MW)/RT
= (1)(29)/(0.7302)(238 + 460)
= 0.0569 Ib/ft>

The viscosity of air is

1 =0.021cP
= 1.41 x 107 Ib/(ft - s)

The value of X for each fly ash particle size settling in air may be calculated. Note

that p, —p ~ p,.
For a d, of 0.4 um:

0.4 ((32.2)(144.1)(0.0569)

1/3
= (25,000)(12) (141 x 10-5) ) =0.0144

For a d;, of 40 pm:

3 40 (32.2)(144.1)(0.0569)\ >
K‘<25,400)(12)( (141 x 10-5)’ ) =144
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For a d, of 400 pm:

400 (32.2)(144.1)(0.0569)\ '*
K ‘(25,400)(12)< (141 x 105 ) = 144

Therefore,

For d,=0.4 um; Stokes’ law range
For d, =40 pm; Stokes’ law range
For d, =400 pm; intermediate law range

For a d, of 0.4 um (without the Cunningham correcton factor):

_gdip,  (32.2)[(0.4)/(25,400)(12)]*(144)
~Ti8p (18)(1.41 x 10-)

=3.15 x 107> ft/s

For a d;, of 40 pm:

_gdyp,  (32.2)[(40)/(25,400)(12)F(144)

18y (18)(1.41 x 10-%)
=0.3151ft/s
For a d;, of 400 pm:
0.71 71.14 ,0.71
g dy T py
v= 0.153W—2—'9‘—

(32.2)*7'[(400)/(25,400)(12)]14(144.1)° 7!

=0.153
(1.41 x 10-5)°4(0.0569)*%

= 8.90ft/s

The distance that the fly ash particles will fall in 30 s may also be calculated.

275
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For a d,, of 40 pm:

Distance = (30)(0.315)
=945ft

For a d,, of 400 pm:

Distance = (30)(8.90)
= 2671t

For a d, of 0.4 pm, the Cunningham Correction factor should be included:

A = 1257 4 0.40¢ 1 104/2

= 1.257 + 0.40 exp —(@Té:%)
= 1.2708
_ 1 4 (212708)(6.53 x 107%)
(0.4)
= 1.415

Corrected v = (3.15 x 107°)(1.415)
=4.45 x 107 fi/s
Distance = (30)(4.45 x 107°)
=1335x 1073 ft

For the particle traveling with a velocity of 1.384 ft/s, first calculate the dimension-
less number, W:

3,2

W=
gup,

_ (1.384)°(0.0569)°
T (32.2)(144.1)(1.41 x 10-5)

=0.1312
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Since W < 0.222, Stokes’s law applies, and

18 0.5

1

d ===

P (gpp>
_((18)(1.41 x 1075)(1.384)\**
- ( (32.2)(144.1) )

=2.751 x 107* ft
= §3.9 pm

FPD.S ATMOSPHERIC DISCHARGE CALCULATION

ETS engineers have been requested to determine the minimum distance downstream
from a cement source emitting dust that will be free of cement deposit. The source is
equipped with a cyclone. The cyclone is located 150 ft above ground level. Assume
ambient conditions are at 60°F and 1atm and neglect meteorological aspects.
Additional data are given below.

Particle size range of cement dust=2.5-50.0 pm
Specific gravity of the cement dust=1.96
Wind speed = 3.0 miles/h

Solution

A particle diameter of 2.5 pm is used to calculate the minimum distance downstream
free of dust since the smallest particle will travel the greatest horizontal distance. To
determine the value of K for the appropriate size of the dust, first calculate the
particle density using the specific gravity given and determine the properties of the
gas (assume air).

p, = (1.96)(62.4)
= 122.31b/f

p, = P(MW)/RT
= (1)(29)/[(0.73)(60 + 460)]
= 0.0764 b/t

Viscosity of air, p, at 60°F=1.22 x 10 ~°Ib/(ft - s)
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The value of X is

g(p, — PP\
K=d, (T_)

25 (32.2)(122.3 ~ 0.0764)(0.0764)\ > 0.104
~ (25.400)(12) (1.22 x 10-5) T

The velocity is therefore in the Stokes’ law range. Using the appropriate terminal
settling velocity equation, the terminal settling velocity in feet per second is

_gdlp,  (32.2)[(2.5)/(25,400)(12)P(122.3)
~T8p (18)(1.22 x 10-9)

=121 x 1073 fi/s

The approximate time for descent is

t=nh/v
=150/1.21 x 1073
=124 x 10 s

Thus, the distance traveled, d, is

d=1tu
= (1.24 x 10°)(3.0/3600)
= 103.3 miles

FPD.6 PARTICLE DRAG

A spherical particle having a diameter of 0.0093 in. and a specific gravity of 1.85 is
placed on a horizontal screen. Air is blown through the screen vertically at a
temperature of 20°C and a pressure of 1.0 atm. Calculate the following:

1. The velocity required to just lift the particle

2. The particle Reynolds number at this condition
3. The drag force in both engineering and cgs units
4. The drag coefficient Cj
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Solution
At 20°C or 68°F,
p = P(MW)/RT
= (1)(29)/[(0.73)(68 + 460)]
= 0.0752 b/
=123 x 107 Ib/(ft- s)

1. K is given by

gp, — PP\’

k=g (T2
_93x1073 ((32.2)[(1.85)(62.4) - 0.0752](0.0752))”3
o (1.23 x 10-5)?

=9.51

The intermediate range equation for v should be used:

0.71 41.14 ,0.71
g dy "y

i
(32.2)°71(9.3 x 1073)/(12)]"**[(1.85)(62.4)]*"!
(1.23 x 10-5)°%(0.0752)*%

v=0.153

=0.153

= 4.08ft/s

2. The Reynolds number is

Re = M
u
(93 x 1073/12)(4.08)(0.0752)
1.23 x 10—
=19.33

3. The drag force is calculated from the following equation:

_ 2.31m(vdy)" 00 p"

8
_2.317[(4.08)(9.3 x 107%)/12]"4(1.23 x 10)*%(0.0752)**

D

322
=2.866 x 107¥ 1b;
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Using the conversion factor, 4.448 x 10° dyne/lby, yields

Fp = 0.0127dyn

4. The value of C, may be calculated from the following equation:

— FD/AP
pv*/2g.

D
where 4, the projected area, is given by
A, =nd2/4=n(9.3 x 1073/12)°/4 = 4.72 x 107" f’

Therefore,

(2866 x 1078)/(4.72 x 1077)
T (0.0752)(4.08)2 /[(2)(32.2)]
=3.12

D

FPD.7 COLLECTION EFFICIENCY FOR PARTICLES SMALLER
THAN 1 MICRON

Explain why nearly all particle size collection efficiency curves for high-efficiency
control devices take the form shown in Figure 64.

99.8 |-

95 -

Collection efficiency, percent

60 |- 1 | 1
0.1 1.0 10

Particle diameter, microns

Figure 64. Effect of particle size on performance.



FPD.8 DISPERSION OF SOAP PARTICLES 281

Solution

As illustrated in Figure 64, the colliection efficiency for particulate control increases
with increasing particle size over nearly the entire particle size range. However, for
particles less than approximately 1.0 pm, the trend reverses and efficiency increases
with decreasing size. This phenomena is experienced by almost all efficiency control
devices, e.g., baghouses, venturi scrubbers, electrostatic precipitators, etc., and arises
primarily because of molecular diffusion effects. The random, chaotic motion of
submicron particles, similar to that predicted by the kinetic theory of gases, becomes
more pronounced as the particle size decreases and approaches the molecular
diameter of gases, resulting in higher efficiencies. This becomes an important
consideration for systems requiring extremely high efficiencies, e.g., in excess of
99.5%.

FPD.8 DISPERSION OF SOAP PARTICLES

A plant manufacturing Ivory Soap detergent explodes one windy day. It disperses
100 tons of soap particles (specific gravity=0.8) into the atmosphere (70°F,
p=0.0752 Ib/ft’). If the wind is blowing 20 miles/h from the west and the particles
range in diameter of 2.1-1000 pm, calculate the distances from the plant where the
soap particles will start to deposit and where they will cease to deposit. Assume the
particles are blown vertically 400 ft in the air before they start to settle. Also,
assuming even ground-level distribution through an average 100-fi-wide path of
settling, calculate the average height of the soap particles on the ground in the settling
area. Assume the bulk density of the particles equal to half of the actual density.

Solution

The smallest particle will travel the greatest distance while the largest will travel the
least distance. For the minimum distance, use the largest particle:

— _ -3
d, = 1000 pm = 3.28 x 107 ft

g(p, — pp\'"
c-afe52)

(32.2)[(0.8)(62.4) — 0.752](0.0752)) 13

=(3.28 x 1073 (
( ) (1.18 x 10-5)

=313
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Using the intermediate range equation,

b = 0.153 gO.7ldrl).l4pg.7l
/10‘43/)0'29

(32.2)°71(3.28 x 1073)1*[(0.8)(62.4)]*"!

=0.153
(1.18 x 10-5)%%(0.0752)*%

= 1191t/s

The descent time ¢ is

t=H/v
=400/11.9=33.6s

The horizontal distance traveled, L, is

20

=986 ft
For the maximum distance, use the smallest particle:

— — -6
dy=2.1pm=6.89 x 10~ ft

1/3
K = (6.89 x 10-5) ((32.2)[(0.8)(62.4) - 0.0752](0.0752))

(1.18 x 10-5)?
= 0.066

The velocity v is in the Stokes regime and is given by
b= dgzp,
T 18u

_(32.2)(6.89 x 1076)*(0.8)(62.4)
N (18)(1.18 x 10-%)

=3.59 x 107*fi/s

The descent time ¢ is

t =H/v=400/3.59 x 10~*
=1.11 x 10%s
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The horizontal distance traveled, L, is

20
(60)(60)

L=(1.11 x 106)( )(5280)
=3.26x 10" ft
To calculate the depth D, the volume of particles (actual), V,, is first determined:

Vo = (100)(2000)/[(0.8)(62.4)]
= 4006 f*

The bulk volume Vy is
Vg = 4006/0.5 = 8012 f’
The length of the drop area, Lp, is

Ly =32 x 107 — 994
=32x10"f

Since the width is 100 ft, the deposition area A4 is

A =(3.2x107)(100) = 3.2 x 10° f*
Vg = AD
8012 = (3.2 x 10°)D

Therefore,

D=25x10"%ft
= 0.76 pm

The deposition can be, at best, described as a “sprinkling.”
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MCC.1 MINIMUM PARTICLE SIZE

A hydrochloric acid mist in air at 25°C is to be collected in a gravity scttler. You are
requested to calculate the smallest mist droplet (spherical in shape) that will always
be collected by the settler. Assume the acid concentration to be uniform through the
inlet cross section of the unit and Stokes’ law applies. Operating data and
information on the gravity settler are given below.

Dimensions of gravity settler =30 ft wide, 20 ft high, 50 ft long
Actual volumetric flowrate of acidic gas =50 ft*/s

Specific gravity of acid=1.6

Viscosity of air=0.0185 ¢P=1.243 x 10~ Ib/(ft - s)

Density of air = 0.076 Ib/ft’

Solution

Gravity settlers, or gravity settling chambers, have long been utilized industrially for
the removal of solid and liquid waste materials from gaseous streams. Advantages
accounting for their use are simple construction, low initial cost and maintenance,
low pressure losses, and simple disposal of waste materials. Gravity settlers are
usually constructed in the form of a long, horizontal parallelepipeds with suitable
inlet and outlet ports. In its simplest form the settler is an enlargement (large box) in
the duct carrying the particle-laden gases; the contaminated gas stream enters at one
end, the cleaned gas exits from the other end. The particles settle toward the
collection surface at the bottom of the unit with a velocity at or near their terminal
settling velocity.

Gravity settlers can be designed to ensure capture of some minimum particle size.
If Stokes’ law applies, one can show that this minimum particle size is given by

1/2
4 — (18~
P \ep,BL

284
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where p=gas (fluid) viscosity
q = volumetric flowrate
g = gravity force
p, = particle or mist density
B =width of settler
L =length of settler

For the intermediate range,

0.88 ,0.524,.0.377
g ¥p"*u

Finally, for Newton’s law range,

2
P q
d =0547 [ L
’ (gpp) (BL)

For the problem at hand, first determine the density of the acid mist:

p, = (62.4)(1.6)
= 99.84 1b/ft?

285

Calculate the minimum particle diameter both in feet and microns assuming Stokes’s

law applies:

d, =

(18)(1.243 x 10—5)(50))1/2
( (32.2)(99.84)(30)(50)

=482 x 107 f

There are 3.048 x 10° pm in 1 ft. Therefore,

d, = 14.7pm

The particle diameter calculated above represents a limiting value since particles
with diameters equal to or greater than this value will reach the settler collection
surface and particles with diameters less than this value may escape from the unit.
This limiting particle diameter can ideally be thought of as the minimum diameter of
a particle that will automatically be captured for the above conditions. This diameter

is denoted by dj; or d\,(min).
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MCC.2 GRAVITY SETTLER DESIGN

As a recently hired engineer for an equipment vending company, you have been
requested to design a gravity settler to remove all the iron particulates from a dust-
laden gas stream. The following information is given:

d, = 35 um; uniform, i.e., no distribution
gas = air at ambient conditions
g =130 ft*/s; throughput velocity, v= 10 ft/s
pp=7.62 g/cm’

Solution

First convert d;, and p, to engineering units:

d, = (35pum)(3.281 x 107° ft/pm) = 11.48 x 107" fi
p, = (7.62 g/ cm®)(11b/453.6 £)(28,316 cm’ /f) = 475.7 b/’

The K value (see Problem, FPD.4) is calculated by

g(p, — PP\
K=o (H)

(32.2)(475.7 — 0.0775)(0.0775)) 13

=(11.48 x 1073 (
( ) (1.23 x 10-5)?

=228<33

Stokes’ law applies and the collection area required can be calculated from the
equation
8 0.5
d, = Hg
gppBL

_ 18ug
grpdy
_18(1.23 x 107%)(130)
T (32.2)(475.5)(11.48 x 10-5)?

= 14251

Solving for BL,

BL
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The cross-sectional area for v =10 ft/s is

=13 f?

Based on the minimum required for cleaning purposes, H is usually 3 ft. Then,

B =(13)/H = 13/3
=433t

and

L = (142.5)/B = 142.5/4.33
= 3291t

and the total volume of the settler is

V = (BL)H = (142.5)(3)
=427.5%

The key process design variable for gravity settlers is the capture area, 4, which is
given by

A=BL

Once the capture area is calculated, the cost of the gravity settler internals may be
assumed fixed. Because of material costs, however, the larger the outer casing of the
physical system, the higher will be the total cost, all other factors being equal. These
material costs generally constitute a significant fraction of the total cost of the settler.
If the thickness of the outer casing is the same for alternate physical designs and if
labor costs are linearly related to the surface area, then the equipment cost will
roughly be a linear function of the outer surface area of the structural shell of the
unit. This essentially means that the cost is approximately linearly related to the
perimeter, P, where

P=2L+2B

To help minimize the cost (by minimizing the perimeter) one can equate the
derivative of the perimeter to zero. Thus setting

B=AJL
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gives
P=2L+4+24/L
and
ar_,_ A
dL 12

Setting the above derivative equal to zero leads to

A4 =1
so that

L=B
since

A=BL

Interestingly, most gravity settlers (as well as electrostatic precipitators) are often
designed physically in a form approaching a square box.
Thus
BL =I* = 142.5f
B=L=119ft
H=3f

and, in this case, the velocity of the gas would be

g (130)
U= BH T (11.98)(3)
— 3.63fi/s

MCC.3 OVERALL COLLECTION EFFICIENCY

A settling chamber is installed in a small heating plant that uses a traveling grate
stoker. You are requested to determine the overall collection efficiency of the settling
chamber given the following operating conditions, chamber dimensions, and particle
size distribution data.

Chamber width = 10.8 ft
Chamber height =2.46 ft
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Chamber length =15.0 ft

Volumetric flowrate of contaminated air stream = 70.6 scfs
Flue gas temperature = 446°F

Flue gas pressure = 1 atm

Particle concentration = 0.23 gr/scf

Particle specific gravity =2.65

Standard conditions = 32°F, 1 atm

Particle size distribution data of the inlet dust for the traveling grate stoker are given
in the following table:

Particle Size Range Average Particle diameter G w;
(m) (nm) (gr/sef)  (wt %)
0-20 10 0.0062 2.7
20-30 25 0.0159 6.9
3040 35 0.0216 9.4
40-50 45 0.0242 10.5
50-60 55 0.0242 10.5
60-70 65 0.0218 9.5
70-80 75 0.0161 7.0
80-94 87 0.0218 9.5
+ 94 +94 0.0782 34.0

0.2300 100.0

Assume that the actual terminal settling velocity is one-half of the Stokes law
velocity.

Solution

The collection efficiency, E, for a monodispersed aerosol (particulates of one size) in
laminar flow can be shown to be

£ v BL

(100%)

where v, is the terminal settling velocity of the particle.

The validity of this equation is observed by noting that v,BL represents the
hypothetical volume rate of flow of gas passing the collection area, while ¢ is the
volumetric flowrate of gas entering the unit to be treated. An alternate but equivalent
form of the above equation is

E= (%) (1%)(100%)

where H is the height of the settling chamber and v is the gas velocity.
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If the gas stream entering the unit consists of a distribution of particles of various
sizes, then frequently a fractional or grade efficiency curve is specified for the settler.
This is simply a curve describing the collection efficiency for particles of various
sizes. The dependency of E on d, arises because of the v, term in the above
equations.

Since the actual terminal settling velocity is assumed to be one-half of the Stokes’
law velocity (according to the problem statement),

_1 gdypy

2 18
and therefore
B gd2p,BL
© 36pq
The viscosity of the air in lb/(ft - s) is
1 (446°F) = 1.75 x 107 Ib/(ft - )
The particle density in lb/ft® is
p, = (2.65)(62.4)
= 165.41b/ft°

To calculate the collection efficiency of the system at the operating conditions, the
standard volumetric flowrate of contaminated air of 70.6 scfs is converted to the
actual volumetric flow using Charles’ law:

T,\ _ 446 + 460
7= qs(ﬁ) = (708 (m)
= 130acfs

The collection efficiency in terms of dp, with dp in microns is given below. Note: To
convert d,, from ft to um, d,, is divided by (304,800) pm/ft:

_vBL gp,BLd;

T g 36ug
_(32.2)(165.4)(10.8)(15) 42
"~ (36)(1.75 x 10-5)(130)(304,800)°
=114x107*d3

E

where dp is in microns.
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Thus, for a particle diameter of 10 um,

E=114x10"*d
= (1.14 x 107%)(10)?
=1.1x 1072
=1.1%

The following table provides the collection efficiency for each particle size:

dy(um)  dZ (u?) (%)

93.8 8800 100.0
90 8100 92.0
80 6400 73.0
60 3600 41.0
40 1600 18.2
20 400 4.6
10 100 1.1

The size efficiency curve for the settling chamber is shown in Figure 65.

The collection efficiency of each particle size may be read from the size-
efficiency curve. The product, w;E,, is then calculated for each size. The overall
efficiency is equal to Zw;E,. These calculations are provided in the following table.

Average d,, (pm) Weight Fraction w; E, (%) wiE; (%)

10 0.027 1.1 0.030
25 0.069 7.1 0.490
35 0.094 14.0 1316
45 0.105 23.0 2415
55 0.105 34.0 3.570
65 0.095 48.0 4.560
75 0.070 64.0 4.480
87 0.095 83.0 7.885
+94 0.340 100.0 34.000
Total 1.000 58.7

The overall collection efficiency for the settling chamber, E, is 58.7%.
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Figure 65. Size efficiency curve for settling chamber.

MCC.4 COMPLIANCE CALCULATION FOR A GRAVITY SETTLER

A gravity settler is 15 ft wide by 15 ft high by 40 ft long. In order to meet required
ambient air quality standards, this unit must remove 90% of the fly ash particles
entering the unit. Planned expansion will increase the flowrate to 4000 acfm with a
dust loading of 30 gr/ft’. The specific gravity of fly ash is 2.31 and the process gas
stream 1is air at 20°C and 1.0 atm. The inlet size distribution of the fly ash is given

below:

Size range (um)

Mass Percent

0.0-10.0
10-20
20-30
3040
40-60
60-80
80-100

100-150

1.0
1.0
3.0
15.0
20.0
25.0
20.0
15.0

Will the unit meet the specification?
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The following data are provided:

B=15ft

H=15ft

L=401t

g =4000 acfm

Loading = 30 gr/ft*

Specific gravity =2.31; p, = 1441b/ ft’
p=123 %107 b/(ft- s)

Solution
The throughput velocity, u, is
u = q/BH = 4000/[(15)(15)] = 17.778 ft/min = 0.296 ft/ s

The fractional efficiency equation may be written as

£ (&%) (LB
IRUETN AW

_( (32.2)(144) ) ((40)(15)) P
~ \(18)(1.23 x 105) ) \(4000/60)) “»

_ 8 12 :
—1.88x10°d?  d,inft

— 2 ;
= 0.00202 4 dy, in pm

The following table may now be generated:

Size Range (um)  Average Particle Size (um)  Mass Fraction w;  E; (%) wE; (%)

0.0-10.0 5 0.01 5.1 0.051
10-20 15 0.01 4545 0455
20-30 25 0.03 100 3.0
30-40 35 0.15 100 15
40-60 50 0.20 100 20
60-80 70 025 100 25
80-100 90 0.20 100 20

100-150 125 0.15 100 15

Y =98.51

The overall efficiency is 98.51%. As expected, the efficiency is high because of the
coarse dust and the size of the unit. The reader should also check to ensure that
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Stokes’ law does in fact apply to those size ranges where the efficiency is less than
100%.

MCC.5 CHECK ON EFFICIENCY OF A GRAVITY SETTLER

A salesman from Bogus, Inc. suggests a gravity settler for a charcoal dust-
contaminated air stream that you must preclean. Your supervisor has provided the
particle size distribution shown below. The inlet loading is 20.00 gr/fi’* and the
required outlet loading is 5.00 gr/ft>. Will the settler that the salesman has suggested
do the job?

Size Range (pmy) Weight Percent

0-10 5
1020 11
2040 10
40-60 9
6090 22
90-125 23

125-150 10
150+ 10

Use the critical diameter (d; = 80 pm) to calculate the size—efficiency data from the
equation

E =kd,
Solution
First calculate k:
_E 100
3 (80y
= 0.01563

Thus, for d, = 5um (average diameter for the first size range),

E = 0.01563 (5)
=0.39%

The following table may be generated using the above approach:
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Size Range (um)  Average Particle Size (um)  Weight Percent  E; (%)  wiE; (%)

0-190 5 5 0.39 —
10-20 15 11 35 0.4
20-40 30 10 14 1.4
40-60 50 9 39 3.5
60-90 75 22 88 19.4
90-125 107.5 23 100 23

125-150 137.5 10 100 10
150+ 1304+ 10 100 10

Y =677

Therefore, E =67.7%.
The required efficiency, £, is

Epg = —0)/I
= (20 — 5)/20 = 75%

Since 67.7 < 75%, the gravity settler will not do the job.

MCC.6 CYCLONES IN SERIES

As a graduate student you have been assigned the task of studying certain process
factors in an operation that employs three cyclones in series to treat catalyst-laden
gas at 25°C and 1 atm. The inlet loading to the cyclone series is 8.24 gr/ft® and the
volumetric flowrate is 1,000,000 acfm. The efficiency of the cyclones are 93, 84, and
73%, respectively. Calculate the following:

1. Daily mass of catalyst collected (Ib/day)
2. Daily mass of catalyst discharged to the atmosphere

3. Whether or not it would be economical to add an additional cyclone
(efficiency = 52%) costing an additional $300,000 per year (The cost of the
catalyst is $0.75 per pound.)

4. Outlet loading from the proposed fourth cyclone

Solution

The mass entering, m;, is

_ (107 (60minY (24h\ (8.24gr 11b
"=\ "min h day ft> 7000 gr

= 1,695,086 1b/ day
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The mass collected, m,, is
m, = 1,695,086 (0.93) + 0.84 [1,695,086 (1 — 0.93)]
+0.73 1,695,086 (1 — 0.93)(1 — 0.84)]
= 1,689,960 1b/day
Thus the mass discharge, m,, is
myg = 1,689,960 — 1,695,086 = 5,126 lb/day
With a fourth cyclone, the additional mass collected, my, is
my = 5126 (0.52) = 2666 1b/day
and 5126 — 2666 =2460 Ib/day is discharged.
The savings S is
S = (2666 1b/day)($0.75/1b)(3000 day/yr)
= $600,000/yr

Since the cyclone costs $300,000 annually, purchase it.
The outlet loading (OL) is

OL = (2460 1b/day)(1 day/24 h)(1 h/60 min)(1 min/10° f*)(7000 gr/Ib)
=0.012 gr/ft’

MCC.7 PARTICLE SIZE DEPOSITION FROM A MALFUNCTIONING
CYCLONE

A cyclone on a cement plant suddenly malfunctions. By the time the plant shuts
down, some dust has accumulated on parked cars and other buildings in the plant
complex. The nearest affected area is 700 ft from the cyclone location, and the
furthest affected area measurable on plant grounds is 2500 ft from the cyclone. What
is the particle size range of the dust that has landed on plant grounds?

On this day, the cyclone was discharging into a 6-mph wind. The specific gravity
of the cement is 1.96. The cyclone is located 175 ft above the ground. Neglect effects
of turbulence.

Solution

A diagram representing the system is provided in Figure 66 (S = smaller, L = larger).
For air at ambient conditions,

p = 0.0741 Ib/f
p=123x 107 1b/(ft- s)

Wind speed = (6)(5289) = 31,680 ft/h
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Figure 66. Diagram for Problem MCC.7.

Particle traveling times are given by

where s = horizontal distance traveled
u = horizontal velocity
t =travel time

For the smaller particle,
tg =2500/31,680 = 0.07891 h
and for the larger particle,
t, =700/31,680 = 0.02210 h
Settling velocities may now be calculated from
v=H/t

where v = vertical velocity
H = vertical distance traveled

vg = 175/[(0.07891)(3600)] = 0.6161 ft/s
v, = 175/[(0.02210)(3600)] = 2.200 ft/s
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To calculate d,, assume Stokes’ law to apply. For the smaller particle size,

B ((18)(1.23 x 1075)(0.6161)\ "
~ 7 (322)(1.96)(62.4) )

=1.86x 107*f

Checking the value of K,

g(p, — PP\
a5

(32.2) [(1.96)(62.4) — 0.0741](0.0741)(62.4)) 173

=(1.86 x 107 (
( ) (1.23 x 10-5)?

=232 <33

Therefore, for the smaller particle size, Stokes’ law is valid and d,,s = 1.86 x 107 ft.
For the larger particle size,

4 (18)(1:23 x 10-)(2.200))**
e ( (32.2)(1.96)(62.4) )
=352 x107*ft

and

1/3
K=(352x 10*4)((32-2)[(1-96)(62-4) - 0.0741](0.0741))

(1.23 x 105
=4.39

Since 3.3 <4.39, Stokes’ law is invalid for the larger particles. Assuming the
intermediate range applies,

e op®Bp0® (22000123 x 1075)%43(0.0741)°%
Pl (0.153) g2TEp0 T T 0.153)(32.2)° T [(1.96)(62.4)* !
=1.465 x 1074

dy =433 x 1074 &
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Checking on K

1/3
K = (433 x 109 ((32.2)[(1.96)(62.4) - 0.0741](0.0741))

(1.23 x 10-5)?
=5.39

Since 3.3 < 5.39 < 43.6, the intermediate law is valid for the larger particle size.
Therefore, the particle size range is

1.86 x 107 ft < d, <433 x 107*ft
or

5.67pum < d, < 132 pm

MCC.8 CUT DIAMETER AND OVERALL COLLECTION EFFICIENCY

An engineer was requested to determine the cut size diameter and overall collection
efficiency of a cyclone given the particle size distribution of a dust from a cement
kiln. Particle size distribution and other pertinent data are provided below.

Average Particle Size

in Range, d,, pm Weight Percent
1 3
5 20

10 15

20 20

30 16

40 10

50 6

60 3

>60 7

Gas viscosity = 0.02 cP

Specific gravity of the particle =2.9

Inlet gas velocity to cyclone =50 ft/s
Effective number of turns within cyclone =5
Cyclone diameter = 10 ft

Cyclone inlet width=2.5ft
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Solution

The performance of a cyclone is often specified in terms of a cut size, d,,., which is

the size of the particle collected with 50% efficiency. The cut size depends on the gas
and particle properties, the cyclone size, and the operating conditions. It may be

calculated from
1/2
d = ouB,
P = \2nlNw; (o, — p)

where d,,; = cut size particle diameter (particle collected at 50% efficiency), ft

1= gas viscosity, Ib/(ft - s)
B.=width of gas inlet, ft

N, =effective number of turns the gas stream makes in the cyclone,

dimensionless

v; = inlet velocity, ft/s
p, = particle density, 1b/ft’

p = gas density, Ib/ft>

Lapple’s method provides the collection efficiency as a function of the ratio of
particle diameter to cut diameter. One may use the equation

N 1.0
1.0+ (dye/d,)

or Figure 67. (For additional details on the above equation, the reader is referred to
the article by L. Theodore and V. DePaola, “Predicting Cyclone Efficiency,” J Air
Pollution Control Association, 30, 1132-1133, 1980.)

For the problem at hand, determine the value of (p, — p):

pp —pP= pp
— (2.9)(62.4)

= 1811b/f

Calculate the cut diameter:

12
q - 9uB,
e \2nNwi(p, — p)

B ((9)(0.02)(6.72 x 1074)(2.5)\ '/
B (2m)(5)(50)(181) )
=3.26x 107

=9.94um
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Figure 67. Collection efficiency as a function of particle size ratio.

The following table is generated using Lapple’s method:

dymp)  w dofd B (%) WE (%)
1 0.03 0.10 0 0.0
5 0.20 0.5 20 4.0
10 0.15 1.0 50 7.5
20 0.20 2.0 80 16.0
30 0.16 30 90 14.4
40 0.10 4.0 93 9.3
50 0.06 5.0 95 5.7
60 0.03 6.0 98 294
>60 0.07 — 100 7.0

Lapple’s method was employed to obtain E;. Slightly more accurate results can be

obtained by employing the Theodore—DePaola equation.

Calculate the overall collection efficiency:

E=)Y wE=04+44+75+16+1444+93+574+294+7

= 66.84% = 0.6684

MCC.9 PRESSURE DROP ACROSS A CYCLONE

Estimate the pressure drop across a cyclone treating a gas at ambient conditions with

a velocity of 50 ft/s.
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Solution

The pressure drop across a cyclone collector will generally range between 2 and 6 in.
of water, and it is usually determined empirically. One method used in industrial
practice is to determine the pressure drop of a geometrically similar prototype. The
pressure drop is often described in units of inlet velocity heads. This inlet velocity
head, in inches of water, may be expressed as follows:

One velocity head = 0.003 pv?, in.H,0

where p is the gas density at operating conditions (Ib/ft*), and v; is the inlet velocity
(ft/s). The friction loss through cyclones encountered in practice may range from 1
to 20 inlet velocity heads, depending on the geometric proportions. For most
cyclones, the friction loss is approximately 8§ inlet velocity heads or, assuming an
inlet velocity of 50 fi/s (typical) and a gas density of 0.075 Ib/ft>, the pressure drop
across the cyclone is

AP = 8(0.003)(0.075)(50)°
=4.5in. H,0

MCC.10 CYCLONE SELECTION

A recently hired engineer has been assigned the job of selecting and specifying a
cyclone unit to be used to reduce an inlet fly ash loading (with the particle size
distribution given below) from 3.1 gr/ft’ to an outlet value of 0.06. The flowrate
from the coal-fired boiler is 100,000 acfm. Fractional efficiency data provided by a
vendor are presented below (see Figure 68) for three different types of cyclones
(multiclones).

Which type and how many cyclones are required to meet the above specifica-
tions? The optimum operating pressure drop is 3.0in. H,O; at this condition, the
average inlet velocity may be assumed to be 60 ft/s.

Particle Diameter

Range (um) Weight Fraction (w,)
5-35 0.05
35-50 0.05
50-70 0.10
70-110 0.20
110-150 0.20
150-200 0.20
200400 0.10

400-700 0.10
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Figure 68. Fractional efficiency data.

Multiple-cyclone collectors (multiclones) are high-efficiency devices that
consist of a number of small-diameter cyclones operating in parallel with a
common gas inlet and outlet. The flow pattern differs from a conventional cyclone
in that instead of bringing the gas in at the side to initiate the swirling action, the
gas is brought in at the top of the collecting tube, and swirling action is then
imparted by a stationary vane positioned in the path of the incoming gas. The
diameters of the collecting tubes usually range from 6 to 24 in. with pressure drops
in the 2- to 6-in. range. Properly designed units can be constructed and operated with
a collection efficiency as high as 90% for particulates in the 5- to 10-pm range. The
most serious problems encountered with these systems involve plugging and flow
equalization.

Since the gas flow to a multiclone is axial (usually from the top), the cross-
sectional area available for flow inlet conditions is given by the annular area between
the outlet tubes and cyclone body. The outlet tube diameter is usually one-half the
body diameter.

Solution

Calculate the required collection efficiency, Eg:

Ep = [(3.1 — 0.06)/3.1] (100)
= 98%
=098
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Calculate the average particle size associated with each size range:

Particle Diameter Average Particle

Range (pum) Diameter (um)
5-35 20
35-50 425
50-70 60
70-110 90
110-150 130
150-200 175
200400 300
400--700 550

The following table for the 6-in. tubes provides the overall efficiency, Eg4:

Average Particle Weight Efficiency for 6-in. E;w, for 6-in.
Diameter (pum) Fraction w; Tubes (%) Tubes (%)
20 0.05 89 4.45
425 0.05 97 4.85
60 0.10 98.5 9.85

90 0.20 99 19.8
130 0.20 100 20
175 0.20 100 20
300 0.10 100 10
550 0.10 100 10

Eg=98.95

Since E, > Eg, the 6-in. tubes will do the job.
The following table is generated for the 12-in. tubes:

Average Particle Weight Efficiency for Ew; for 12-in.
Diameter (um) Fraction w; 12-in. Tubes (%) Tubes (%)
20 0.05 82 4.1
42.5 0.05 93.5 4.67
60 0.10 96 9.6
90 0.20 98 19.6
130 0.20 100 20
175 0.20 100 20
300 0.10 100 10
550 0.10 100 10

E, =97.97




MCC.10 CYCLONE SELECTION 305

Since the overall efficiency, E|, < Ey, the 12-in. tubes will not do the job. Thus, it
will be necessary to use the 6-in. tubes for a conservative design.

Since the outlet tube diameter is one-half the body diameter, the inlet cross-
sectional area (for axial flow) for each 6-in. (0.5-ft) tube will be

A =0.785 (0.5 — 0.25%)
=0.147 ft*
Since the velocity in each tube is 60 ft/s, the number of tubes, #, is given by
(60)(60)(0.147)(n) = 100,000
Solving for #,
n = 190 tubes

required in this multiple-cyclone unit. A 15 x 15, 14 x 14, or 12 x 16 design is
recommended.



15 Electrostatic Precipitators (ESP)

ESP.1 DESIGN MODELS

An electrostatic precipitator (ESP) is being used to clean fly ash from a gas. The
precipitator contains 30 ducts, with plates 12 ft high and 12 ft long. The spacing
between the plates is 8 in. The gas is evenly distributed through all of the ducts. The
following information can be used:

Gas volumetric flowrate = 40,000 acfin
Particle drift velocity =0.40 ft/s

Use the Deutsch-Anderson equation to calculate the efficiency of the precipitator.
Also, use the modified Deutsch equation with a range of exponents varying from 0.4
to 0.7 (in increments of 0.05) to calculate the efficiency of the electrostatic
precipitator.

Solution

The process of electrostatic precipitation consists of corona formation around a high-
tension wire, with particle charging by ionized gas molecules formed in the localized
region of electrical breakdown surrounding the high-tension wire. This is followed
by migration of the charged particles to the collecting electrodes. Finally, the
particles collected from the collecting electrode are removed by rapping into
hoppers. The approach taken by industry to size ESPs for various applications
makes use of the Deutsch—Anderson equation referred to in the problem statement:

E=1—¢ ™/

With the term w representing the effective migration or drift velocity. (Note: wA /q is
often denoted as ¢.) The numerical value of w is selected on the basis of experience
with a particular dust, a particular set of operating conditions, and a particular
design. Precipitator manufacturers usually have a specific experience file from which
the precipitation rate parameter can be selected for various applications and
conditions. Average values of precipitation rate parameters for various applications,
and the range of values that might be expected, are presented below.

306
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Application Precipitation Rate or Drift Velocity (ft/s)
Utility fly ash 0.13-0.67
Pulp and paper mills 0.21-0.31
Sulfuric acid mist 0.19-0.25
Cement (wet process) 0.33-0.37
Cement (dry process) 0.19-0.23
Gypsum 0.52-0.64
Smelter 0.06
Open-hearth furnace 0.16-0.19
Blast furnace 0.20-0.46
Hot phosphorous 0.09
Flash roaster 0.25
Multiple hearth roaster 0.26
Catalyst dust 0.25
Cupola 0.10-0.12

Since the desired collection efficiency and gas flowrate are usually specified, the
required collecting area can be determined from the Deutsch—-Anderson equation
once an appropriate precipitation rate parameter has been chosen.

An attempt to account for the sensitivity of w on process variables, especially for
small particle size distributions, appeared in 1957 and was later revised by Allander,
Matts, and Ohnfeldt, who derived the expression

E=1—¢ ™"
The second exponent (in this, the so-called modified Deutsch equation) provides a
more accurate prediction of performance at high-efficiency levels but can become
too pessimistic in certain situations. Typical values of m range between 0.4 and 0.7,
with 0.5 as the norm. This and the previous equation are employed in the solution

that follows.
The collection surface area per duct, 4, is

4 = (12)(12)(2)
= 288 ft*
The volumetric flowrate through each duct in acfs is
q = 40,000/[(30)(60)]
=22.22 acfs
The collection efficiency using the Deutsch—Anderson model can now be calculated.
E—=1—e /) — | _ ,-((288)0.4)/2222)

= 0.9944 = 99.44%
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Using the modified Deutsch—Anderson (DA) equation to obtain an expression for
the efficiency in terms of the exponent m leads to

E=1— e /" — | _ o~(@89)04)/2222)" _ | _ ,~5.184"

The following table provides £ for various values of m:

m E (%)

0.40 85.51
0.45 87.72
0.50 89.74
0.55 91.56
0.60 93.17
0.65 94.58

0.70 95.78

While the DA equation predicts an efficiency of 99.44%, it can be seen that the
efficiency is probably somewhat lower than that. At a value for the exponent of 0.5,
it appears that the ESP operates at 89.7% efficiency. If expressed in terms of
penetration, the DA equation gives a value of 0.0056 while the modified DA gives a
value of 0.1026. This means that 18.3 times more fly ash is passing through (not
collected) the precipitator than that predicted by the DA equation. Because of this, it
can be seen that the design of an ESP can be somewhat tricky.

ESP.2 MODIFIED DEUTSCH-ANDERSON EQUATION

A horizontal parallel-plate ESP consists of a single duct 24 ft high and 20 ft deep
with an 11-in. plate-to-plate spacing. A collection efficiency and 88.2% is obtained
with a flowrate of 4200 acfm. The inlet loading is 2.82 gr/ft>. Calculate the following
using a modified form of the Deutsch—Anderson equation, with the exponent
m=1_0.5 (i.e., exponent on ¢):

1. The outlet loading.

2. The drift velocity for this system.

3. A revised collection efficiency if the flowrate is increased to 5400 acfm.
4. A revised collection efficiency if the plate spacing is decreased to 9 in.

Solution

The outlet loading (OL) is

OL = 2.82 (1 — 0.882) = 0.333 gr/ft’
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The drift velocity, w, for this system is found from the modified form of the
Deutsch—Anderson equation:

E=1—-¢%
0882 =1—¢%"
b =457

g (4.57)(4200)
T4 (24)(20)(2)(60)

=0.333ft/s

If the flowrate is increased to 5400 acfm,

_wAd  (0.333)(20)(24)(2)
g (5400/60)
=3.55

¢

E=1-¢0"

=0.848

Since ¢, w, and A4 are all constant, the modified Deutsch—Anderson equation predicts
that the efficiency does not change if the plate spacing is decreased to 9 in.

ESP.3 FRACTIONAL EFFICIENCY CURVES

Fractional efficiency curves describing the performance of a specific model of an
electrostatic precipitator have been compiled by a vendor. Although you do not
possess these curves, you are told that the cut diameter (50% efficiency) for a
precipitator with a 10-in. plate spacing is 0.9 um. The vendor claims that this
particular model will perform with an efficiency of 98% under your operating
conditions. You are asked to verify this claim and to make certain that the effluent
loading does not exceed 0.2 gr/ft’.

The inlet loading is 14 gr/ft’ and the aerosol has the following particle size
distribution:

Weight Range (%) Average Particle Size (um)

0-20 35
2040 8.0
40-60 13.0
60-80 19.0

80-100 45.0
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Assume a Deutsch—Anderson equation of the form

E=1—¢"b
to apply.

Solution

Using the Deutsch-Anderson equation,
E=1-e*
0.5=1—¢+09

k =0.7702

The following table can now be generated:

Average Particle

Weight Fraction w; Diameter {d;) (nm) E, W.E,
0.2 3.5 0.93250 0.18650
0.2 8 0.99789 0.19958
02 13 0.99996 0.19999
0.2 19 0.99999 0.20000
0.2 45 0.99999 0.20000
3 =0.98607

Thus, the overall efficiency, E,, is 98.607%. The outlet loading (OL) is
OL = (14)(1 — 0.98607) = 0.195 gr/f® < 0.2 gr/f

Therefore, the OL standard is met.

ESP4 THREE FIELDS IN SERIES

An electrostatic precipitator is to be used to treat 100,000 acfm of a gas stream
containing particulates from a hazardous waste incinerator. The proposed precipi-
tator consists of three bus sections (fields) arranged in series, each with the same
collection surface. The inlet loading has been measured as 40 gr/ft> and a maximum
outlet loading of 0.18 gr/ft> is allowed by local Environmental Protection Agency
(EPA) regulations. The drift velocity for the particulates has been experimentally
determined in a similar incinerator installation with the following results:
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First section (inlet): 0.37 ft/s
Second section (middle): 0.35 ft/s
Third section (outlet): 0.33 ft/s

1. Calculate the total collecting surface required based on the average drift
velocity and the required total efficiency.

2. Find the total mass flowrate (Ib/min) of particulates captured by each section
using the above drift velocities.

Solution

Calculate the required total collection efficiency based on the given inlet and outlet
loading.

Outlet loading

E=1-
Inlet loading

=1-
= 0.9955 = 99.55%
Calculate the average drift velocity, w:
w=1(0.37+4+0.3540.33)/3
=0.351t/s
Calculate the total surface area required using the Deutsch—Anderson equation.
In(1 - E)
 w/g

_In(1 - 0.9955)
= 70.35/1666.7

= 25,732 f*

A=

Calculate the collection efficiency of each section. Assume that each section has the
same surface area but employs individual section drift velocities:

El =-1- e—(Aw,/3q) 1= e—((25,732)(0.37)/[(3)(1666‘7)])

= 0.851

Ey = 1 — e “m/30) — | _ o~(@ST3035/03)1666.7)
= 0.835
Ey=1- o—(A3/30) — | _ p—((25.732)(0.33)/[(3)(1666.7)))

=0.817
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Calculate the mass flowrate of particulates captured by each section using the
collection efficiencies calculated above:

W, = (E,)(Inlet loading)(q)
= 3.404 x 10° gr/min
= 486.3 Ib/min
W, = (1 — E|)(E,)(Inlet loading)(q)
= 4.977 x 10° gr/min
= 71.11b/min
Wy = (1 — E)(1 — E,)(E5)(Inlet loading)(q)
= 8.034 x 10* gr/min
= 11.481b/min

ESP.5 FOUR CHANNELS IN PARALLEL

A single-stage duct-type electrostatic precipitator contains five plates that are 10 ft
high, 20 ft long, and spaced 9 in. apart. Air contaminated with gypsum dust enters
the unit with an inlet loading of 53 gr/ft® and a velocity through the unit of 5 ft/s.
The solids bulk density is 47 [b/ft*.

Estimate the particle drift velocity, w, if the collection efficiency is 99%.
What is the outlet loading?
How many cubic feet of dust are collected per hour?

el

Determine the rapping frequency (intervals) minutes if the maximum allow-
able dust thickness on the plates is -}gin. (Assume this layer is uniform over the
entire plate.)

5. Due to an anticipated increase in plant capacity, a larger volumetric flowrate
would result in a gas velocity of 7.5 ft/s. Determine the new efficiency.

Solution
Collecting area, A, and gas flow rate, g, are given by
A = (8 surfaces)(10 ft)(20 ft) = 1600 ft*
g = (4 channels)(5 ft/s)(9/12 ft)(10 ft) = 150 ft*/ s
Using the Deutsch—Anderson equation,
In(1 — F)
R

_In(1 = 0.99)
1600/150

= 0.4317ft/s
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The outlet loading (OL) is
OL = 53(1 — E) = 53(1 — 0.99) = 0.53 gr/ft>
The volumetric flowrate of particulates captured per hour, 7, is

_(53.0 - 0.53) gr/ft’
P (7000 gr/1b)(47 1b/ft%)

=86.12ft°/h

(150 ft* / 5)(3600 s/ h)

The rapping cycle (RC) time 1is

_ [(1/8)/12] £t (1600 fi*)
~ (86.12 1t/ h)(1 h/60 min)

= 11.61 min

The revised efficiency (for a 50% increase in flow) becomes
E=1—e W

| — ¢ ((1600)(0.43173)/[(150)(1.5))

=0.954 =95.4%

ESP.6 EFFECT OF INLET DISTRIBUTION
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You have been requested to calculate the collection efficiency of an electrostatic
precipitator containing three ducts with plates of a given size, assuming a uniform
distribution of particles. Also determine the collection efficiency if one duct is fed
50% of the gas and the other passages 25% each. Operating and design data include:

Volumetric flowrate of contaminated gas =4000 acfm

Operating temperature and pressure =20°C and 1 atm, respectively
Drift velocity =0.40 ft/s

Size of the plate = 12 ft long and 12 ft high

Plate-to-plate spacing = 8in.

Solution
Considering both sides of the plate,
A= Q2)12ft)(12 ft)
= 288 ft’
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Remembering the volumetric flowrate through a passage is one third of the total
volumetric flowrate,

4000
7= 3)60)

= 22.22 acfs

Calculate the collection efficiency using the Deutsch—Anderson equation:

E=1—¢ W/

| — o~ ((288)0.4)/22.22)

=0.9944 = 99.44%

This efficiency calculation assumes the gas is uniformly distributed at the inlet of the
precipitator. A revised efficiency can be calculated if the flow is distributed as
specified in the problem statement. First, calculate ¢ in acfs through the middle
section:

4000
7= 2)(60)

= 33.33 acfs

Calculate the collection efficiency, remembering the collection surface area per duct
remains the same:

E, = 1 — e (@89)043333)
= 0.9684 = 96.84%
Calculate ¢ in acfs through an outer section:

4000
7= (@)(60)

= 16.67 acfs

The collection efficiency in the outside section is

E,=1- £—((288)(04)/16.67)

= 0.9990 = 99.90%
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Calculate the new overall collection efficiency:

E = (0.5)(E;) + (2)(0.25)(E,)
= 98.37%

Note that the penetration (100 — E) has increased by a factor of 3. The reader, as an
optional exercise should outline the calculational procedure to follow if the particle
size distribution varies with each inlet duct.

ESP.7 EFFECT OF PARTICLE SIZE DISTRIBUTION

The following data are available for the proposed design of an ESP to operate at an
efficiency of 97.5%:

Air volumetric flow = 100,000 acfm
Uniform flow distribution through 10 ducts
Duct height =30 ft with 12 in. plate-to-plate spacing
Plate length =36 ft
Inlet loading = 14 gr/ft*
Outlet loading = 0.35 gr/ft*:
In addition, the following particle size distribution and drift velocity data have been

provided in terms of the average particle size (d,,) of weight fraction (x;) in a given
size range and the corresponding drift velocity (w).

d, (um) w (ft/s) Mass Fraction x;

0.1 0.27 0.01
0.25 0.15 0.01
0.5 0.12 0.01
1.0 0.11 0.01
1.5 0.15 0.16
2.0 0.20 0.16
2.5 0.26 0.16
5.0 0.50 0.16
10.0 0.60 0.16
25.0 0.70 0.16

Determine if the proposed design will meet the desired efficiency. Also, prepare a
graph of particle size vs. efficiency for the system and comment on the results.
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Solution

Check if the average throughput velocity is in an acceptable range. The average
velocity should be 2-8 ft/s.

v = (100,000)/[(10)(30)(60)]
=5.561t/s

This is in the acceptable range.
The volumetric flowrate through each (one) duct is

q = (100,000)/10
= 10,000 acfm
= 166.67 acfs

Calculate the plate area in square feet for each duct. Note that both plates contribute
to the collection area:

A=2(30)(36)
= 2160 ft*
If the Deutsch—Anderson equation applies,
E=1— e W/D) _ | _ o~(w2160)(60)/10.000) _ | _ ,~12.96w
Calculate the efficiency for the 0.1 pm particle size:
E =1 — 12960027
=0.9698 = 96.98%

Calculate the collection efficiencies for all of the other particle size ranges. Results
are presented in the following table:

d), (pm) E
0.1 0.9698
0.25 0.8569
0.5 0.7889
1.0 0.7596
1.5 0.8569
2.0 0.9251
2.5 0.9656
5.0 0.9985

10.0 0.9996

25.0 0.9999
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Calculate the overall efficiency E of the unit:

d, (um) x E; xE;
0.1 0.01 0.9698 0.009698
0.25 0.01 0.8569 0.008569
0.5 0.01 0.7889 0.007889
1.0 0.01 0.7596 0.007596
1.5 0.16 0.8569 0.137104
2.0 0.16 0.9251 0.148016
25 0.16 0.9656 0.154496
5.0 0.16 0.9985 0.159760

10.0 0.16 0.9996 0.159936

25.0 0.16 0.9999 0.159984

E= inEi =0.953048

Thus, the efficiency is 95.30%
Since the desired efficiency is 97.5%, the proposed design is insufficient.
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As is typical with particulate control, collection of large particles is highly
efficient. A decline in efficiency is seen as particle size decreases. However, when
the particles become very small, diffusion effects occur that actually raise the

collection efficiency for these particles. See the graph in Figure 69.
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Figure 69. Effect of very small particles on collection efficiency.

25
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ESP.8 BUS SECTION FAILURE

A precipitator consists of two bus sections, each with five plates (four passages) in a
field (see Figure 70). The corona wires between any two plates are independently
controlled so that the remainder of the unit can be operated in the event of a wire
failure. The following operating conditions exist:

Gas flowrate: 10,000 acfim
Plate dimensions: 10 ft x 15 ft; four rows per field
Drift velocity: 19.0 ft/min; section 1

16.3 ft/min; section 2

1. Determine the normal operating efficiency.

2. During operation, a wire breaks in section 1. As a result, all of the wires in that
row are shorted and ineffective, but the others function normally. Calculate the
collection efficiency under these conditions. Assume the gas stream leaving
section 1 is uniformly redistributed on entering section 2, i.e., each of the four
rows is fed the same volume of gas.

3. Redo part 2 assuming the flow in (through) each of the four rows (or passages)
acts in a “railroad” manner, i.e., there is no redistribution after section 1.

4. Calculate a revised efficiency if a second wire fails in a different row. Assume
“railroad” flow again.

Solution

The need for series sectionalization in a precipitator arises mainly because power
input needs differ at various locations in a precipitator. In the inlet sections of a
precipitator, concentrations of particulate matter will be relatively heavy. This
requires a great deal of power input to generate the corona discharge required for
optimal particle charging: heavy concentrations of dust particles tend to suppress
corona current. On the other hand, in the downstream sections of a precipitator, dust

TOP VIEW
e & o o o e & o o o0
[ ] * [ ] L L] L ] L] L ] L J .
W — — ol
L[] * L ] L J L] L] L 4 L J * L]
. L * L * [ ] L ] L L L J
Section (Field) 1 Section (Field) 2

Figure 70. ESP with two bus sections and five plates.
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concentrations will be lighter. As a consequence, corona current will flow more
freely and particle charging will tend to be limited by sparking rather than current
suppression. Hence, excessive sparking is more likely to occur at lower voltage in
downstream sections; if the precipitator has only a single power set, then this
sparking, under spark rate-limited control, will limit power input to the entire
precipitator, including the inlet sections. This will result in insufficient power being
supplied to the discharge electrodes in the inlet sections, with a consequential fall in
precipitator collection efficiency in the inlet sections of the precipitator.

A remedy for this situation is to divide the precipitator into a series of
independently energized electric bus sections. Each bus section has its own
transformer rectifier, voltage stabilization controls, and high-voltage conductors
that energize the discharge electrodes within that section. This would allow greater
power input, and increased particle charging of dust and particulate precipitation
than in the previously described underpowered inlet sections.

For part 1, write the equation describing the overall or total efficiency, Er, in
terms of the individual section efficiencies, £, and F,:

Er=1-(1-E)1-Ey)

The equation describing the total penetration, Pr, in terms of the individual section
penetrations, P, and P,, is

Pr=PP,
Calculate the efficiency of section 1, £:
E =1- e~ w/a)
— ] — o~ (I5)10)(8)(19.0)/10,000) w, = 19.0 ft/min
= 0.89772 = 89.772%

Calculate the efficiency of section 2, E,:

E,=085858  w, = 16.3ft/min
= 85.858%

The total efficiency Ey is therefore

Er=1—(1-0.89772)(1 — 0.85858)
= 0.98554
= 98.554%
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Calculate a revised total efficiency for part 2:

Er=1—[1-3/4E][l - Ey]
=1—[1 —(0.75)0.89772)][1 — 0.85858]
= 0.95380 = 95.380%

Calculate a revised total efficiency for part 3:

E; = (1.0)[(0.75)(0.98554) + (0.25)(0.85858)]
= (1.0)[0.73916 + 0.21464]
= 0.95380 = 95.380%

The calculation for part 4 is affected by where the second wire failure occurs.
Determine a revised efficiency if the wire failure is located in section 1:
Er = (1.0)[(0.5)(0.98554) + (0.5)(0.85858)]
= 0.49277 + 0.42929
= 0.92206 = 92.206%
Determine a revised efficiency if the wire failure in part 4 occurs in a different row in
section 2.
Er = (1.0)[(0.5)(0.98554) + (0.25)(0.85858) + (0.25)(0.89772)]
= 0.49277 + 0.43895
=0.93172 = 93.172%

Determine a revised efficiency if the wire failure in part 4 occurs in a same row in
section 2:

E; = (1.0)[(0.75)(0.98544) + (0.25)(0.0)]
= 0.73908 + 0.0
= 0.73908 = 73.908%

The reader should note the effect on efficiency of bus section failure and the location
of the failure.

Parallel sectionalization provides the means for coping with different power input
needs due to uneven dust and gas distributions that usually occur across the inlet face
of a precipitator. Nevertheless, the gains in collection efficiency from parallel
sectionalization are smaller than series sectionalization.
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Bus section failure is one of the more important design operating and main-
tenance variables for ESPs. Detailed calculational procedures for estimating this
effect are available in the literature. Two studies addressing this issue are:

Theodore, L., and Reynolds, J., “The Effect of Bus Section Failure on Electro-
static Precipitator Performance,” JAPCA, 33: 1202-1205, 1983.

Theodore, L., Reynolds, J., Taylor, E, Filippi, A., and Errico, S., “Electrostatic
Precipitator Bus Section Failure: Operation and Maintenance,” Proceedings of
the Fifth USEP4 Symposium on the Transfer and Utilization of Particulate
Control Technology, Kansas City, 1984.

ESP.9 RESISTIVITY

Comment on the resistivity “problem” with ESPs.

Solution

Resistivity is a term used to describe the resistance of a medium to the flow of an
electrical current. By definition, the resistivity is the electrical resistance of a dust
sample lem? in cross-sectional area and 1cm thick. For ease of precipitation
capture, dust resistivity values can be classified roughly into three groups:

1. Below 5.0 x 10°Q - cm (Q = ohm).
2. Between 5.0 x 10° and 2.0 x 10'°Q . cm.

3. Above 2.0 x 10'°Q - cm (this value is frequently referred to as the critical
resistivity).

Particulates in group 1 are difficult to collect. They are easily charged and
precipitated; upon contacting the collection electrode, however, they lose their
discharge electrode polarity and acquire the polarity of the collection electrode.
The particulates are then repelled into the gas stream to either escape from the
precipitator or become recharged by the corona field. Examples are unburned carbon
in fly ash and carbon black. If the conductive particles are coarse, they may be
removed upstream from the precipitator with another collection device, e.g., a
cyclone. Baffles are often designed on the collection walls to limit this precipitation-
repulsion phenomenon. Particulates with resistivities in group 3 cause back-ioniza-
tion or back-corona, which is a localized discharge at the collection electrode due to
the surface being coated by a layer of nonconductive material. A weak back-corona
will merely lower the sparkover voltage, but a strong back-corona produces a
positive ion discharge at the electrode. Back-corona phenomena becomes severe
with a bulk particle layer resistivity greater than 10'*Q. cm. Particulates with
resistivities in group 2 have been shown by experiment and experience to be the
most acceptable for electrostatic precipitation. The particulates do not rapidly lose
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their charge on contact with the collection electrode or cause back-corona. Back-
corona phenomena can be decreased by treatment of the gas stream, such as aitering
the temperature, moisture content, or chemical composition.

Particle resistivity decreases as gas temperature increases due to enhanced
volume conductivity. Resistivity may also decrease as gas temperature decreases if
surface conditioning agents such as moisture or acid gases are present in the gas
stream. Adsorption of these on the particle surface is favored at lower temperatures
and provides a conductive path on the particle surface.

ESP.10 DESIGN PROCEDURE

Provide a design procedure for electrostatic precipitators.

Solution

No critically reviewed design procedure exists for ESPs. However, one suggested
“general” design procedure (L. Theodore, personal notes) is provided below.

1. Determine or obtain a complete description of the process, including the
volumetric flowrate, inlet loading, particle size distribution, maximum
allowable discharge, and process conditions.

Calculate or set the overall collection efficiency.
Select a migration velocity (based on experience).
Calculate the ESP size (capture area).

Select the field height (experience).

Select the plate spacing (experience).

Select a gas throughput velocity (experience).
Calculate the number of gas passages in parallel.

e AR ol

Select (decide) on bus sections, fields, energizing sets, specific current,
capacity of energizing set for each bus section, etc.

10. Design and select hoppers, rappers, etc.

11. Perform a capital cost analysis, including materials, erection, and startup
Costs.

12. Perform an operating cost analysis, including power, maintenance, inspec-
tion, capital and replacement, interest on capital, dust disposal, etc.

13. Conduct a perturbation study to optimize economics.
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16 Baghouse (BAG)

BAG.1 DESCRIPTION OF FILTRATION

Describe the filtration process.

Solution

The basic filtration process may be conducted with many different types of fabric
filters in which the physical arrangement of hardware and the method of removing
collected material from the filter media will vary. The essential differences may be
related, in general, to

1. Type of fabric

2. Cleaning mechanism
3. Equipment geometry
4. Mode of operation

Baghouse collectors are available for either intermittent or continuous operation.
Intermittent operation is employed where the operational schedule of the dust-
generating source permits halting the gas cleaning function at periodic intervals
(regularly defined by time or by pressure differential) for removal of collected
material from the filter media (cleaning). Collectors of this type are primarily utilized
for the control of small-volume operations such as grinding, polishing, etc., and for
aerosols of a very coarse nature. For most air pollution control installations and
major dust control problems, however, it is desirable to use collectors that allow for
continuous operation. This is accomplished by arranging several filter areas in a
parallel-flow system and cleaning one area at a time according to some preset mode
of operation.

BAG.2 CLEANING METHODS

Discuss the various cleaning methods employed in baghouses.

323
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Solution

Baghouses may be characterized and identified according to the method used to
remove collected material from the bags. Particle removal can be accomplished in a
variety of ways, including shaking the bags, reversing the flow of gas through the
bags, or rapidly expanding the bags by a pulse of compressed air. In general, the
various types of bag cleaning methods can be divided into those involving fabric
flexing and those involving a reverse flow of clean air.

Cleaning by mechanical shaking is accomplished by isolating one of several bag
compartments from the air flow and vigorously shaking the bags for about a minute
to dislodge the dust. For simplicity of operation, the bags are usually attached to a
motor-driven oscillating carriage. Because of tensile stresses produced by this
approach, strong fabric material must be used.

Reverse-flow baghouses employ an auxiliary fan that forces air through the bags
in a direction opposite to that of filtration. This procedure collapses the bag and
fractures the dust cake. The reverse-flow rate, which is ordinarily about the same as
the face velocity during filtering, deflates the bag and helps to dislodge the dust cake
from the fabric surface. It is common practice to combine shaking and reverse-flow
cleaning in the same unit.

Reverse-pulse cleaning is the newest and perhaps the most efficient method to
clean bags, given the proper working environment. A short pulse (about 0.1s) of
compressed air (approximately 100 psia) is injected into each bag through a venturi,
causing the bag to expand while creating intense dust separating forces.

BAG.3 OVERALL COLLECTION EFFICIENCY

Calculate the overall efficiency of N compartments in a baghouse operated in
parallel, if the volumetric flowrates and inlet concentrations to each compartment are
q1,49 ----qy and ¢, ¢y, ..., cy, Tespectively, and the corresponding efficiencies
are £, E,, ..., Ey. Also, express the result in terms of the ¢’s, the £’s, and the ¢’s.

Calculate the overall efficiency of a baghouse consisting of three compartments
treating 9000 acfim of gas with an inlet loading of 4 gr/ft>. The first and third
compartments operate at a fractional efficiency of 0.995 while the second compart-
ment operates at a fractional efficiency of 0.990. What is the overall efficiency of the
baghouse if the flow and inlet concentration are evenly distributed? Also calculate
the efficiency if the following flow distribution exists:

Compartment g (acfm) ¢ (gr/ft%) E
1 2500 3.8 0.995
2 4000 4.25 0.990

3 2500 3.8 0.995
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Solution

Write the equation for the outlet concentration, ¢,,, from module 1 in terms of ¢, and
E:

Ey=1-(c/c1)
cio =cy(l —Ey)

The equation for the inlet mass flowrate to module, w1, is
ny = cq,
The equation for the outlet mass flowrate, m,, from module 1 is
my, = ¢ (1 — Ey)q,

For module i,

Ei=1-(cp/c)
Cio = (1 — E))
m; = cq;

m;, = (1 — E)q;

The equation for the overall efficiency, £, for modules 1,2, ..., N is then
Eot— X
2om

a1 -EDg + ol —E)gy + - + eyl — Ey)gy
cqr +eq, + -+ eoygy

1_2‘)‘(1 — E)g;

2.4

=1

The companion equation for the penetration P is
P_clqul +aPygy + -+ enPyy,
gy +eqx + -t engy

— ZciPiqi
Z g
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If the inlet concentrations ¢ to each module are equal, i.e.,
CL=C=--=Ccy=¢C

the ¢ terms can be factored out from the above equation for efficiency to yield

(U —Epg + (1 —Ey)g, +---+ (1 —Ey)gy
g1 t4q+-+qy

EFE=1

Note that the total volumetric flowrate ¢ is given by

9=q +q+ +tqy

Therefore,
g4 —EDg + (0 —E)g +---+ (1 — Ey)gy
q
—1— 2 (1 —E)g;
q
Equivalently,
P=1- 2 a:P;

q

Using the data provided in the problem statement, calculate the efficiency for the
situation where the flow is equally distributed with the same inlet loading. Since
q; = 3000 acfm for all modules,

_ (2)(3000)(1 — 0.995) + (1)(3000)(1 — 0.99)

E=1 9000

=0.9933 = 99.33%

If neither the flow nor concentration are uniformly distributed, the general equation
for the efficiency in a compartmentalized baghouse is used.

>l — E)g;

E=1-
Zciqi

Substituting (see data),

_ (2)(3.8)(2500)(1 — 0.995) + (1)(4.25)(4000)(1 — 0.99)

E=1 36,000

=0.9926 = 99.26%
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It can be seen that poor flow distribution causes the efficiency to decrease. With
much larger systems, this effect can end up being significant and may cause the
baghouse to be out of compliance.

BAG.4 BAGHOUSE COLLECTION

The dimensions of a bag in a filter unit are 8 in. in diameter and 15 ft long. Calculate
the filtering area of the bag. If the filtering unit consists of 40 such bags and is to
treat 480,000 ft*/h of gas from an open-hearth furnace, calculate the “effective”
filtration velocity in feet per minute and acfim per square foot of filter area. Also
calculate the mass of particles collected daily if the inlet loading is 3.1 gr/ft* and the
unit operates at 99.994% collection efficiency.

Solution

Assume the bag to be cylindrical in shape with diameter D and height 4. The total
area of the bag is

A = Acurved surface T Aftat top

= nDh + nD? /4
= n(E)(15) + n(3)*/4
=31.77f

The total area for 40 bags is
A = (40)(31.77) = 1271 f®
The filter velocity is then

, _ 9 _ (480,000/60)
T4 1271
= 6.30 ft/min

The calculation for acfm per square foot of filter area is the same.
Assuming 100% collection efficiency, the mass collected daily is

Mass collected = gc; = (480,000)(24)(3.1)/7000
= 5102 1b/day

Note that 7000 gr = 1 1b.
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BAG.5 ADVANTAGES AND DISADVANTAGES OF BAGHOUSES

Discuss the advantages and disadvantages associated with a baghouse.

Solution

Some of the advantages and disadvantages associated with employing a baghouse
for particulate control are listed below.
Advantages include:

. Moderate capital cost

Moderate operating cost

Extremely high collection efficiencies
Dry collection

GoB W

No resistivity problems
Disadvantages include:

Space requirements

Bag failure (to be discussed later)
. Explosion hazards

Temperature dependence

TSI NI

. Bag replacement

BAG.6 NUMBER OF BAGS, PRESSURE DROP, AND CLEANING
FREQUENCY

A calcium hydroxide plant is required to treat the exhaust “fume” generated from
the plant. The ash generated from the system is collected at the bottom of the
baghouse while the exhaust gas flow of 350,000 acfm enters the baghouse with a
loading of 6.0 gr/ft’. The air-to-cloth ratio is 8.0 and the operating particulate
collection efficiency is 99.3%. The maximum allowable pressure drop is 10 in. H,O.
The contractor’s empirical equation for the pressure drop is given by

AP = 030 + 4.0cv*¢

where AP = pressure drop in inches of water
v = filtration velocity in ft/min

¢ = dust concentration in Ib/ft® of gas
t =time in minutes since bags were cleaned
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1. How many cylindrical bags, 12 in. in diameter and 30 ft high will be needed?

2. The system is designed to begin cleaning when the pressure drop reaches
10.01in. H,O, its maximum allowable value. How frequently should the bags
be cleaned?

As particles are collected in the baghouse, the pressure drop across the fabric
filtering media increases. Due in part to fan limitations, the filter must be cleaned
at predetermined intervals. Dust is removed from the fabric by gravity and/or
mechanical means. The fabric filters or bags are usually tubular or flat. As
described earlier, the structure in which the bags hang is frequently referred to
as a baghouse. The number of bags in a baghouse may vary from a few to several
thousand. Quite often when great numbers of bags are involved, the baghouse
is compartmentalized so that one compartment may be cleaned while others are
still in service.

There are several equations provided in the literature to describe pressure drop in
a fabric filter system. The form most often used is

AP = APfabric + APcake = Kl v+ K2C2t

where AP =total pressure drop across both fabric and cake (in. H,O)
v =superficial velocity through the bag/cake (ft/min)
c=inlet particulate loading in gas (Ib/ft°)
t =elapsed time in filtering cycle (min)
K, =resistance coefficient for the bag (fabric) (in. H,O/[ft/min])
K, =resistance coefficient for the deposited dust (cake) (in. H,O/[(Ib/ ft')? .
min])

The size of a baghouse is primarily determined by the area of filter cloth required to
filter the gases. The choice of a filtration velocity (or its equivalent, the air-to-cloth
ratio (ACR or A/C) in actual cubic feet per minute of gas filtered per square foot of
filter area) must take certain factors into consideration. Although the higher
velocities are usually associated with the greater pressure drops, they also reduce
the filter area required. Practical experience has led to the use of a series of ACRs for
various materials collected and types of equipment. Ratios in current use range from
<1:1 to > 15:1. The choice depends on cleaning method, fabric, and character-
istics of the particles.

For the same cleaning efficiency, felted fabrics in pulse-jet baghouses are often
capable of higher air-to-cloth ratios than woven fabrics in reverse-air baghouses,
thereby requiring less filter cloth area and, consequently, less space for a given air or
gas volume. Woven fabrics in reverse-air baghouses usually have ACRs of 1:1 to
5:1; felted fabrics in pulse-jet baghouses usually have ratios of 3: 1 to 15: 1, or ratios
several times those of woven fabrics. This is balanced, though, by the higher cost of
the felt fabrics.
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Solution

Calculate the total required surface area 4 of the bags if the air-to-cloth ratio is 8.0:

A4 = Volumetric gas flowrate/Filtration velocity
= 350,000/8
= 43,750 ft*

Calculate the surface area of each bag, a4, and the number of the bags required, V:

a = nDL + nD?/4
= (n)(12/12)(30) + (n)(12/12)* /4
=95 ft
N =A/a
= 43,750/50
= 461 bags

Solve the pressure drop equation explicitly for the time:

AP = 0.30 + 4cv*t
t = (AP — 0.3v)/4cv?

The concentration ¢ is given by
¢ = 6.0/7000
=8.57 x 1074 Ib/f’
Solving for the time yields

__ 10-03®)
T (4)(8.57 x 10-4)(8)°
= 34.6 min

BAG.7 BAG FAILURE

A baghouse has been used to clean a particulate gas stream for nearly 30 years.
There are 600 8-in. diameter bags in the unit; 50,000 acfm of dirty gas at 250°F
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enters the baghouse with a loading of 5.0 gr/ft>. The outlet loading is 0.03 gr/ft’.
Local Environmental Protection Agency (EPA) regulations state that the outlet
loading should not exceed 0.4 gr/ft’. If the system operates at a pressure drop of 6 in.
of water, how many bags can fail before the unit is out of compliance? The
Theodore—Reynolds equation applies and all the contaminated gas emitted through
the broken bags may be assumed the same as that passing through the tube sheet
thimble.

The effect of bag failure on baghouse efficiency can be described by the
following equations:

Pt* =P + P
52 0.5
P = 0.528(AP)
¢
o =— 9
LD(T + 460)*°

where P{ = penetration after bag failure
P, = penetration before bag failure
P, = penetration correction term; contribution of broken bags to Py
AP = pressure drop, in. H,O
¢ = dimensional parameter
g = volumetric flowrate of contaminated gas, acfm
L =number of broken bags
D =bag diameter, in.
T = temperature, °F

For a detailed development of the above equation, refer to “Effect of Bag Failure on
Baghouse Outlet Loading,” Theodore and Reynolds, JAPCA, August 1979, 870—
872.

Solution

Calculate the efficiency £ and penetration P, before the bag failure(s):

E = (Inlet loading — Outlet loading)/(Inlet loading)
= (5.0 —0.03)/(5.0)
= 0.9940 = 99.40%

P,=1-0.9940
= 0.0060 = 0.60%
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The efficiency and penetration, Pf, based on regulatory conditions are

E=(50—-0.4)/5.0
= 0.9200 = 92.00%
P =1-10.9200
= 0.0800 = 8.00%

The penetration term, P, associated with the failed bags is then

P, =0.0800 — 0.0060
=0.0740

Write the equation(s) for P, in terms of the failed number of bags, L. Since

_ 0.528(AP)*°

"
and
¢= . 0.5
LDX(T + 460)
then,
9P

L= 05
(0.582)APO35D(T + 460)"

The number of bag failures that the system can tolerate and still remain in
compliance is now calculated:

B (50,000)(0.074)
(0.582)(6)"°(8)*(250 + 460)°°
=1.52

Thus, if two bags fail, the baghouse is out of compliance.

It is important to note that each bag in a set may have a different life as a result of
fabric quality, bag manufacturing tolerances, location in the collector, and variation
in the bag cleaning mechanism. Any one or a combination of these factors can cause
bags to fail. This means that a baghouse will experience a series of intermittent bag
failures until the failure rate requires total bag replacement. Typically, a few bags
will fail initially or after a short period of operation due to installation damage or
manufacturing defects. The failure rate should then remain very low until the
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operating life of the bags is approached, unless a unique failure mode is present
within the system. The failure then increases, normally at a near exponential rate.
Industry often describes this type of failure rate behavior as a “bathtub” curve. The
reader is referred to the Theodore tutorial titled Accident and Emergency Manage-
ment, ETS International, Roanoke, VA, 1998 for detailed information on system
accidents/failures.

The proper time to replace a broken bag depends on the type of collector and the
resultant effect on outlet emissions. In “inside bag collection” types of collectors, it
is very important that dust leaks be stopped as quickly as possible to prevent
adjacent bags from being abraded by jet streams of dust emitted from the broken
bag. This is called the “domino effect” of bag failure. “Outside bag collection”
systems do not have this problem, and the speed of repair is determined by whether
the outlet opacity has exceeded its limits. Often, it will take several broken bags to
create an opacity problem, and a convenient maintenance schedule can be employed
instead of emergency maintenance.

In either type of collector, the location of the broken bag or bags has to be
determined and corrective action taken. In a noncompartmentalized unit, this
requires system shutdown and visual inspection. In inside collectors, bags often
fail close to the bottom, near the tube sheet. Accumulation of dust on the tube sheets,
the holes themselves, or unusual dust patterns on the outside of the bags often
occurs. Other probable bag failure locations in reverse-air bags are near anticollapse
rings or below the top cuff. In shaker bags, one should inspect the area below the top
attachment. Improper tensioning can also cause early failure.

In outside collectors, which are normally top-access systems, inspection of the
bag itself is difficult; however, location of the broken bag or bags can normally be
found by looking for dust accumulation on top of the tube sheet, on the underside of
the top-access door, or on a blow pipe.

BAG.8 FREQUENCY OF BAG FAILURE

As a recently assigned plant engineer, you are asked to troubleshoot the plant’s
baghouse. The baghouse is used to collect the dust created in the manufacture of an
extremely expensive drug. The dust is collected and recycled into the main process.
Over the past 6 months (since the baghouse was installed) the amount of dust
collected has dropped off significantly without any change in the inlet loading. Since
the baghouse is operated on a round-the-clock basis, i.e., 24 h per day, 7 days per
week, the bags (for this unit) cannot be inspected to find the problem. The following
data have been collected:

Flowrate = 60,000 acfm (60°F)
Dust loading = 6.00 gr/ft>
Number of bags =500
Diameter of bags = 5.0 in.
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Pressure drop=9.1in. H,0

Months of Operation Amount Collected (Ib/h)

New 3054.9
1 2900.4
2 2808

3 2653.8
4 2530.2
5 2376

6 1789.8

Having recently attended a class on the effects of bag failures given by the foremost
authority in this field, you are asked to determine if the loss has been caused by
broken bags, and, if so, how many have broken every month.
Solution
First calculate the inlet loading (IL):
IL = (60,000)(6.0)(60)/(7000)
= 3085.71b/h

The calculations of the initial efficiency £ and penetration P follow:

E =3054.9/3085.7 = 0.99 = 99%

P—1-0.99=0.01 =1.0%
After the first month,

E* =2900/3085.7 = 0.94 = 94%

P*=1-0.94=0.06=6%
(* indicates that time has passed since baghouse installation).

The amount of increase in the penetration P, is
P, =0.06—-0.01 =0.05

Using the equation (See Problem BAG.7),
_ q
Ld(c 4 460)'2
I— q _ 60, 000
dD(t + 460)'/2  (35.1)(5)*(520)'/*
=2.998 ~ 3

¢ =351
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Similarly,

Month  P* (%) P, (%) ¢ L AL
1 6 5 35.1 3 3
2 9 8 21 5 2
3 14 13 15 7 2
4 18 17 105 10 3
5 23 22 75 14 4
6 42 41 42 25 11

The baghouse problem appears to be bag failure. Note that the efficiency drops
below 90% after just 2 months.

The reader should consider whether the bag failure distribution with time is
reasonable.

BAG.9 COLLECTION EFFICIENCY MODEL

Consider the situation where 50,000 acfin of gas with a dust loading of 5.0 grain/ft®
flows through a baghouse with an average filtration velocity of 10 ft/min. The
pressure drop is given by

AP = 0.200 + 5.0 c;v°t

where AP = pressure drop, in. of H,O
v = filtration velocity, ft/min
c; = dust concentration, Ib/ft’ of gas
¢t =time after bags were cleaned, min

The fan can maintain the volumetric flowrate up to a pressure drop of 5.0in. of
water. Show that the baghouse can be operated for 8.40 min between cleanings.

In an attempt to determine the efficiency of this unit at “terminal” conditions,
both the fabric and deposited cake (individually) were subjected to laboratory
experimentation. The following data were recorded:

Fabric alone: thickness = 0.1 in.

at 2=0.1245g/cm’

cloth

’ Concentration at 1 = 1.0 g/cm®
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Cake alone: time = 3.4043 min (end of cleaning cycle)

1 |

Using the Theodore and Reynolds collection efficiency model, determine the
overall efficiency at the start and end of a cleaning cycle.

The number of variables necessary to design a fabric filter is very large. Since
fundamentals cannot treat all of these factors in the design and/or prediction of
performance of a filter, this determination is basically left up to the experience and
judgment of the design engineer. In addition, there is no one formula that can
determine whether or not a fabric filter application is feasible. A qualitative
description of the filtration process is possible, although quantitatively the theories
are far less successful. Theory, coupled with some experimental data, can help
predict the performance and design of the unit.

As discussed previously, the state of the art of engineering process design for
baghouses is the selection of filter medium, superficial velocity, and cleaning method
that will yield the best economic compromise. Industry relies on certain simple
guidelines and calculations, which are usually considered proprietary information, to
achieve this. Despite the progress in developing pure filtration theory, and in view of
the complexity of the phenomena, the most common methods of correlation are
based on predicting a form of a final equation that can be verified by experiment. For
example, an equation that can be used for determining the collection efficiency of a
baghouse is (Introduction to Hazardous Waste Incineration by Santoleri, Reynolds,
and Theodore, Wiley-Interscience, 2000):

Concentration at 1 =1.0g/cm’
‘ at 2=0.0778 g/cm’

cake

E=1— ¢ Witen

where = constant (determined by experiment) based on the fabric (ft™ ', or units
consistent with L)
¢ = constant (determined by experiment) based on the cake (s~', or units
consistent with ¢)
t =time of operation to develop the cake thickness (s)
L = fabric thickness (ft)
E = collection efficiency (dimensionless)

Solution
Solve the equation for the pressure drop explicitly for ¢:
. AP —0.2v _ 5.0 —0.2(10)
Se;v? 5(5/7000)(10)*

= 8.4 min
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Evaluate the parameter y with units of ft ' and the parameter ¢ with units of min~ ':

In(c,/c;) = —yL
In(0.1245/1.0) = —(0.1/12)
Y =250 1!

In(c,/c;) = —¢t
In(0.0778/1.0) = —(8.4)

¢ = 0.304 min~!

Calculate the efficiency at the end of the filtering (cleaning) cycle.

E=1-¢ Ve ¥

1 — e—(250)(0.1/12)e—(0.304)(8.4)

= 0.9903
= 99.03% (at end of cleaning cycle)

Also calculate the efficiency at the start of the filtering (cleaning) cycle:

E=1-(0.1245)(1) t=0
= 0.8755
= 87.55% (at start of cycle)

The reader should note that ¢ and \ are modified inertial impaction numbers based
on the cake and fabric, respectively. Unfortunately, this key equation has been totally
ignored by responsible EPA individuals in this field. Taxpayers’ dollars continue (for
over a dozen years) to be provided to contractors whose research efforts have
produced little, if any, usable results in developing quantitative equations to describe
collection efficiency.

Using the above model, one can show that the exit concentration (w,) for the
combined resistance system (the fiber and the cake) is

W, = w,e—WL+00)

where w, = exit concentration; units consistent with w;
w; =inlet concentration
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BAG.10 FILTER BAG FABRIC SELECTION

It is proposed to install a pulse-jet fabric filter system to clean an airstream
containing particulate pollutants. You are asked to select the most appropriate
filter bag fabric considering performance and cost. Pertinent design and operating
data, as well as fabric information, are given below.

Volumetric flowrate of polluted airstream = 10,000 scfm (60°F, 1 atm)
Operating temperature = 250°F

Concentration of pollutants = 4.00 gr/ft>

Average ACR = 2.5 cfim/ft* cloth

Collection efficiency requirement = 99%

Filter Bag A B C D

Tensile strength Excellent Above average Fair Excellent

Recommended maximum 260 275 260 220
temperature (°F)

Resistance factor 0.9 1.0 0.5 0.9

Cost per bag, ($) 26 38 10 20

Standard size 8in. x 16 ft 10in. x 16 ft 1ftx 16ft 1ftx20ft

Note: No bag has an advantage from the standpoint of durability under the operating
conditions for which the bag was designed.

Solution

A wide variety of woven and felted fabrics are used in fabric filters. Clean felted
fabrics are more efficient dust collectors than woven fabrics, but woven materials are
capable of giving equal filtration efficiency after a dust layer accumulates on the
surface. When a new woven fabric is placed in service, visible penetration of dust
may occur until buildup of the cake or dust layer. This normally takes from a few
hours to a few days for industrial applications, depending on dust loadings and the
nature of the particles.

When using woven fabrics, care must be exercised to prevent overcleaning so as
not to completely dislodge the filter cake; otherwise, efficiency will drop. Over-
cleaning of felted fabrics is generally impossible because they always retain
substantial dust deposits within the fabric. Felted fabrics require more thorough
cleaning methods than woven materials. If felted fabrics are used, filter cleaning is
limited to the reverse-pulse method. When woven fabrics are employed, any cleaning
technique may be used. Woven fabrics are available in a greater range of temperature
and corrosion-resistant materials than felts and, therefore, cover a wider range of
applications.
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Bag D is eliminated since its recommended maximum temperature (220°F) is
below the operating temperature of 250°F. Bag C is also eliminated since a pulse-jet
fabric filter system requires the tensile strength of the bag to be at least above
average.

Consider the economics for the two remaining choices. The cost per bag is
$26.00 for A and $38.00 for B. The gas flowrate and filtration velocity are

250 + 460
= 10,000( =T
T =0 ( 60 + 460 )

= 13,654 acfim

ve = 2.5 cfm/ft? cloth

= 2.5 ft/min
The filtering (bag) area is then
Ac = q/vf
= 13,654/2.5
= 5,462

For bag A, the area and number, N, of bags are

A = nDh
= n(E)(16)
=33.5f

N =44
= 5,462/33.5
=163

For bag B:

A = n(19)(16)
=419 f?

N =5462/41.9
=130
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The total cost (TC) for each bag is as follows:

For bag A:
TC = N (cost per bag)
= (163)(26.00)
= $4,238
For bag B:

TC = (130)(38.00)
= $4,940

Since the total cost for bag A is less than bag B, select bag A.



17 Venturi Scrubbers (VEN)

VEN.1 POWER REQUIREMENTS FOR A VENTURI SCRUBBER

Calculate the power requirement of a venturi scrubber treating 380,000 acfm of gas
and operating at a pressure drop of 60in. H,O.

Solution

The gas horsepower may be calculated from

q AP
~ 6356
(380,000)(60)
T 6356
= 3587 hp

= acfm AP =in.H,0

Alternately, the following equation may be used:

P; = 0.157 AP
= 0.157 (60)
= 9.42 hp/1000 acfm

Thus, the power would be

(9.42 hp,/1000 acfm)(380,000 acfm) = 3580 hp

To determine the brake horsepower, the gas horsepower must be divided by the fan
efficiency. Assuming a fan efficiency of 60%, the operating brake horsepower would
be

Brake hp = 3580/0.60
= 5970 hp

341
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VEN.2 COLLECTION EFFICIENCY

A venturi scrubber is employed to reduce the discharge of fly ash to the atmosphere.
The unit is presently treating 215,000 acfm of gas, with a concentration of
425 gr/ft*, and operating at a pressure drop of 32in. H,O. Experimental studies
have yielded the following particle size collection efficiency data:

Particle Diameter (nm) Weight Fraction w, Collection Efficiency (%)

5 0.00 30
10 0.00 42
20 0.02 86
30 0.05 93
50 0.08 97
75 0.10 98.7
100 0.75 99.9+

Estimate the overall collection efficiency of the unit.

Solution

The overall efficiency of the unit can be calculated from
Er =} wik;

The solution is presented in tabular form below:

Particle Diameter Weight Fraction Collection Efficiency

(um) W, E (%) wiE; (%)
5 0.00 30 0.00
10 0.00 42 0.00
20 0.02 86 1.72
30 0.05 93 4.65
50 0.08 97 7.76
75 0.10 98.7 9.87
100 0.75 99.94+ 75.00
Er=99.00

VEN.3 DISCHARGE FROM A VENTURI SCRUBBER

With reference to Problem VEN.2, calculate the daily mass (in tons) of fly ash
collected by the scrubbing liquid and discharged to the atmosphere. Also obtain the
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particle size distribution of the fly ash collected and discharged to the atmosphere.
Comment on the results.

Solution

The total mass entering is

Mace. (42520 (215,00087) (60min) (24 h) ( 1o \( lton
Sin =\ T min h )\ day /\7000¢r/\ 200016

= 93.968 = 94 tons/day
Mass gjiected = (0.99)(94) = 93 tons/day

Mass jischarged = 94 — 93 = 1 ton/day

With regard to the particle size distribution calculations, the results are presented in
tabular form.

Particle Weight Mass Mass Mass
Diameter Fraction Entering Collected Discharged
(um) W, E (%) (tons/day) (tons/day) (tons/day)
5 0.00 30 0.00 0.00 0.00
10 0.00 42 0.00 0.00 0.00
20 0.02 86 1.88 1.62 0.26
30 0.05 93 4.70 437 0.33
50 0.08 97 7.52 7.30 0.22
75 0.10 98.7 9.40 9.28 0.12
100 0.75 99.9 70.50 70.43 0.07
M 94.00 93.00 1.00

The weight fractions, w;, for the collected and discharged streams are given
below.

Particle Diameter (pm) W, Collected Mass W, Discharged Mass

5 0.000 0.00
10 0.000 0.00
20 0.017 0.26
30 0.047 0.33
50 0.078 0.22
75 0.100 0.12

100 0.757 0.07

) 0.999 1.00
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VEN4 LIQUID DROPLET SIZE
The following data were collected using a bench-scale venturi scrubber:

Gas rate = 1.56 ft*/s
Liquid rate = 0.078 gal/min
Throat area = 1.04in.”

Estimate the average liquid droplet size in the scrubber. Repeat the calculation using
a simplified equation.

Solution

The size of the droplets generated in scrubber units affects both the collection
efficiency and pressure drop, i.e., small droplet sizes requiring high-pressure
atomization give greater collection efficiencies. Various correlations are available
in the literature to estimate the mean liquid drop diameter from different types of
atomizers under different operating conditions. These correlations are applicable to
fluids within a certain range of operating conditions and properties such as the
volume ratio of liquid to gas, the relative velocity of gas to liquid, the type of nozzle,
the surface tension of the liquid, etc. In using one of these correlations to estimate
droplet diameter, it is important to select a correlation that takes these factors into
consideration.

The empirical relationship of Nukiyama and Tanasawa (NT) is probably the best
known and the most widely used to predict the average droplet size in pneumatic
(gas-atomized) sprays. In this type of spray the stream of liquid is broken up or
atomized by contact with a high-velocity gas stream. The original NT relationship is

given by
0.45
1920 1/2 ’ L/ 1.5
dy = ( )(i) + 5o (1000 —,)
Ur PL (opy) G

where d, = average surface volume mean droplet diameter, pm
v, =relative velocity of gas to liquid, ft/s
o = liquid surface tension, dyn/cm
pp, = liquid density, g/cm’
. =liquid viscosity, P
L' /G’ =ratio of liquid-to-gas volumetric flowrates at the venturi throat

For water scrubbing systems, one may use
o =72dyn/cm
p, = 1.0g/cm’
p = 0.00982 Pa



VEN.4 LIQUID DROPLET SIZE 345

This equation reduces to the following expression for standard air and water in a
venturi scrubber:

dy = (16,400/v) 4 1.45 R'?

where v = gas velocity at venturi throat, ft/s
R =ratio of liquid-to-gas flowrates, gal/1000 actual ft’

From the given data,

G =1.561t/s
L' = (0.078 gal/min)(1 ft> /7.48 gal)(1 min/60 s)
=174 x 107*1/s

A=1.04in? =722 x 107 f
The gas velocity is

vg = G'/4 =1.56/7.22 x 1073
=2161t/s

The liquid velocity is

vy =L/4=174 x 1074722 x 1073
= 0.0241 /s

The relative velocity is
U, = Ug — UL = Vg = 216ft/s

Using the Nukiyama and Tanasawa correlation for droplet diameter,

1920\ { o \'/? g\ \"?
dy = ( )(—) +(5.97) —,—Llﬁ (1000 5)
Ur L (o)

1920\ /72 /? 0.00982 \°* 1.74 x 1079\ "°
Z(WXT) +(5'97)([(72)0)]‘/2) ((IOOO) 1.56 )

=754um
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The ratio of liquid-to-gas flow rates is

_ (0.078 gal/min)(1 min/60 s)(1000)
B (1.56 %/ 5)
= 0.833 gal/1000 acf

R

Using the simplified equation gives

dy = (16,400/v) + 1.45R'?
= (16,400/216) + 1.45 (0.833)"
=77.03um

VEN.5 PRESSURE DROP

Using the data provided in Problem VEN.4, estimate the pressure drop across the
bench-scale unit. Use both the Theodore and Calvert equations.

Solution

The pressure drop for gas flowing through a venturi scrubber can be estimated from
knowledge of liquid acceleration and frictional effects along the wall of the
equipment. Frictional losses depend largely on the scrubber geometry and usually
are determined experimentally. The effect of liquid acceleration is, however,
predictable. An equation (developed by Calvert) for estimating pressure drop
through venturi scrubbers (given as a function of throat gas velocity and liquid-to-
gas ratio) assuming that all the energy is used to accelerate the liquid droplets to the
throat velocity of the gas is

AP =5 x 1070 ’R

where AP is the pressure drop, in. H,O, v is the gas velocity, ft/s, and R is the liquid-
to-gas ratio, gal/1000acf. Another somewhat simpler equation that applies over a
fairly wide range of values for R is given below (L. Theodore, personal notes):

AP =0.8+0.12R

where AP’ is a dimensionless pressure drop equal to the pressure drop divided by the
density and velocity head (v*/2g,).
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Using the Calvert equation to estimate the pressure drop,

AP = (5 x 107°)(216)*(0.833)
= 1.943in. H,0

Using Theodore’s equation,

AP = 0.8 + (0.12)(0.833)
= 0.90

Thus,

AP = (0.90)(t*/2g.)p

2162

= (0.9) (M>(O.O775)

= 50.5psf
Since 1 psf=10.1922in. H,0,
AP =9.71in.H,0O

The Calvert equation significantly underpredicts the pressure drop at low values of
R. Note that this equation fails when R is zero.

VEN.6 THROAT AREA

A consulting firm has been requested to calculate the throat area of a venturi
scrubber to operate at a specified collection efficiency.

To achieve high collection efficiency of particulates by impaction, a small droplet
diameter and high relative velocity between the particle and droplet are required. In a
venturi scrubber this is often accomplished by introducing the scrubbing liquid at
right angles to a high-velocity gas flow in the venturi throat (vena contracta). Very
small water droplets are formed, and high relative velocities are maintained until the
droplets are accelerated to their terminal velocity. Gas velocities through the venturi
throat typically range from 12,000 to 24,000 ft/min. The velocity of the gases alone
causes the atomization of the liquid.

Perhaps the most popular and widely used venturi scrubber collection efficiency
equation is that originally suggested by Johnstone:

E=1—¢ "
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where E = fractional collection efficiency
k = correlation coefficient whose value depends on the system geometry and
operating conditions, typically 0.1-0.2, 1000 acf/gal
R =g, /g5 =liquid-to-gas ratio, gal/1000 acf
V= Cppvdg /18d u, the inertial impaction parameter
p, = particle density, 1b/ ft’
v=gas velocity at venturi throat, ft/s
d,, = particle diameter, ft
d, = droplet diameter, ft
1 = gas viscosity, (Ib/ft - s)
C = Cunningham correction factor

Note: Some engineers define ¥ as

2
v = Cpyvd,
9dop

This change is reflected in the correlation coefficient, k.
Pertinent data are given below.

Volumetric flowrate of process gas stream = 11,040 acfm (at 68°F)
Density of dust= 187 Ib/ft’

Liquid-to-gas ratio = 2 gal/1000 ft*

Average particle size =3.2 pm (1.05 x 107 ft)

Water droplet size =48 um (1.575 x 10 * ft)

Johnstone scrubber coefficient, £ =0.14

Required collection efficiency = 98%

Viscosity of gas=1.23 x 10 ~ > Ib/(ft - s)

Cunningham correction factor=1.0

Solution

Calculate the inertial impaction parameter, i, from Johnstone’s equation:

E=1- """

0.98 = 1 — e~ C19¥""

Solving for v,

W = 1952
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From the calculated value of yy above, back calculate the gas velocity at the venturi
throat, v:

= ppdy
18yt
o _ 18do _ (18)(195.2)(1.575 x 1074)(1.23 x 1075)
ppd3 (187)(1.05 x 10-5)?
= 330.2 ft/s

Calculate the throat area, S, using gas velocity at the venturi throat, v:
S = g/v = (11,040)/{(60)(330.2)]
= 0.557 ft*

VEN.7 THREE VENTURI SCRUBBERS IN SERIES

Three identical venturi scrubbers are connected in series. If each operates at the same
efficiency and liquid-to-gas ratio, q; /¢, calculate the liquid-to-gas ratio, assuming
the Johnstone equation to apply. Data are provided below.

E, (overall)=99%

Inlet loading =200 gr/ft>

Johnstone scrubber coefficient, k = 0.14
Inertial impaction parameter, ¥ = 105

Solution
First calculate the outlet loading (OL) from the last unit:
OL=IL(1—-E,)
=200 (1 -0.99
=2.0gr/f

Express the individual and overall efficiencies in terms of the penetration P:

Py=1-E,=1-0.99=0.01
P, =1-E,
P,=1-E
Py =1-E,
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Calculate the individual efficiency for each venturi scrubber, noting that the
efficiencies (or penetrations) are equal:

P0:P1P2P3:P3

P =0.01

P=0.215

E=1-P
=1-0215

=0.785=78.5%

Using the Johnstone equation, solve for the liquid-to-gas ratio, ¢, /q¢:

In(l — E) = —k ‘]_L) 0.5
n(l — E) (q ¢

G

((I_L) _ _In(1—E)  In(l —0.785)
T k™ (0.14)(105)°°

96
= 1.07 gal/1000 acf
= 1.07 gpm/1000 acfm

VEN.8 COMPLIANCE CALCULATIONS ON A SPRAY TOWER

Contact power theory is an empirical approach relating particulate collection
efficiency and pressure drop in wet scrubber systems. The concept is an outgrowth
of the observation that particulate collection efficiency in spray-type scrubbers is
mainly determined by pressure drop for the gas plus any power expended in
atomizing the liquid. Contact power theory assumes that the particulate collection
efficiency in a scrubber is solely a function of the total power loss for the unit. The
total power loss, %7, is assumed to be composed of two parts: the power loss of the
gas passing through the scrubber, #;, and the power loss of the spray liquid during
atomization, %;. The gas term can be estimated by

P =0.157 AP

where Z,; is the contacting power based on gas stream energy input in hp/1000 acfm
and AP is the pressure drop across the scrubber in inches of water. In addition,

P, = 0.583 P (qL/q6)

where &, is the contacting power based on liquid stream energy input in
hp/1000 acfm, P; is the liquid inlet pressure in psi, ¢; is the liquid feed rate in
gal/min, and ¢ is the gas flowrate in ft*/min. Then

'@T=QG+QL
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To correlate contacting power with scrubber collecting efficiency, the latter is best
expressed as the number of transfer units. The number of transfer units is defined by
analogy to mass transfer and given by

1.0
N‘zln(l —E)

where N, is the number of transfer units, dimensionless, and E is the fractional
collection efficiency, dimensionless. The relationship between the number of transfer
units and collection efficiency is by no means unique. The number of transfer units
for a given value of contacting power (hp/1000 acfm) or vice versa varies over nearly
an order of magnitude. For example, at 2.5 transfer units (£ = 0.918), the contacting
power ranges from approximately 0.8 to 10.0hp/1000 acfm, depending on the
scrubber and the particulate.

For a given scrubber and particulate properties, there will usually be a very
distinct relationship between the number of transfer units and the contacting power.
The number of transfer units for a series of scrubbers and particulates is plotted
against total power consumption; a linear relation, independent of the type of
scrubber, is obtained on a log-log plot. The relationship could be expressed by

N = ocg’@

where o and f are the parameters for the type of particulates being collected and the
scrubber unit.

A vendor proposes to use a spray tower on a lime kiln operation to reduce the
discharge of solids to the atmosphere. The inlet loading is to be reduced to meet state
regulations. The vendor’s design calls for a certain water pressure drop and gas
pressure drop across the tower. You are requested to determine whether this spray
tower will meet state regulations. If the spray tower does not meet state regulations,
propose a set of operating conditions that will meet the regulations. The state
regulations require a maximum outlet loading of 0.05 gr/ft’>. Assume that contact
power theory applies. Operating and design data are provided:

Gas flowrate = 10,000 acfm

Water rate = 50 gal/min

Inlet loading = 5.0 gr/ft®

Maximum gas pressure drop across the unit=15in. H,O
Maximum water pressure drop across the unit = 100 psi

The vendor’s design and operating data are also available:
o =147
f=1.05
Water pressure drop = 80 psi

Gas pressure drop across the tower = 5.0in. H,O
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Solution

Calculate the contacting power based on the gas stream energy input, %, in
hp/1000 acfm:

P = (0.157) AP
= (0.157)(5.0)
= 0.785 hp/1000 acfm

Calculate the contacting power based on the liquid stream energy input, &;, in
hp/1000 acfm:

P = 0.583P(q1/96)
= (0.583)(80)(50/10,000)
= 0.233 hp/1000 acfm

The total power loss, Z7, in hp/1000 acfm is then

Pr=P+N
=0.785 4+ 0.233
= 1.018 hp/1000 acfm

The number of transfer units, V,, is

N, = a2}
= (1.47)(1.018)"%
=1.50

The collection efficiency can be calculated based on the design data given by the

vendor:
1.0
N, = ln(1 — E)

or

E=l—eM=1-¢"'%

=77.7%
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The collection efficiency required by state regulations, E, is

£ - Inlet loading — Outlet loading
s Inlet loading
5.0 -0.05
50
=99.0%

(100)

(100)

Since E; > E, the spray tower does not meet the regulations.
One may now propose a set of operating conditions that will meet the regulations:

1.0 1.0
M= l“(l - E) = l“(l - 0.99)

= 4.605
The total power loss, #r, in hp/1000 acfm is

N, = o 24
4.605 = (1.47)(#)" "

Solving for #;

Pr = 2.96 hp/1000 acfm

Calculate the contacting power based on the gas stream energy input, %, using a
AP of 15in. H,O:

P =0.157 AP
= (0.157)(15)
= 2.355hp/1000 acfm

The liquid stream energy input, 2y , is then

PL=P1—Pg
=2.96 —2.355
= 0.605 hp/1000 acfm
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Calculate ¢; /qg, in gal/acf, using P, in psi:

/96 = ZL/1(0.583)(P)]
= (0.605)/[(0.583)(100)]
=0.0104

The new water flow rate, g; in gal/min, is therefore

gL = (qL/9¢)(10,000 acfm)
= (0.0104)(10,000 acfm)
= 104 gal/min

The new set of operating conditions that will meet the regulations are

AP = 15in. H,0
PL = 100psi

q1. = 104 gal/min

Pr = 2.96hp/1000 acfim

Unlike the Johnstone equation approach, this method requires specifying two
coefficients. The validity and accuracy of the coefficients available from the
literature for the contact power theory equations have been questioned. Some
numerical values of « and S for specific particulates and scrubber devices are

provided below.

Aerosol Scrubber Type o Ji
Raw gas (lime dust and soda fume) Venturi and cyclonic spray 147  1.05
Prewashed gas (soda fume) Venturi, pipe line, and cyclonic spray 0.915 1.05
Talc dust Venturi 297 0362
Black liquor recovery furnace fume Venturi and cyclonic spray 1.75  0.620
Phosphoric acid mist Venturi 133 0.647
Foundry cupola dust Venturi 1.35  0.621
Open-hearth steel furnace fume Venturi 126  0.569
Talc dust Cyclone 1.16  0.655
Ferrosilicon furnace fume Venturi and cyclonic spray 0.870 0.459
Odorous mist Venturi 0363 141
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VEN.9 CALCULATIONS ON A VENTURI SCRUBBER

A venturi scrubber is being designed to remove particulates from a gas stream. The
maximum gas flowrate of 30,000 acfm has a loading of 4.8 gr/ft’. The average
particle size is 1.2 pm and the particle density is 200 Ib/ft>. Neglect the Cunningham
correction factor. The Johnstone coefficient, &, for this system is 0.15. The proposed
water flowrate is 180 gal/min and the gas velocity is 250 ft/s.

1. What is the efficiency of the proposed system?

2. What would the efficiency be if the gas velocity were increased to 300 ft/s?

3. Determine the pressure drop for both gas velocities. Assume Calvert’s
equation to apply.

4. Determine the daily mass of dust collected and discharged for each gas
velocity.

5. What is the discharge loading in each case?

Solution

1. The ratio of liquid-to-gas flowrates is given by
R = (180)(1000)/(30,000)
= 6.0 gal/1000 acf = 6.0 gpm/acfm
and
vg = 250ft/s
-6
dy=12pm=3.937x 107" ft
p, = 2001b/ft’
pw=123x 107 b/(ft-s)
Assume the Nukiyama-Tanasawa (NT) equation to apply:
dy = (16,400/v) 4+ 1.45 R'?
= (16,400/250) + 1.45 (6.0)"
= 86.91 um
_ d2p,v
! Sud,
_(3.937 x 107%)%(200)(250)
T(9)(1.23 x 10-5)(2.85 x 10—4)

= 24.56

E=1-¢" VM
=1= e—(O.lS)(G)\/24.56

= 0.9884 = 98.84%
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2. If v were increased to 300 ft/s,
dy = (16,400/300) + 1.45(6.0)'"
= 7598 um

(3937 x 107%)*(200)(300)
~ (9)(1.23 x 105)(2.85 x 10-%)

=29.48

Ny

E=1-— e—(O.lS)(6)\/29.48

=99.24%

3. The pressure drops are given by (see Problem VEN.S)

AP, = (5 x 1075)(250)*(6) = 18.75 in. H,0
AP, = (5 x 107°)(300)*(6) = 27 in. H,0

4. The total mean loading, TML, is

TML = (4.8 gr/ft*)(30,000)(60)(24)/7000
= 29,6001b/day = 14.81 tons/day

For v = 250 ft/s,

Dust collected = (0.9884)(29,600)
= 29,300 Ib/day

Dust discharged = 344 1b/day
For v = 300 1t/s,

Dust collected = (0.9924)(29,600)
= 29,4001b/day

Dust discharged = 225 Ib/day
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5. The discharge loading (DL) for v = 250 ft/s is
DL = (4.8)(1 — E) = (4.8)(1 — 0.9884)
= 0.056 gr/ft’

and for v = 300 ft/s is

DL = (4.8)(1 — E) = (4.8)(1 — 0.9924)
= 0.036 gr/ft°

VEN.10 OPEN-HEARTH FURNACE APPLICATION

The installation of a venturi scrubber is proposed to reduce the discharge of
particulates from an open-hearth steel furnace operation. Preliminary design
information suggests water and gas pressure drops across the rubber of 5.0 psia
and 36.0in. of H,O, respectively. A liquid-to-gas ratio of 6.0 gpm/1000 acfm is
usually employed with this industry. Estimate the collection efficiency of the
proposed venturi scrubber. Assume contact power theory to apply with « and f
given by 1.26 and 0.57, respectively. Recalculate the collection efficiency if the
power requirement on the liquid side is neglected.

Solution

Due to the low water pressure drop, it can be assumed that
Pg > P Py~ Pg
with
Ps =0.157 (AP)
Solving for #; gives
P = (0.157)(36)
= 5.65hp/1000 acfm

The number of transfer units is calculated from

N, = o4
= (1.26)(5.65)>7
=3.38
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The collection efficiency can now be calculated:

1
N, =338=1
A 38 n(l—E)

E =0.966 = 96.6%

Since the power requirement on the liquid side is neglected, the efficiency remains
the same.
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HYB.1 DESCRIPTION OF HYBRID SYSTEMS

Briefly describe hybrid systems.

Solution

Hybrid systems are defined as those types of control devices that involve combina-
tions of control mechanisms, for example, fabric filtration combined with electro-
static precipitation. Unfortunately, the term hybrid system has come to mean
different things to different people. The two most prevalent definitions employed
today for hybrid systems are:

1. Two or more pieces of different air pollution control equipment connected in
series, e.g., a baghouse followed by an absorber.

2. An air pollution control system that utilizes two or more collection mechan-
isms simultaneously to enhance pollution capture, e.g., an ionizing wet
scrubber (IWS), which will be discussed shortly.

HYB.2 DRY SO, SCRUBBER

Estimate the water requirement of a spray dryer (dry SO, scrubber) at a coal-fired
incineration facility that treats 150,0001b/h of a flue gas at 2180°F. Assume an
approach temperature to the adiabatic saturation temperature (AST) of 40°F. The
AST can be assumed to be 180°F.

Solution

A spray dryer flue gas desulfurization (FGD) operation consists of four major steps:

1. Absorbent preparation
2. Absorption and drying
3. Solids collection

4. Solids disposal

359
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Flue gas exiting the process (usually the combustion air preheater) comes in contact
with an alkaline—water solution in a spray dryer. The flue gas passes through a
contact chamber, and the solution or slurry is sprayed into the chamber with a rotary
or nozzle atomizer. The heat of the flue gas evaporates the water in the atomized
droplets while the droplets absorb SO, from the flue gas. The SO, reacts with the
alkaline reagent to form solid-phase sulfite and sulfate salts. Most of the solids (and
any fly ash present) are carried out of the dryer in the exiting flue gas. The rest fall to
a hopper at the bottom of the dryer. With spray drying, in contrast to wet FGD, the
flue gas is not saturated with moisture after the absorption step. However, the gas
approaches within 20-50°F (11-28°C) of the adiabatic saturation temperature
(AST). The water requirement to “cool” the gases to a temperature approaching
the AST is an important design and operational requirement.

Note: Normally, cooling by liquid quenching is essentially accomplished by
introducing a liquid (usually water) directly to the hot gases. When the water
evaporates, the heat of vaporizing the water is obtained at the expense of the hot
combustion gas, resulting in a reduction in the gas temperature. The temperature of
the combustion gases discharged from the unit is at the adiabatic saturation
temperature of the combustion gas if the operation is adiabatic and the gas leaves
the unit saturated with water vapor. (A saturated gas contains the maximum water
vapor possible at the temperature; any increase in water content will result in
condensation.) Simple calculational and graphical procedures are available for
estimating the adiabatic saturation temperature of a gas (see Introduction to
Hazardous Waste Incineration, Santoleri, Reynolds, and Theodore, Wiley-
Interscience, 2000).

For hot combustion gases being cooled approximately 2000°F, the quench water
requirement may be estimated by (personal notes, L. Theodore)

— 1
Wyater = Ewﬂue

where W, Wie are the water and flue gas flow rates, respectively, in consistent
units. The AST of most combustion gases is approximately 175°F.

Calculate the discharge temperature 7' from the spray dryer section of the dry
scrubber:

T =40+ AST
=40 + 180 = 220°F

The dry scrubber water requirement rate is approximately

Wyater = %Wﬂue
= (0.5)(150,000)
— 75,000 1b/h
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HYB.3 LIME REQUIREMENT FOR A SPRAY DRYER

Combustion of a hazardous waste produces 15,000 acfm of flue gas at 700°F and
1 atm. You have been asked to calculate lime requirements for this process. HCI and
SO, concentrations are 10,000 and 250 ppm, respectively. HCl must be controlled to
99% collection efficiency or 41b/h. SO, emissions are to be controlled at 70%
collection efficiency. A spray dryer is used to control the HC] and SO, emissions.
Ca(OH), is the sorbent that will react with HCI and SO, to form CaCl, and CaSO,,
respectively. Assume that it is necessary to provide 10% excess lime feed for the
required HC! removal and 30% excess lime feed for total SO, removal.

What is the required feed rate of Ca(OH),? What is the total mass production rate
of solids from the spray dryer? Assume that the excess solids in the spray dryer are
Ca(OH),. Also size the spray dryer if the residence time (based on actual inlet
conditions) is 10s and the length-to-diameter ratio of the unit is 1.75 (neglecting
hopper volume).

Solution

Determine the mass flowrates of HCI and SO, in the flue gas:

PV = nRT
Pq = hRT

i = n(MW) = Pg(MW)/RT

(1 atm)(0.01)(15,000 acfm)(36.5 Ib/Ibmol)

m =
R ™ 10,7302 atm - 82 /(Ibmol - °R)] (460 + 700°R)(1 h/60 min)
= 387.81bHCI/h
. (1 atm)(0.00025)(15,000 acfim)(64 Ib/Ibmol)
S0, =

[0.7302 atm - ft* /(Ibmol - °R)] (460 + 700°R)(1 h/60 min)
= 17.01bSO,/h

Determine  which  appropriate  regulation applies for HCI control;
(0.01)(387.81b/h) = 3.88Ib/h which is less than 4 1b/h. Therefore, the 4 Ib/h rule
applies.

Write the two balanced chemical reaction equations (one for HCI and one for
SO,):

1
1.3Ca(OH), + 80, + 50, — CaSO4 + H,0 +0.3Ca(OH),

1.1Ca(OH), + 2HCl — CaCl, + 2H,0 + 0.1Ca(OH),
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Determine the molar amount of Ca(OH), needed for neutralization. SO, removal
requires 1.3mol lime/mol SO,, while HCI removal requires 1.1/2 or 0.55mol
lime/mol HCI.

Determine the feed rate of Ca(OH), required in lbmol/h:

Lime feed rate — ( 1716 SO,/ h )(1.3 Ibmol llme)

64 b SO, /Ibmol Ibmol SO,

(387.3 — 4.0)Ib HCI/ b\ /0.55 Ibmol lime
36.45 Ib HCI/Ibmol Ibmol HCI

= 6.13 Ibmol lime/ h

Calculate the Ca(OH), feed rate in Ib/h:

Lime feed rate = (6.13)(74)
=4531b/h
Determine the production rate of CaSO, solids in Ib/h. There is one mol of CaSO,
produced per mol of SO, reacted. Since 70% of the SO, reacts,
Production rate of CaSO, = (17)(0.7)/64 = 0.1861bmol/ h
= (0.186)(136) = 25.31b/h
Determine the CaCl, produced in Ib/h. One mole of CaCl, is produced per 2 mol of
HCI reacted; 4 1b HCI are not reacted:
Production rate = (387.3 — 4.0)(0.5)/36.45 = 5.258 Ibmol/h
=(5.258)(110.9) = 583.11b/h
Determine the unreacted Ca(OH), remaining in Ib/h. One mol of Ca(OH), is
required to react in the production of either 1 mol of CaSO, or 1 mol of CaCl,. Using
previous results,
Ca (OH), unreacted = 6.12 — 5.258 — 0.186 = 0.676 lbmol/h
= (0.676)(74) = 50.01b/h

Calculate the total solids produced in 1b/h:

Total solids = CaCl, + CaSO, 4+ Ca(OH), (unreacted)
=583.1425.34+50.0
= 658.41b/h
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Calculate the volume of the spray dryer in ft:
V = (15,000)(10)/(60)
= 2500 ft’
Size the spray dryer. Assume a cylindrical shape with L =length and D = diameter.
V =nD*L/4
Noting that L has been specified to be 1.75D,
V = nD*(1.75D)/4

D = (2500)(4)/(n)(1.75)
= 1818.9f

D=1221%

L = (1.75)(12.2)

HYB.4 SPRAY DRYER VS. WET SCRUBBER

List the advantages the spray dryer has over traditional wet scrubbers.

Solution
Among the inherent advantages that the spray dryer enjoys over wet scrubbers are
Lower capital costs

Lower draft losses
Reduced auxiliary power

PR

Reduced water consumption, with liquid-to-gas (L/G) ratios significantly
lower than those of wet scrubbers

S. Continuous, two-stage operation

HYB.5 WET ELECTROSTATIC PRECIPITATOR (ESP) DESIGN

An exhaust stream from an industrial operation with a particulate loading of
5.0gr/ft> and a flowrate of 660acfm is to be treated with a wet tubular ESP.
Based on the data provided below, design the unit.
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Outlet loading (required) = 0.08 gr/ft’
Migration (drift) velocity = 0.52 ft/s
Cylindrical tube diameter =6 in.

Suggested average throughput velocity =3 ft/s
Water requirement = 10 gal/(min - tube)

Assume the Deutsch—Anderson equation to apply.

Tubular precipitators, generally used for collecting mists or fogs, consist of
cylindrical collection electrodes with discharge electrodes located in the center of the
cylinders. Dirty gas flows into the cylinder where precipitation occurs. The
negatively charged particles migrate to and are collected on grounded collecting
tubes. The collected dust or liquid is removed by washing the tubes with water
sprays located directly above the tubes. (These precipitators have also been referred
to as water-walled ESPs.) Tube diameters typically vary from 0.5 to 1 ft (0.15 to
0.31m), with length usually ranging from 6 to 15ft (1.85 to 4.6 m).

Solution

The required collection efficiency E is

E = (5.0 — 0.08)/5.0
— 0.984 = 98.4%

Apply the DA equation and calculate the required collection area:

E=1—¢ Wi

A= —(%) In(1 — E)

660
= _(m) In(1 — 0.984)

=87.5f
The cross-sectional area of each tube, A, is

Ac = (n)(D)*/4
= (n)(6/12)*/4
=0.196
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Calculate the volumetric flowrate of exhaust gas, q,, passing through one tube:

q, = v4
= (3)(0.196) = 0.588 acfs
= 35.3 acfm

Determine the required number of tubes, n:

n=gq/q
= 660/35.3
= 18.7 = 19 tubes

Calculate the length of each tube:
nnDL = 87.5 ft*

L = 87.5/[(7)(0.5)(19)]
=293~ 3ft

Calculate the water requirement, #, in gal/day:

W = (10)(19)(60)(24)
= 273,600 gal /day
The design appears adequate although the tube length is a bit short. This can be

compensated for by operating with a higher throughput velocity. This in turn will
correspondingly decrease the required number of tubes.

HYB.6 ADVANTAGES AND DISTADVANTAGES OF WET
ELECTROSTATIC PRECIPITATORS

List the advantages and disadvantages of wet electrostatic precipitator (WEP) usage.

Solution

Some of the advantages of a WEP include:

1. Simultaneous gas adsorption and dust removal.
2. Low energy consumption.

3. No dust resistivity problems.

4. Efficient removal of fine particles.
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Disadvantages of the WEP are the following:

1. Low gas absorption efficiency.
2. Sensitivity to changes in flowrate.
3. Dust collection is wet.

HYB.7 IONIZING WET SCRUBBER CALCULATIONS

A three-stage Ceilcote ionizing wet scrubber (IWS) is currently treating an 8.0-ft/s
discharge stream from a hospital waste incinerator. The inlet (from the incinerator)
and outlet particulate loadings to/from the IWS are 1.23 and 0.017 gr/dscf,
respectively, and it operates at a pressure drop of 4.75in. H,O. Ceilcote provided
the following design data on this system:

Pressure drop = 1.55in. H,O/stage
Number of stages =3

Collection efficiency of each stage =74%
Average bulk throughput velocity = 8.0 ft/s
Length of packing per stage =5 ft

Compare the operating conditions of pressure drop and collection efficiency with the
design specifications provided by the vendor.

Solution

Note: Much of the following writeup has been drawn (with permission) from the
Ceilcote literature (Ceilcote Air Pollution Control, Strangeville, OH).

The term ionizing wet scrubber was first used by the Ceilcote Co., located in
Berea, Ohio, and has found wide application in the air pollution control field. This
system is a proven means for the removal of pollutants from industrial process gas
streams. The IWS combines the established principles of electrostatic particle
charging, image force attraction, inertial impaction, and gas absorption to collect
submicron solid particles, liquid particles, and noxious and malodorous gases
simultaneously. The IWS system requires little energy and its collection efficiency
is high for both submicron and micron size particles.

The ionizing wet scrubber utilizes high-voltage ionization to electrostatically
charge particulate matter in the gas stream before the particles enter a Tellerette
packed scrubber section where they are removed by attraction of the charged
particles to neutral surfaces. Larger particles equal to or greater than 3-5pm are
collected through inertial impaction. As small particles flow through the scrubber,
they pass close to the surfaces of the Tellerettes and scrubbing liquid droplets. The
electrostatic charges on the particles cause them to be attracted to these neutral
surfaces by image force attraction. All particles are eventually washed out of the
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scrubber with the exit liquor. Noxious and malodorous gases are also absorbed and
reacted in the same scrubbing liquor.

The IWS system utilizes Tellerette packing as its collection surface to achieve
particulate removal. Scrubbing liquid droplets also act as collection surfaces.
Particles of any size or composition are collected by the IWS. Fine particles
(0.05-2 um) are collected with high efficiency as well as coarse particles (2 pm
and larger), regardless of their composition (organic or inorganic with either high or
low resistivity).

Particle coilection efficiency over long-term service remains consistently high.
Interestingly, the percent of particulate removed varies little with load and particle
size distribution over a wide range. As particulate load increases, the percent
removed remains nearly constant. In addition, the collection efficiency for fine
particles is nearly as great as for coarse particles. The IWS system also simulta-
neously absorbs gases. Noxious gases are removed through physical absorption
and/or adsorption that is accompanied by chemical reaction. Pressure drop through a
single-stage IWS is only 0.5-1.5in. of H,O. Energy for particle charging is low—
approximately 0.2-0.4 kVA per 1000 cfm. The shell and most internal parts of the
IWS are commonly fabricated of Duracor (fiberglass-reinforced plastic) and thermo-
plastic materials. This predominance of plastic construction assures corrosion-free
operation in the presence of acid gases such as HCI, HF, Cl,, NH;, SO,, and SO;.
For noncorrosive applications, metallic construction is also available. Factory-
assembled modules, available in standard capacities from 900 to 54,000 acfm, can
also be grouped together to handle virtually any gas volume.

With reference to the problem statement, calculate the overall pressure drop, AP,
across the unit based on vendor data:

AP = (3)(1.55)
=4.65in.H,0

Compare the above result with the actual pressure drop:

DIFF = 4.75 — 4.65 = 0.101in. H,O

%DIFF = (1.10/4.75)100
=2.1% = 0.021

The operating particulate collection efficiency E of the unit is

E=(1.23-0.017)/1.23
= 0.9862 = 98.62%
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Calculate the design collection efficiency based on design data:

P=(1-0.74
= (0.26)°
=0.0176

E=1-P
=1-0.0176

= 0.9824 = 98.24%

The unit appears to be operating at an efficiency slightly above that indicated by the
vendor.

HYB.8 TWO-STAGE IWS SYSTEM

Ceilcote has submitted the design for a two-stage IWS system for particulate control
of a proposed hazardous waste incineration (HWI) facility that is early in the permit
review process. The following data (estimated) have been provided for the facility:

Inlet loading = 1.17 gr/dscf corrected to 7% oxygen
Outlet loading = 0.015 gr/dscf corrected to 7% oxygen
Flue gas flowrate = 20,000 acfm

Note: The federal particulate regulation (at the time of submission of the design) for
HWI facilities is 0.08 gr/dscf corrected to 7% oxygen (or corrected to 50% excess
air). State and/or local regulations can be lower; most state regulations are 0.03, but
there are some states requiring that a 0.015 level be met. The reader is referred to
Introduction to Hazardous Waste Incineration by Santoleri, Reynolds and Theodore
(Wiley-Interscience, 2000) for additional details on these regulations and HWIs in
general.
The following performance data are available on IWS systems from Ceilcote:

Average Throughput Collection
Velocity (ft/s) Efficiency (%)
8.0 75

7.0 80

6.0 85

5.0 90

4.0 94
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The following equipment data are also provided:

Unit Frontal (face) Area (ft)
IWS-400 40
IWS-500 50
IWS-600 60
IWS-700 70
IWS-800 80
IWS-900 90
TWS-1000 100

Design (size) the IWS unit based on the information given above.

Solution

First, calculate a velocity that will provide a collection efficiency that will meet
regulation specifications. Use the velocity to then determine the frontal area
requirement, which will in turn effectively size the unit.

The required overall particulate collection efficiency E, is

Ey = (1.17 — 0.015)/1.17
= 0.9872 = 98.72%

For a two-stage unit, assuming equal penetrations,
| —Ey=P,P, =P
Thus,

P2 =1-0.9872 = 0.0128
P =0.1131

and, the single-stage efficiency is

E=1-P
=1-0.1131
= 0.8869 = 88.69%
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Using the vendor’s velocity—efficiency data and linearly interpolating yields the
following velocity:

v=152621t/s
The face area requirement of the unit, 4, in ft® is
4 = 20,000/[(5.262)(60)]

= 63.3t°

Since the unit must meet or exceed the regulatory requirement, select the IWS-700.
Because the size of the unit selected exceeds the required collection efficiency,
calculate a revised efficiency and the corresponding throughput velocity:

v = 20,000/[(70)(60)]
=4.76ft/s

The corresponding single-stage efficiency (linearly interpolating) is

E =90 + (4.76 — 5.0)(94 — 90)/(4.0 — 5.0)
= 90.96%

The overall efficiency then becomes

E,=1—(1 —0.9096)
=0.9918 = 99.18%
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CMB.1 DESCRIPTION OF COMBUSTION EQUIPMENT

Briefly describe some of the terms used to describe combustion equipment.

Solution

Afterburning is the most common term used to describe the combustion process
employed to control gaseous emissions. The term afterburner is appropriate only to
describe a thermal oxidizer used to control gases coming from a process where
combustion was not complete. Incinerators are used to combust solid, liquid, and
gaseous materials; when used in this handbook, the term incinerator will refer to
combustion of waste streams. Other terms used to describe combustion equipment
include oxidizer, reactor, chemical reactor, combustor, etc.

CMB.2 THE THREE IS

Describe the combustion process in terms of the “three 7%s.”

Solution

To achieve complete combustion once the air (oxygen), waste (pollutants), and fuel
have been brought into contact, the following conditions must be provided: a
temperature high enough to ignite the waste/fuel mixture, turbulent mixing of the
air and waste/fuel, and sufficient residence time for the reaction to occur. These
three conditions are referred to as the “three T’s of combustion.” Time, temperature,
and turbulence govern the speed and completeness of reaction. They are not usually
independent variables since changing one can affect the other two.

The rate at which a combustible compound is oxidized is greatly affected by
temperature. The higher the temperature, the faster the oxidation reaction will
proceed. The chemical reactions involved in the combination of a fuel and oxygen
can occur even at room temperature, but very slowly. For this reason, a pile of oily
rags can be a fire hazard. Small amounts of heat are liberated by the slow oxidation
of the oils. This, in turn, raises the temperature of the rags and increases the
oxidation rate, liberating more heat. Eventually, a full-fledged fire can break out. For

37
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combustion processes, ignition is accomplished by adding heat to speed up the
oxidation process. Heat is needed to combust any mixture of air and fuel until the
ignition temperature of the mixture is reached. By gradually heating a mixture of
fuel and air, the rate of reaction and energy released will gradually increase until the
reaction no longer depends on the outside heat source. More heat is being generated
than is lost to the surroundings. The ignition temperature must be reached or
exceeded to ensure complete combustion. To maintain combustion of a waste, the
amount of energy released by the combusted waste must be sufficient to heat the
incoming waste (and air) up to its ignition temperature; otherwise, a fuel must be
added. The ignition temperature of various fuels and compounds can be found in
combustion handbooks. These temperatures are dependent on combustion condi-
tions and therefore should be used only as a guide. Most incinerators operate at a
higher temperature than the ignition temperature, which is a minimum. Thermal
destruction of most organic compounds occurs between 590 and 650°C (1100 and
1200°F). However, most hazardous waste incinerators are operated at 1800-2200°F
to ensure near complete conversion of the waste.
Generally, ignition depends on:

Concentration of combustibles in the waste stream
Inlet temperature of the waste stream

Rate of heat loss from the combustion chamber
Residence time and flow pattern of the waste stream

I

Combustion chamber geometry and materials of construction

Time and temperature affect combustion in much the same manner as temperature
and pressure affect the volume of a gas. When one variable is increased, the other
may be decreased with the same end result. With a higher temperature, a shorter
residence time can achieve the same degree of oxidation. The reverse is also true; a
higher residence time allows the use of a lower temperature. In describing
incinerator operation, these two terms are always mentioned together. The choice
between higher temperature or longer residence time is based on economic
considerations. Increasing residence time involves using a larger combustion
chamber resulting in a higher capital cost. Raising the operating temperature
increases fuel usage, which also adds to the operating costs. Fuel costs are the
major operating expense for most incinerators. Within certain limits, lowering the
temperature and adding volume to increase residence time can be a cost-effective
alternative method of operation. The residence time of gases in the combustion
chamber may be calculated from

t=V/q
where 7 is the residence time (s), ¥ is the chamber volume (ft’), and ¢ is the gas

volumetric flow rate at combustion conditions within the unit (ft*/s). Adjustments to
the flowrate must include outside air added for combustion.
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Proper mixing is important in combustion processes for two reasons. First, for
complete combustion to occur every mass of waste and fuel must come in contact
with air (oxygen). If not, unreacted waste and fuel will be exhausted from the stack.
Second, not all of the fuel or waste stream is able to be in direct contact with the
burner flame. In most incinerators, a portion of the waste stream may bypass the
flame and be mixed at some point downstream of the burner with the hot products of
combustion. If the two streams are not completely mixed, a portion of the waste
stream will not react at the required temperature and incomplete combustion will
occur. A number of methods are available to improve mixing the air and waste
(combustion) streams. Some of these include the use of refractory baffles, swirl-fired
burners, and baffle plates. The problem of obtaining complete mixing is not easily
solved. Unless properly designed, many of these mixing devices may create “dead
spots” and reduce operating temperatures. Merely inserting obstructions to increase
turbulence is not necessarily the answer. The process of mixing flame and waste
stream to obtain a uniform temperature for decomposition of wastes is the most
difficult part in the design of the incinerator.

In addition, oxygen is necessary for combustion to occur. To achieve complete
combustion of a compound, a sufficient supply of oxygen must be present to convert
all of the carbon to CO,. This quantity of oxygen is referred to as the stoichiometric
or theoretical amount. The stoichiometric amount of oxygen is determined from a
balanced chemical equation summarizing the oxidation reactions. If an insufficient
amount of oxygen is supplied, the mixture is referred to as rich. In a rich mixture,
there is not enough oxygen to combine with all the fuel and waste so that incomplete
combustion occurs. If more than the stoichiometric amount of oxygen is supplied,
the mixture is referred to as lean. The excess oxygen plays no part in the oxidation
reaction and passes through the incinerator. Oxygen for the combustion process is
supplied by using air. Since air is essentially 79% nitrogen and 21% oxygen (by
volume), a larger volume of air is required than if pure oxygen were used.

CMB.3 TYPES OF COMBUSTION UNITS FOR GASEOUS POLLUTANT
CONTROL

Describe the three types of combustion equipment employed by industry for gaseous
pollutant control.

Solution

Equipment used to control waste gases by combustion can de divided into three
general categories: direct combustion or flaring, thermal oxidation, and catalytic
oxidation. A direct combustor or flare is a device in which air and all the combustible
waste gases react at the burner. Complete combustion must occur almost instanta-
neously since there is no residence chamber. Therefore, the flame temperature is the
most important variable in flaring waste gases. In contrast, in thermal oxidation, the
combustible waste gases pass over or around a burner flame into a residence
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chamber where oxidation of the waste gases is completed. Catalytic oxidation is very
similar to thermal oxidation. The main difference is that after passing through the
flame area, the gases pass over a catalyst bed that promotes oxidation at a lower
temperature than does thermal oxidation. Details on these three control devices is
given below.

Afterburners can be used over a fairly wide range of organic vapor concentra-
tions. The concentration of the organics in air must be substantially below the lower
flammable level (lower explosive limit). As a rule, a factor of 4 is employed for
safety precautions. Reactions are conducted at elevated temperatures to ensure high
chemical reaction rates for the organics. To achieve this temperature, it is necessary
to preheat the feed stream with auxiliary energy. Along with the contaminant-laden
gas stream, air and fuel are continuously delivered to the reactor where the fuel is
combusted with air in the firing unit (burner). The burner may utilize the air in the
process waste stream as the combustion air for auxiliary fuel, or it may use a separate
source of outside air for this purpose. The products of combustion and the unreacted
feed stream are intensely mixed and enter the reaction zone of the unit. The
pollutants in the process gas stream are then reacted at the elevated temperature.
The unit requires operating temperatures in the 1200-2000°F range for combustion
of most pollutants. A residence time of 0.2-2.0s is recommended in the literature,
but this factor is primarily dictated by kinetic considerations. A length-to-diameter
ratio of 2.0-3.0 is usually employed. The end products are continuously discharged
at the outlet of the reactor. The average gas velocity can range from as low as 10 ft/s
to as high as 50 ft/s. (The velocity increases from inlet to outlet due to the increase in
the number of moles of gas and the increase in volume due to the higher
temperature.) These high velocities are required to prevent settling of particulates
(if present) and to minimize the dangers of flashback and fire hazards.

The fuel is usually natural gas. The energy liberated by reaction may be directly
recovered in the process or indirectly recovered by suitable external heat exchange.
This should be included in a design analysis since energy is the only commodity of
value that is usually derived from the combustion process.

Catalytic reactors are an alternative to thermal reactors. If a solid catalyst is added
to the reactor, the reaction is said to be heterogeneous. For simple reactions, the
effect of the presence of a catalyst is to:

Increase the rate of reaction

Permit the reaction to occur at a lower temperature
Permit the reaction to occur at a more favorable pressure
Reduce the reactor volume

AR S e

Increase the yield of a reactant(s) relative to the other components

In a typical catalytic reactor, the gas stream is delivered to the reactor continuously
by a fan at a velocity in the 10- to 30-ft/s range but at a lower temperature—usually
650-800°F—than a thermal unit. A length-to-diameter ratio less than 0.5 is usually
employed. The gases, which may or may not be preheated, pass through the catalyst
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bed where the reaction occurs. The combustion products, which are again made up
of water vapor, carbon dioxide, inerts, and unreacted vapors are continuously
discharged from the outlet at a higher temperature. Energy savings can again be
achieved with heat recovery from the exit stream.

CMB.4 COMBUSTION OF BUTANOL

The offensive odor of butanol can be removed from stack gases by its complete
combustion to carbon dioxide and water. It is of interest that the incomplete
combustion of butanol actually results in a more serious odor pollution problem
than the original one. Write the equations showing the two intermediate malodorous
products formed if butanol undergoes incomplete combustion.

Solution

The malodorous products are butyraldehyde (C,HgO) and butyric acid
(C3H,COOH), which can be formed sequentially as follows:

C,HyOH + 10, - C,HgO + H,0
C,H;0 +10, — C;H,COOH
or the acid can be formed directly as follows:
C4Hy0OH + O, — C;H,COOH + H,0
For complete combustion:

C,H,OH + 60, — 4CO, + 5H,0

CMB.S GROSS HEATING VALUE

The composition and combustion properties of a gas mixture are given below:

Gross Heating
Component Mole Fraction x; Value (Btu/scf)

N, 0.0515 0
CH, 0.8111 1013
C,H, 0.0967 1792
C,Hy 0.0351 2590
C4Hy 0.0056 3370
p) 1.0000

Determine the gross heating value (HV) of this gas.
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Solution

The gross heating value (HV ;) represents the enthalpy change or heat released when
a gas is stoichiometrically combusted at 60°F, with the final (flue) products at 60°F
and any water present in the liquid state. Stoichiometric combustion requires that no
oxygen be present in the flue gas following combustion of the hydrocarbons.

Using values from the table, the gross heating value of the gas mixture, HV; in
Btu/scf is

HVg = Zx,HVg,
= (0.0515)(0) + (0.8111)(1013) 4 (0.0967)(1792) + (0.0351)(2590)
+ (0.0056)(3370)
= 1105 Btu/scf

where x; = mole fraction of the ith component

The gas described in this example is typical of natural gas.

The net heating value (HVy) is similar to HV 5 except the water is in the vapor
state. The net heating value is also known as the Jower heating value and the gross
heating value is known as the higher heating value.

CMB.6 THERMAL AFTERBURNER DESIGN

Provide a design procedure for thermal afterburners.

Solution

There are two key calculations associated with combustion devices. These include
determining:

1. The fuel requirements
2. The physical dimensions of the unit

Both these calculations are interrelated. The general procedure to follow, with
pertinent equations, is given below. It is assumed that the process gas stream
flowrate, inlet temperature, and the combustion temperature are known. The required
residence time is also specified. Primary (outside the process) air is employed for
combustion.

Note: This design procedure was originally developed by Dr. Louis Theodore in
1985 and later published in 1988. These materials recently appeared in the 1992 and
2000 Air and Waste Management Association texts published by Van Nostrand
Reinhold and John Wiley, respectively, titled Air Pollution Engineering Manual.
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This was done without properly acknowledging the author, Dr. Louis Theodore, and
without permission from the original publisher.

1.

Calculate the heat load required to raise the process gas stream from its inlet
temperature to the operating temperature of the combustion device:

0 =AH

. Correct the heat load term for any radiant losses (RL):

Q = (1 + RL)(AH) RL = fractional basis

. Assuming natural gas of known heating value, HV, is the fuel, calculate the

available heat at the operating temperature. For engineering purposes, one may
use a short-cut method that bypasses a detailed calculation.

HA7 = (HVG)(HAT/HV ) o

The subscript “ref” refers to a reference fuel. For natural gas with a reference
HV of 1059 Btu/scf, the available heat (assuming stoichiometric air) is given
by (L. Theodore, personal notes):

(HAp)es = —0.237T 4981 T =°F

The available heat is defined as the quantity of heat released within a
combustion chamber minus (1) the sensible heat carried away by the dry
flue gases, and (2) the latent heat and sensible heat carried away in water vapor
contained in the flue gases. Thus, the available heat represents the net quantity
of heat remaining for useful heating.

Calculate the flowrate of natural gas required, gyg:

dng = Q/HA consistent units

. Determine the volumetric flowrates of both the process gas stream, g, and

the flue products of combustion of the natural gas, g., at the operating
temperature:

91 = 4qp + 4c
A good estimate for g, is

q. = (11.5)gnG
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6. The cross-sectional area of the combustion device is given by
S=gqr/v

where v is the throughput velocity.

7. The residence time of gases in the combustion chamber may be calculated
from

t=V/qr

where ¢ is the residence time (s), ¥ is the chamber volume (ft*), and gy is the
gas volumetric flowrate at combustion conditions in the chamber (acfs).

Adjustments to both the gas volumetric flowrate and fuel rate must be performed
if secondary (from process gas stream) air rather than primary (outside) air is added
for combustion.

CMB.7 CALCULATIONS ON NATURAL GAS COMBUSTION

As an air pollution control engineer you have been requested to evaluate the gross

heating value of a natural gas of a given composition. You are also to determine the

available heat of the natural gas at a given temperature, the rate of auxiliary fuel

(natural gas) required to heat a known amount of contaminated air to a given

temperature, the dimensions of an afterburner treating the contaminated airstream,

and the residence time. Operating and pertinent design data are provided below.
Natural gas composition (mole or volume fraction):

Component Mole Fraction

N, 0.0515
CH, 0.8111
C,H 0.0967
C;H, 0.0351
C.Hyo 0.0056
p) 1.0000

Gas velocity =20 ft/s

Length-to-diameter ratio of the afterburner=2.0

Temperature of dry natural gas = 60°F

Volumetric flowrate of contaminated air = 5000 scfim (60°F, 1 atm)
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Enthalpy data are provided in the table below.

Enthalpy of Combustion Gases (Btu/Ibmol)

T (°F) N, Air (MW =28.97) co, H,0
32 0 0 0 0
60 194.9 194.6 243.1 224.2
77 3122 312.7 3922 360.5

100 4733 472.7 597.9 545.3
200 1,170 1,170 1,527 1,353
300 1,868 1,870 2,509 2,171
400 2,570 2,576 3,537 3,001
500 3,277 3,289 4,607 3,842
600 3,991 4,010 5,714 4,700
700 4,713 4,740 6,855 5,572
800 5,443 5,479 8,026 6,460
900 6,182 6,227 9,224 7,364

1000 6,929 6,984 10,447 8,284

1200 8,452 8,524 12,960 10,176

1500 10,799 10,895 16,860 13,140

2000 14,840 14,970 23,630 18,380

2500 19,020 19,170 30,620 23,950

3000 23,280 23,460 37,750 29,780

Source: Kobe, Kenneth, A, and Long, Emest G., “Thermochemistry for the
Petroleum Industry,” Petroleum Refiner, 28, (11), November, 1949, p. 129,
Table 9.

It is required to heat the contaminated air from 200°F to 1200°F.

Solution
The gross heating value of this natural gas was determined in Problem CMB.5.
HVs = Zx,HV;
= 0.0515)(0) 4+ (0.8111)(1013) + (0.0967)(1792) + (0.0351)(2590)
+ (0.0056)(3370)
= 1105 Btw/scf natural gas

The balanced chemical combustion equations for each of the four components of the
natural gas using 1 scf of natural gas as a basis is

0.8111CH, + 1.62220, — 0.8111CO, + 1.6222H,0
0.0967C,H + 0.33850, — 0.1934CO, + 0.2901H,0°
0.0351C;Hg + 0.17550, — 0.1053CO, + 0.1404H,0
0.0056C,H,, + 0.03640, — 0.0224CO, + 0.0280H,0
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The number of standard cubic feet for each of the following components of
combustion may now be determined.

For O,: 1.6222 + 0.3385 4 0.1755 4- 0.0364 = 2.172 scf/scf natural gas
For CO,: 0.8111 + 0.1934 + 0.1053 4 0.0224 = 1.132 scf/scf natural gas
For H,O: 1.6222 + 0.2901 + 0.1404 + 0.0280 = 2.081 scf/scf natural gas
For N,: 0.0515 + (79/21)(2.172) = 8.222 scf/scf natural gas

The total cubic feet of combustion products per scf of natural gas burned are the sum
of sef CO, /scf of natural gas, scf H,O/scf of natural gas, and scf N, /scf of natural

gas:

Total cubic feet of combustion products = 1.132 4 2.081 + 8.222
= 11.435 scf of products/scf of natural gas

From the table in the problem statement, the following values of enthalpies at 60°F
and 1200°F are obtained.
For CO,:

AHco, = H at 1200°F — H at 60°F
= 12,960 — 243.1
= 12,720 Btu/Ibmol

Since there are 379 scf per Ibmol of any ideal gas and 1.132 scf CO, /scf natural gas,

AHco, = (12,720)(1.132)/(379)
= 38.0 Btu/scf of natural gas

For N,:

AHy, = (8452 — 194.9)(8.222)/(379)

= 179.1 Btu/scf of natural gas
For H,O (g):

AHy,o = (10,176 — 224.2)(2.081)/(379)
= 54.6 Btu/scf of natural gas

Determine the amount of heat required to take the products of combustion from 60
to 1200°F (Z AH).
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Since the water present in the combustion product is vapor,

AH. — (1060 Btu/lb)(18 1b/Ibmol)(2.081 scf H,O/scf natural gas)
A 379 scf/lbmol natural gas

= 104.8 Btu/scf of natural gas

Therefore,

=38.0+179.1 4+ 54.6 + 104.8
= 376.5 Btw/scf of natural gas

The available heat (HA) of natural gas at 1200°F in Btu/scf natural gas is

HA =HV; —ZAH
= 1105 — 376.5
= 728.5 Btu/scf of natural gas

The enthalpy change of air going from 200 to 1200°F is

AH,; = Hat 1200°F — H at 200°F
= 8524 — 1170

= 7354 Btu/lbmol

The heat rate, Q, required to heat 5000 scfim of air from 200 to 1200°F in Btu/min is

O = (5000 scfim)(7354 Btu/lbmol)/(379 scf/Ilbmol)
= 97,018 Btu/min

The fuel requirement is therefore

anG = Q/HA
=97,018/728.5
= 133.2 scfin
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To size the unit, first calculate the volumetric flowrate of the products of combustion
(CP) in scfm:

scf products
scf natural gas

= 1523 scfm

qcp = 11.435 (133.2 scfim natural gas)

Also calculate the total flue gas flowrate, g, in scfim:

gr = 5000 + 1523
= 6523 scfim

Determine the total flue gas flowrate at 1200°F in acfim using the ideal gas law:

gr = (6523)(1200 + 460)/(60 + 460)
= 20,823 acfim
= 347 acfs

The diameter D and length L of the afterburner in feet are

D = (4q/vm)'/?
= [(4)(347)/(20)(m)]'/?
=4.7ft

L = (2.0)(4.7)
=94ft

Therefore, the residence time ¢ for the gases in the afterburner in seconds is

t=LJ/v

= (9.4)/(20)
=047 s

CMB.8 AVAILABLE HEAT, FUEL FLOWRATE, AND RESIDENCE TIME

A process gas stream (assume air) of 1.75 x 10%acfm at 32°F and 1 atm is to be
incinerated at 1900°F in a process boiler that is 30 ft x 30 ft x 40 ft. Natural gas
(assume reference) is to be employed with stoichiometric (primary) air. The
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stoichiometric combustion of natural gas produces 11.4 mol of flue gas per mole of
natural gas.

1. Find the available heat in Btu/min.
2. Calculate the required natural gas flowrate in scfin (60°F, 1 atm).
3. Does the unit meet the required residence time of 0.7 s?

Solution

The molar flowrate and enthalpy change are first calculated. Note that one lbmol of
an ideal gas occupies 359 ft* at 32°F and 1 atm.

7= (1.75 x 10° f’/min)/(359 ft> /Ibmol) = 4.875 x 10> Ibmol/min
AH = (4.87 x 10°)(14,115 — 0.0)
= 6.88 x 107 Btu/min

Using Theodore’s equation presented in Problem CMB.6,

= 530.7 Btu/scf (60°F)

The natural gas flowrate is then

NG = AH/HA19OO°F
= 6.88 x 107/530.7
= 1.30 x 10’ scfm

The total volumetric flowrate of the flue gas following may now be calculated:

1900 + 460
32 +460

= 1.512 x 107 acfm = 2.52 x 10’ acfs

60 + 460

) +(130 x 10501 1.4)(1900 + 460)

91900k = (1.75 % 106)(

The volume of the system is

V = (30)(30)(40)
= 36,000 f*
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Thus, the residence time is

t = 36,000/2.52 x 10°
=0.142 s

The unit does not meet the required residence time of 0.7 s.

CMB.9 PLAN REVIEW OF A DIRECT FLAME AFTERBURNER

A regulatory agency engineer must review plans for a permit to construct a direct
flame afterburner (Figure 71) serving a lithographer. Review is for the purpose of
Jjudging whether the proposed system, when operating as it is designed to operate,
will meet emission standards. The permit application provides operating and design
data. Agency experience has established design criteria that, if met in an operating
system, typically ensure compliance with standards. Operating data from the permit
application are provided below.

Application = lithography
Effluent exhaust volumetric flowrate = 7000 scfim (60°F, 1 atm)
Exhaust temperature = 300°F

Hydrocarbons in effluent air to afterburner (assume hydrocarbons to be
toluene) =301b/h

Afterburner entry temperature of effluent = 738°F
Afterburner heat loss = 10% in excess of calculated heat load
Afterburner dimensions =4.2 ft in diameter, 14 ft in length

300°F
Effluent To process —
from . il
lithographer 7000 scfm 300 F T Atmosphere
—»
Ngt:sral _—, ?;ﬁgt Afterburner > Prc::ifss
burner l—\ afterburner TA00°F preheater_—l—\p_reheater

o Makeup
738°F air

Figure 71. Direct flame afterburner system.
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Agency Design Criteria

Afterburner temperature = 1300-1500°F
Residence time =0.3-0.5 s
Afterburner velocity =20-40 ft/s

Standard Data

Gross heating value of natural gas = 1059 Btu/scf of natural gas

Combustion products per cubic foot of natural gas burned = 11.5 scf/scf natural
gas

Available heat of natural gas at 1400°F = 600 Btu/scf of natural gas

Molecular weight of toluene =92

Average heat capacity of effluent gases at 738°F (above 0°F)=7.12 Btu/
(Ibmol - °F)

Average heat capacity of effluent gases at 1400°F (above 0°F)=7.38 Btu/
(lbmol - °F)

Volume of air required to combust natural gas = 10.33 scf air/scf natural gas

Solution

The design temperature is already within agency criteria. To determine the fuel
requirement for the afterburner, first calculate the total heat load (heating rate), O,
required to raise 7000 scfm of the effluent stream from 738 to 1400°F in Btu/min:

n = (7000 scfim)/(379 scf/Ibmol)
= 18.47 Ibmol/min

Q = h[sz(Tz - Tb) - CP](TI - Tb)]
= 18.47[(7.38)(1400 — 0) — (7.12)(738 — 0)]
= 93,780 Btu/min

Calculate the actual heat load required, accounting for a 10% heat loss, in Btu/min:

Actual heat load = (l.l)Q
= (1.1)(93,780)
= 103,200 Btu/min
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Calculate the rate of natural gas required to supply the actual heat required to heat
7000 scfm of the effluent from 738 to 1400°F in scfn:

dnG = O/HA
= (103,200)/(600)
= 172.0 scfm

Determine the total volumetric flowrate through the afterburner, ¢;, by first
calculating the volumetric flowrate of the combustion products of the natural gas,
q,, in scfm:

B 115 scf combustion products
9 = no} 1 scf natural gas

= (172.0)(11.5)

= 1978 scfm

Also note that the volumetric flowrate of the effluent is 7000 scfm.
The volumetric flowrate of air required to combust the natural gas required, ¢,, in
scfim is

scf air
= 1033 ——
72 qNG( scf natural gas)

= (172.0)(10.33)
= 1776 scfim

Calculate the total volumetric flowrate through the afterburner, g, in scfm. Since
primary air is employed in the combustion of the natural gas, ¢, is not subtracted
from gp. Thus, the g, calculation is not required in this solution:

gr = 7000 + ¢,
= 7000 4 1978
= 8978 scfin
= (8978)(1400 + 460)/(60 + 460)
= 32,110 acfm
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To determine if the afterburner velocity meets the agency criteria, first calculate the
cross-sectional area of the afterburner, S, in ft*.
S =nD?/4
= (n)(4.2)*/4
= 1385

The afterburner velocity, v, in ft/s is then

v=4qr/S
= (32,110)/(13.85)
= 2318 ft/min
= 38.6ft/s

Thus, the afterburner velocity is within the agency criterion.
The residence time ¢ is then

t=L/v
= 14/38.6
=0.363 s

This also meets the agency criterion.

CMB.10 THERMAL VS. CATALYTIC COMBUSTION

Provide a comparative analysis—in terms of advantages and disadvantages—
between thermal and catalytic combustion devices.

Solution

Some of the advantages of catalytic combustion reactors over thermal reactors are:

. Lower fuel requirements

. Lower operating temperatures

. Little or no insulation requirements
Reduced fire hazards

. Reduced flashback problems

N P
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The disadvantages include:

Higher initial cost

Catalyst poisoning

(Large) particles must first be removed
Some liquid droplets must first be removed

nhk W=

Catalyst regeneration problems

CMB.11 CATALYSIS IN AIR POLLUTION CONTROL

Discuss the subject of catalysis as it applies to air pollution control equipment.

Solution

A catalyst is a substance that speeds a chemical reaction without undergoing a
change itself. In catalytic incineration, a waste gas is passed through a layer of
catalyst, referred to as the catalyst bed. The catalyst causes the oxidation reaction to
proceed at a faster rate and at lower temperatures than in thermal oxidation. A
catalytic oxidizer (catalytic incinerator) operating in a 370-480°C (700-900°F)
range can achieve the same efficiency as a thermal incinerator operating at between
700 and 820°C (1300 and 1500°F). This can result in a 40-60% fuel savings, which
substantially reduces operating costs. It should be noted that catalytic oxidation
produces the same end products (usually CO, and H,0) and gives off the same heat
of combustion as does thermal incineration.

The most effective and commonly used catalysts for oxidation reactions come
from the noble metals group. Platinum, either alone or in combination with other
noble metals, is by far the most commonly used. Platinum is desirable because it
gives a high oxidation activity level at low temperatures, is stable at high
temperatures, and is chemically inert. Palladium is another noble metal that exhibits
these properties and is sometimes used in catalytic incinerators.

Since catalytic oxidation is a surface reaction, an inexpensive support material is
normally coated with the noble metal. The support material can be made of ceramic,
such as alumina, silica—alumina, or of a metal, such as nickel-chromium. The
support material is arranged in a matrix shape to provide high surface area, low
pressure drop, uniform flow of the waste gas through the catalyst bed, and a
structurally stable surface. Structures that provide these characteristics are pellets,
honeycomb matrices, or mesh matrices.

The main problem in catalytic incineration is deactivation—the reduction in the
effectiveness of the catalyst. Certain contaminants, if present in the waste gas stream,
cause a loss of catalyst activity.

Particulate matter in the waste gas stream will coat the surface of the catalyst,
reducing its effectiveness. Certain metals (such as phosphorous, bismuth, arsenic,
antimony, mercury, zinc, lead, and tin) can chemically combine with the catalyst,
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thereby deactivating the catalyst. Deactivation of the catalyst in this manner is
referred to as catalyst poisoning. Sulfur and halogen compounds can also cause a
reduction in catalyst effectiveness. However, catalysts absorbing these compounds
can be regenerated. Finally, all catalysts deteriorate with normal use. A catalyst bed
normally lasts from 3 to 5 years before it must be replaced.

CMB.12 PLAN REVIEW OF A CATALYTIC AFTERBURNER

Plans have been submitted for a catalytic afterburner. The installed afterburner is to
incinerate a 3000-acfm contaminated gas stream discharged from a direct-fired paint
baking oven at 350°F. The following summarizes the data taken from the plans:

Data Sheet

Exhaust flowrate from oven: 3000 acfm

Exhaust gas temperature from oven: 350°F

Solvent emission to afterburner: 0.3 Ib/min

Final temperature in afterburner: 1000°F

Gross heating value of natural gas: 1100 Btu/scf
Total heat requirement: 26884 Btu/min
Natural gas requirement: 35.0 scfm

Furnace volume: 46.0 ft*

Exhaust flow rate from afterburner at 1000°F: 6350 c¢fm
Gas velocity through catalytic bed: 8.6 ft/s

Number of type A 19 x 24 x 3.75in. catalyst elements: 4

The following additional information and rules of thumb may be required to
review the plans for the catalytic afterburner:

1.

Heat will be recovered from the afterburner effluent, but that process will not
be considered in this problem.

. Catalytic afterburner operating temperatures of approximately 950°F have

been found sufficient to control emissions from most process ovens.

. Preheat burners are usually designed to increase the temperature of the

contaminated gases to the required catalyst discharge gas temperature without
regard to the heating value of the contaminants (especially if considerable
concentration variation occurs).

A 10% heat loss is usually a reasonable estimate for an afterburner. This may
be accounted for by dividing the calculated heat load by 0.9.

The properties of the contaminated effluent may usually be considered
identical to those of air.
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6. The natural gas is combusted using near stoichiometric (0% excess) external
air.

7. The catalyst manufacturer’s literature suggests a superficial gas velocity
through the face surface of the catalyst element (in this case 19 x 24in.) of
10 ft/s.

Three key questions are to be considered:

1. Is the operating temperature adequate for efficiency control?
2. Is the fuel requirement adequate to maintain the operating temperature?
3. Is the catalyst section properly sized?

Solution

The plans indicate a combustion temperature of 1000°F; this is acceptable when
compared to a 950°F rule-of-thumb temperature.

To determine if the fuel requirement is adequate to maintain the operating
temperature, first calculate the lbmol/min of gas to be heated from 350 to 1000°F.

(3000 acfm)[(460 + 60)/(460 + 350)] = 1926 scfm
1926/379 = 5.08 Ibmol/min

Also determine the heat requirement in Btu/min to raise the gas stream (air)
temperature from 350 to 1000°F. See table in Problem CMB.7.

H at 350°F =2222 Btu/lbmol
H at 1000°F = 6984 Btu/lbmol

O =nAH
— (5.08)(6984 — 2222)
= 24,196 Btu/min

The total heat requirement, QT, in Btu/min is then

Or = 0/0.9
= 24,196/0.9
= 26,884 Btu/min
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The available heat of the natural gas in Btu/scf at 1000°F may be calculated from the
following equation:

HA 900/HV g = (HA 1900/HV G)ref fuel
HA 1000 = 1100(745/1059)
= 774 Btu/scf natural gas

The natural gas (NG) requirement in scfm may be calculated from the last two
results:

Total heat requirement
Available heat in fuel

Natural gas requirement =

dne = Or/HA
= 26,384/774
= 34.7 scfm

Thus, the natural gas requirement agrees with the given value.
To determine if the catalyst section is sized properly, first calculate the volume of
flue products at 1000°F from the combustion of the natural gas:

q. = (11.45)(35)[(460 + 1000)/(460 + 60)]
= 1125 acfim

Also calculate the volume of contaminated gases at 1000°F:

g = (3000)[(460 + 1000)/(460 + 350)]
= 5407 acfm

The total volumetric gas rate at 1000°F is then
9t = 4. + q
= 1125 + 5407
= 6532 acfm

Calculate the number of 19 x 24 x 3.75in. catalyst elements, N, required:

N = (6532)(144)/[(19)(24)(600)]
=344

The catalyst section is sized properly. It is seen that four elements have been
specified; this is a conservative design allowing a slightly slower gas flow through
the elements. With four elements, the superficial velocity is reduced to 8.6 ft/s. This
too is in agreement with the design specification.
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ABS.1 DESCRIPTION OF ABSORPTION

Briefly describe the absorption process.

Solution

Gas absorption, as applied to the control of air pollution, is concerned with the
removal of one or more pollutants from a contaminated gas stream by treatment with
a liquid. The necessary condition is the solubility of these pollutants in the absorbing
liquid. The rate of transfer of the soluble constituents from the gas to the liquid phase
is determined by diffusional processes occurring on each side of the gas—liquid
interface.

Consider, for example, the process taking place when a mixture of air and sulfur
dioxide is brought into contact with water. The SO, is soluble in water, and those
molecules that come into contact with the water surface dissolve fairly rapidly.
However, the SO, molecules are initially dispersed throughout the gas phase, and
they can only reach the water surface by diffusing through the air, which is
substantially insoluble in the water. When the SO, at the water surface has dissolved,
it is distributed throughout the water phase by a second diffusional process.
Consequently, the rate of absorption is determined by the rates of diffusion in
both the gas and liquid phases.

Equilibrium is another extremely important factor to be considered in controlling
the operation of absorption systems. The rate at which the pollutant will diffuse into
an absorbent liquid will depend on the departure from equilibrium that is main-
tained. The rate at which equilibrium is established is then essentially dependent on
the rate of diffusion of the pollutant through the nonabsorbed gas and through the
absorbing liquid. Equilibrium concepts and relationships are considered in a later
problem.

The rate at which the pollutant mass is transferred from one phase to another
depends also on a so-called mass transfer, or rate, coefficient, which equates the
quantity of mass being transferred with the driving force. As can be expected, this
transfer process would cease upon the attainment of equilibrium.

Gas absorption can be viewed as a mass transfer, or diffusional operation,
characterized by a transfer of one substance through another, usually on a molecular
scale. The mass transfer process may be considered the result of a concentration

392
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difference driving force, the diffusing substance moving from a place of relatively
high to one of relatively low concentration. The rate at which this mass is transferred
depends to a great extent on the diffusional characteristics of both the diffusing
substance and the medium.

The principal types of gas absorption equipment may be classified as follows:

1. Packed columns (continuous operation)
2. Plate columns (staged operation)
3. Miscellaneous

Of the three categories, the packed column is by far the most commonly used for the
absorption of gaseous pollutants. It might also be mentioned at this time that the
exhaust (cleaned gas) from an absorption air pollution control system is usually
released to the atmosphere through a stack. To prevent condensation in and around
the stack, the temperature of this exhaust gas should be above its dew point. A
general rule of thumb is to ensure that the exhaust gas stream temperature is
approximately 50°F above its dew point.

ABS.2 SOLVENT SELECTION

List 10 factors that should be considered when choosing a solvent for a gas
absorption column that is to be used as an emission control device.

Solution

Solvent selection for use in an absorption column for gaseous pollutant removal
should be based upon the following criteria:

1. Solubility of the gas in the solvent: High solubility is desirable as it reduces
the amount of solvent needed. Generally, a polar gas will dissolve best in a
polar solvent and a nonpolar gas will dissolve best in a nonpolar solvent.

2. Vapor pressure: A solvent with a low vapor pressure is preferred to minimize
loss of solvent.

3. Corrosivity: Corrosive solvents may damage the equipment. A solvent with
low corrosivity will extend equipment life.

4. Cost: In general, the less expensive, the better. However, an inexpensive
solvent is not always the best choice if it is too costly to dispose of and/or
recycle after it has been used.

5. Viscosity: Solvents with low viscosity offer benefits such as better adsorption
rates, better heat transfer properties, lower pressure drops, lower pumping
costs, and improved flooding characteristics in absorption towers.

6. Reactivity: Solvents that react with the contaminant gas to produce an
unreactive product are desirable since the scrubbing solution can be recircu-
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lated while maintaining high removal efficiencies. Reactive solvents should
produce few unwanted side reactions with the gases that are to be absorbed.

. Low freezing point: Resistance to freezing lessens the chance of solid

formation and clogging of the column. See 2 on boiling point (vapor
pressure).

. Availability: 1f the solvent is “exotic,” it generally has a higher cost and may

not be readily available for long-term continuous use. Water is often the
natural choice based on this criteria.

. Flammability: Lower flammability or nonflammable solvents decrease safety

problems.
Toxicity: A solvent with low toxicity is desirable.

ABS.3 OUTLET CONCENTRATION FROM A SPRAY TOWER

A waste incinerator emits 300 ppm HCI with peak values of 600 ppm. The air flow is
a constant 5000 acfm at 75°F and 1 atm. Only sketchy information was submitted
with the scrubber permit application to the state for a spray tower. You are requested
to determine if the spray unit is satisfactory.

Data

Emission limit =30 ppm HCI
Maximum gas velocity allowed through the tower =3 ft/s

Number of sprays =6

Diameter of the tower =10 ft

The number of transfer units, Ny, to meet the regulations, assuming the worst
scenario, is

Nog = In(y,/y,)

where y; =inlet mole fraction

¥, =outlet mole fraction

As a rule of thumb in a spray tower, the Ny of the first or top spray is 0.7. Each

lower

spray will have only about 60% of the Ny of the spray above it. The

absorption that occurs in the inlet duct adds no height but has an Nyg of 0.5.

Solution

First, check the gas velocity:

q q

T4 nD4
5000/60
T 7 (10724
= 1.06 ft/s < maximum of 3 ft/s
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The number of transfer units required is

Nog = In(600/30)

=3.00
For a tower with five spray sections,

Spray Section Nog

Top 0.70

Second 0.42

Third 0.25

Fourth 0.15

Fifth 0.09

Sixth (inlet) 0.50
=211

Therefore,

2.11 = In(600/y,)
¥, = 72.45 ppm > 30 ppm HCI

Therefore, the outlet concentration does not meet the specification!

ABS.4 ABSORPTION PRINCIPLES

You are given experimental data for an absorption system to be used for scrubbing
ammonia (NH;) from air with water. The water rate is 300 1b/min and the gas rate is
2501b/min at 72°F. The applicable equilibrium data for the ammonia—air system is
shown in the following table (R. H. Perry and D. W. Green, Ed., Perry’s Chemical
Engineers’ Handbook, 7th Edition, McGraw Hill, New York, 1996.)

Equilibrium Partial NH; Concentration
Pressure (mm Hg) (Ib NH; /100 IbH,0)

34 0.5
74 1.0
9.1 1.2
12.0 1.6
15.3 2.0
19.4 25
235 3.0

The air to be scrubbed has 1.5% (weight basis) NH; at 72°F and 1 atm pressure and is
to be vented with 95% of the ammonia removed. The inlet scrubber water is
ammonia free.
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1. Plot the equilibrium data in mole fraction units.

2. Perform the material balance and plot the operating line on the equilibrium
plot.

Solution

In gas absorption operations the equilibrium of interest is that between a relatively
nonvolatile absorbing liquid (solvent) and a solute gas (usually the pollutant). As
described earlier, the solute is ordinarily removed from a relatively large amount of a
carrier gas that does not dissolve in the absorbing liquid. Temperature, pressure, and
the concentration of solute in one phase are independently variable. The equilibrium
relationship of importance is a plot (or data) of x, the mole fraction of solute in the
liquid, against y*, the mole fraction in the vapor in equilibrium with x. For cases that
follow Henry’s law, Henry’s law constant m, can be defined by the equation

V' =mx

The usual operating data to be determined or estimated for isothermal systems are
the liquid rate(s) and the terminal concentrations or mole fractions. An operating line
that describes operating conditions in the column is obtained by a mass balance
around the column (as shown in Figure 72).

Total moles in = Total moles out

Gml +Lm2 = GmZ +Lm]

sz
Y

< Lm2

mi

Y a1

Lm1
X A1

Figure 72. Material balance for the absorption of component A in an absorption column
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For component A, the mass (or mole) balance becomes

G Var + LoXo = G Vap + Lt ¥

Assuming G, = G, and L, = L., (reasonable for most air pollution control
applications where contaminant concentrations are usually extremely small), then

Guya +LnXgn = Guyo + LnXa
and rearranging

L/Gm = (Y1 = Ya2)/ g1 — X42)

This is the equation of a straight line known as the operating line. On x,y
coordinates, it has a slope of L,,/G,, and passes through the points (x,;, ;) and
(x42,¥42) as indicated in Figure 73.

In the design of most absorption columns, the quantity of gas to be treated G,
the terminal concentrations y,, and y,,, and the composition of the entering liquid
x4, are ordinarily fixed by process requirements; however, the quantity of liquid
solvent to be used is subject to some choice. Should this quantity already be
specified, the operating line in the figure is fixed. If the quantity of solvent is
unknown, the operating line is consequently unknown. This can be obtained through
setting the minimum liquid-to-gas ratio.

With reference to Figure 73, the operating line must pass through point 4 and
must terminate at the ordinate y,,;. If such a quantity of liquid is used to determine
operating line AB, the existing liquid will have the composition x ;. If less liquid is

B C D
Yorr———— — — — — l“““* - =
\
slope= (L/Gir)ec : f equilibrium
- curve
y*=H() :
Ya | slope= (L /G ) mn |
l
‘ |
A | |
Yaa |-~ \ ‘
| |
( k _
Xaz Xa.1 XA
Xa

Figure 73. Operating and equilibrium lines.
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used, the exit liquid composition will clearly be greater, as at point C, but since the
driving forces (displacement of the operating line from the equilibrium line) for mass
transfer are less, the absorption is more difficult. The time of contact between gas
and liquid must then be greater, and the absorber must be correspondingly taller.

The minimum liquid used corresponds to the operating line 4D, which has the
greatest slope for any line touching the equilibrium curve and is tangent to the curve
at £. At point E, the diffusional driving force is zero, the required contact time for
the concentration change desired is infinite, and an infinitely tall column results. This
then represents the limiting liquid-to-gas ratio.

The importance of the minimum liquid-to-gas ratio lies in the fact that column
operation is frequently specified as some factor of the minimum liquid--gas ratio. For
example, a typical situation frequently encountered is that the slope of the actual
operating line, (L,/Gp)acr> 18 1.5 times the minimum, (L,/G ) min-

Employing the data provided in the problem statement, convert the equilibrium
partial pressure data and the liquid concentration data to mole fractions:

Gas Mole Fraction y Liquid Mole Fraction x

0.00447 0.0053
0.00973 0.0106
0.0120 0.0127
0.0158 0.0169
0.0201 0.0212
0.0255 0.0265
0.0309 0.0318

Plotting the mole fraction values on the graph in Figure 74 results in a straight line.
The slope of the equilibrium line is approximately 1.0.
Convert the liquid and gas rates to lbmol/min:

L =300/18
= 16.67 Ibmol/min
G =250/29

= 8.62 Ibmol/min

Determine the inlet and outlet mole fractions for the gas, y, and y,, respectively:
_ 1.5/17

T 1.5/17 +98.5/29

= 0.0253

_ (0.05)(1.5/17)
Y27 10.05)(1.5/17) + (98.5/29)

=0.0013

Bg|
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Figure 74. Equilibrium line for Problem ABS.4.

The inlet liquid mole fraction, x,, is given as 0, and the describing equation for x;,
the outlet liquid mole fraction, is

x; =(G/L)(yy —y,) +x,
— (8.62/16.67)(0.0253 — 0.0013) + 0

=0.0124

One may now use the inlet and outlet mole fractions to plot the operating line on the
graph in Figure 75.
The slope of the operating line is

0.0253 —0.0013
0.0124 — 0.0

= 1.936

Slope =
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Figure 75. Operating line for Problem ABS.4.

ABS.S PACKING HEIGHT

Pollution Unlimited, an Aldo Leone Corporation, has submitted design plans to
Theodore Consultants for a packed ammonia scrubber on an airstream containing
NHj;. The operating and design data provided by Pollution Unlimited, Inc. are given
below. Theodore Consultants remember reviewing plans for a nearly identical
scrubber for Pollution Unlimited, Inc. in 1988. After consulting old files, the
consultants find all the conditions were identical except for the gas flowrate. What
recommendation should be made?

Tower diameter =3.57 ft

Packed height of column =8 ft

Gas and liquid temperature = 75°F inlet

Operating pressure = 1.0 atm

Ammonia-free liquid flowrate (mass flux or mass velocity) = 1000 1b/(ft* - h)
Gas flowrate = 1575 acfim

Gas flowrate in 1988 plan = 1121 acfm
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Inlet NH; gas concentration =2.0 mol %
Air density =0.0743 Ib/ft’
Molecular weight of air =29

Henry’s law constant, m =0.972

Molecular weight of water = 18

Figure 76 (packing “A” is used)
Colburn chart
Emission regulation = 0.1% NH; (by mole or volume)

Packing height = HyNpg

Solution

Calculate the cross-sectional area of the tower, S, in ft*;

4.0

32

2.4

Hog » Tt

1.6

0.8

0.0

S =nD?/4
= (M(3.57)*/(4)
=10.0 f?
| I 1
— O Packing A —
G=700 A\ Packing B
G=500 G = gas flow, Ib/h-ft* ]
. G=500 -
= i
— -
] | I
0 500 1000 1500 2000

Liquid rate, Ib/h-ft?

Figure 76. Hyg vs. liquid rate for ammonia—water absorption system.

401
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28 T T
1/A=mG/L=0.90

o.ay
24

: 1A
16 / L
e // é Ao
I %% o
Y
=

Figure 77. Colburn chart.

Calculate the gas molar flux (molar flowrate per unit cross section) and liquid molar
flux in Ibmol/(ft* - h):

G = 4,/S(MW)g
= (1575)(0.0743)/[(10.0)(29)]
= 0.404 Ibmol/(ft* - min)
= 24.2 Ibmol/(ft* - h)
Ly, =L/(MW),
= (1000)/(18)
= 55.6 Ibmol/(f* - h)
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The value of mG, /L, is therefore

mG,, /L. = (0.972)(24.2/55.6)
—0.423

The absorption factor, A4, is defined as
A=L,/(mG,)=1/0.423 = 2.364

The value of (y, — mx,)/(y; — mx,) or X is

y) —mx;, _ 0.02 —(0.972)(0)
¥, —mx,  0.001 — (0.972)(0)

=200

Nog is calculated from Colburn’s equation (or read from Colburn’s chart, Figure 77),
_ (1 = mxy)/(y, = mxy) (1 — {1/4}) + (1/4))
1 —{1/4}
_ In(20.0)(1 — {1/2.364}) + {1/2.364}
N 1 —{1/2.364}

NOG

=4.30

To calculate the height of an overall gas transfer unit, Hng, first calculate the gas
mass velocity, G, in Ib/ft?> - h.

G=gq,/S
= (1575)(0.0743)/10.0
= 11.71b/(f* - min)
=7021b/(ft* - h)

From the figure,

Hog = 2.2t

The required packed column height, Z, in feet is

Z = NogHog
= (4.3)(2.2)
=9.46ft

The application should be rejected.
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ABS.6 TOWER HEIGHT AND DIAMETER

A packed column is used to absorb a toxic pollutant from a gas stream. From the
data given below, calculate the height of packing and column diameter. The unit
operates at 50% of the flooding gas mass velocity, the actual liquid flowrate is 40%
more than the minimum, and 95% of the pollutant is to be collected. Employ the
generalized correlation provided in Figure 78 to estimate the column diameter.

Gas mass flowrate =35001b/h

Pollutant concentration in inlet gas stream = 1.1 mol %
Scrubbing liquid = pure water

Packing type =1 in. Raschig rings; packing factor, F' =160
Hg of the column = 2.5 ft

Henry’s law constant, m =0.98

Density of gas (air) =0.075 Ib/ft®

Density of water = 62.4 b/ ft}

10 l 1
0.5— |
R R numbers represent
Flooding line the pressure drop
02— in inches of water —]
10 per foot of packing
01— -
0.05 -
0.5
LY(P
(6)®)
0.02 —]
0.01 ]
0.005 —
0.002 — -
0.001 —1 L1 |
0.01 0.02 005 01 0.2 0.5 1 2 5 10
G*F Wuﬁ'2
P PY,

Figure 78. Generalized flooding and pressure drop correlation.
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Viscosity of water = 1.8 cP
The ordinate and abscissa of the graph in Figure 78 are dimensionless numbers

LY(2)”
()G
G*Fyu?

PLPE

where:

G =mass flux (mass flowrate per unit cross-sectional area) of gas stream
L =mass flux of liquid stream

F = packing factor

Y =ratio of the specific gravity of the scrubbing liquid to that of water
p = viscosity of liquid phase
p = density of liquid phase

p = density of gas phase

g.=Newton’s law proportionality factor

Solution

To calculate the number of overall gas transfer units, Ngg, first calculate the
equilibrium outlet concentration, x}, at y; =0.011:

Xp =yi/m
=0.011/0.98
=0.0112

Determine y, for 95% removal:
b= (0.05) y,
2T (1=y) +(0.05) y,
B (0.05)(0.011)
“ (1 —0.011) + (0.05)(0.011)
=5.56 x 107*

The minimum ratio of molar liquid flowrate to molar gas flowrate, (L,,/Gr)min» 18
determined by a material balance:

Lin/ Grdiin = (V1 =¥/ (X —x3)
= (0.011 — 5.56 x 1074)/(0.0112 — 0)
=0.933
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The actual ratio of molar liquid flow rate to molar gas flowrate L,/ G, is

Lm/Gm = (1 '40)(Lm/Gm)min
= (1.40)(0.933)
= 1.306
In addition,
(mG,)/L,, = (0.98)/(1.306) = 0.7504
The absorption factor, 4, is defined as

A=L,/(mG,)=1/0.7504 = 1.333

The value of (y, — mx,)/(y, — mx,) is

yi—mx, 0011 —(0.98)(0)

= = 19.78
Yy —mxy  5.56 x 10~* — (0.98)(0)

Then Nyg is calculated from Colburn’s equation (or read from Colburn’s chart—
Figure 77),

_ In((y = mxy)/(y, —mxy) (1 = {1/4}) + (1/4D

Nog 1 — {174}
_ [(19.78)(1 — {1/1.333}) + {1/1.333}]
- 1 —{1/1.333}
=6.96
The height of packing, Z, is then
Z = NocHog
= (6.96)(2.5)
= 1741t

To determine the diameter of the packed column, the ordinate of Figure 78, is first
calculated:

) - o)

= 0.0281
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The value of the abcissa at the flooding line is determined from Figure 78:

G*Fyup?
PPLE:

=0.21

The flooding gas mass velocity, Gy, in Ib/(ft? - s), is

c _ <0.21 prgc)‘”_ ((0.21)(62.4)(0.075)(32.2))1/2
U R ) (160)(1)(1.8)*?

=0.4191b/(ft* - s)
The actual gas mass velocity, G,,, in Ib/(ft? - s), is

Gy = (0.5)(0.419)
=0.20951b/(ft* - s)
= 7541b/(f* - h)

Calculate the diameter of the column in feet:

D = [(4m)/(G,em)]'
= [(4)(3500)/(754)(m)]'/?
=2431t

The column height (packing) and diameter are 17.4 and 2.43 ft, respectively.

ABS.7 PACKED TOWER ABSORBER DESIGN WITH NO DATA

407

A 1600-acfm gas stream is to be treated in a packed tower containing ceramic
packing. The gas stream contains 100 ppm of a toxic pollutant that is to be reduced
to 1 ppm. Estimate the tower’s cross-sectional area, diameter, height, pressure drop,
and packing size. Use the procedure outlined in Problem MTO. 4 in Chapter 8.

Solution

Key information from Problem MTO.4 is provided below. For ceramic packing:
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Packing Height, Z (ft)

Ceramic Packing size (in.)

Removal Efficiency (%) 1.0 1.5 2 3 3.5
63.2 2.0 2.5 3.0 4.5 5.5
777 3.0 37 4.5 6.75 8.25
86.5 4.0 5.0 6.0 9.0 11.0
90 4.6 5.75 6.9 10.4 12.7
95 6.0 7.5 9.0 13.5 16.5
98 7.8 9.8 11.7 17.6 21.5
99 9.2 11.5 13.8 20.7 253
99.5 10.6 13.25 15.9 23.8 29.1
99.9 13.8 17.25 20.7 31.1 38.0
99.99 18.4 23.0 27.6 414 50.7

The equation for the cross-sectional area of the tower, S, in terms of the gas
volumetric flowrate, ¢, in acfs is

S(ft?) = g(acfs)/4
An equation to estimate the tower packing pressure drop, AP, in terms of Z is
AP (in. H,0) =(0.2) Z Z="ft
The following packing size(s) is (are) recommended:

For D = 3 ft, use 1-in. packing
For D < 3 ft, use < l-in. packing
For D > 3 ft, use > 1-in. packing

As a rule, recommended packing size increases with lower diameter.
For the problem at hand,

S = 1600/4 = 400 ft?
The diameter D is

D = (4S/n)*°
= [(4)(400)/m]**
=22.61t

For a tower this large, the 3.5-in. packing should be used.
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The removal efficiency (RE) is

RE = (100 — 1)/100 = 0.99 = 99%

For 99% RE and a packing size of 3.5 in., the required height is 25.3 ft.
The pressure drop is

AP = (0.2)(25.3) = 5.06in. H,0

ABS.8 TWO ABSORBERS TO REPLACE ONE

The calculations for an absorber indicate that it would be excessively tall, and the
five schemes in the diagrams in Figure 79 are being considered as a means of using
two shorter absorbers. Make freehand sketches of operating lines, one for each
scheme showing the relation between operating lines for the two absorbers and the
equilibrium curve. Mark the concentrations on the figure for each diagram. No
calculations are required. Assume dilute solutions.

Solution

Operating lines for each scheme are provided in Figure 79.
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Figure 79. Answers to Problem ABS.8.
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Figure 79. (continued) Answers to Problem ABS.8.

ABS.9 DESIGN PROCEDURE FOR AN ABSORPTION COLUMN

Provide a general design procedure for an absorption column.

Solution

The general design procedure consists of a number of steps that have to be taken into

consideration. These include:
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Solvent selection

2. Equilibrium data evaluation

3. Estimation of operating data (usually consisting of a mass and energy balance,

where the energy balance decides whether the absorption process can be
considered as isothermal or adiabatic)

4. Column selection (should the column selection not be obvious or specified,

calculations must be carried out for the different types of columns and the final
selection based on economic considerations)

. Calculation of column diameter (for packed columns, this is usually based on
flooding conditions, and for plate columns on the optimum gas velocity or the
liquid-handling capacity of the plate)

6. Estimation of column height or the number of plates (for packed columns, the

column height is obtained by multiplying the number of transfer units,
obtained from a knowledge of equilibrium and operating data, by the height
of a transfer unit; for plate columns, the number of theoretical plates is
determined from the plot of equilibrium and operating lines. This number is
then divided by the estimated overall plate efficiency to give the number of
actual plates, which in turn allows the column height to be estimated from the
plate spacing)

7. Determination of pressure drop through the column (for packed columns,

correlations dependent on packing type, column operating data, and physical
properties of the constituents involved are available to estimate the pressure
drop through the packing; for plate columns, the pressure drop per plate is
obtained and multiplied by the number of plates)

ABS.10 PACKED VS. PLATE COLUMN

Briefly describe the differences between a packed column and a plate column.

Solution

Of the various types of gas absorption devices mentioned, packed columns and plate
columns are the most commonly used in industrial practice. Although packed
columns are used more often in air pollution control, both have their special area
of usefulness, and the relative advantages and disadvantages of each are worth
considering. In general:

1. The pressure drop of the gas passing through the packed column is smaller.

2. The plate column can treat an arbitrarily low liquid feed and permits a higher
gas feed than the packed column. It can also be designed to handle liquid
rates that would ordinarily flood the packed column.

3. If the liquid deposits a sediment, the plate column is more advisable. By
fitting the column with manholes, the plate column can be cleaned of
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accumulated sediment that would clog many packing materials and warrant
necessary costly removal and refilling of the column. Packed columns are
also susceptible to plugging if the gas contains particulate contaminants.

In mass transfer processes accompanied by considerable heat effects, cooling
or heating the liquid is accomplished more easily in the plate column. A
system of pipes immersed in the liquid can be placed on the plates between
the caps, and heat can be removed or supplied through the pipe wall directly
to the area in which the process is taking place. The solution of the same
problem for a packed column leads to the division of this process into a
number of sections, the cooling or heating of the liquid taking place between
these sections.

The total weight of the plate column is usually less than for the packed
column designed for the same capacity.

A well-installed plate column avoids serious channeling difficulties ensuring
good, continuous contact between the gas and liquid throughout the column.

In highly corrosive atmospheres, the packed column is simpler and cheaper
to construct.

The liquid holdup in the packed column is considerably less than in the plate
column.

Temperature changes are apt to do more damage to a packed column than to
a plate column.

Plate columns are advantageous for absorption processes with an accom-
panying chemical reaction (particularly when it is not very rapid). The
process is favored by a long residence time of the liquid in the column and by
easier control of the reaction.

Packed columns are preferred for liquids with high foaming tendencies.

The relative merits of the plate column and packed column for a specified
purpose are properly determined only by comparison of the actual cost
figures resulting from a detailed design analysis for each type. Most
conditions being equal, packed columns in the smaller sizes (diameters up
to approximately 2-3 ft) are on the average less expensive. In the larger sizes,
plate columns tend to be the more economical.
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ADS.1 DESCRIPTION OF ADSORPTION

Describe the adsorption process.

Solution

Adsorption is a mass transfer process in which gas molecules are removed from an
airstream because they adhere to the surface of a solid. In an adsorption system, the
contaminated airstream is passed through a layer of solid particles referred to as the
adsorbent bed. As the contaminated airstream passes through the adsorbent bed, the
poliutant molecules adsorb or “stick” to the surface of the solid adsorbent particles.
Eventually the adsorbent bed becomes “filled” or saturated with the pollutant. The
adsorbent bed must then be disposed of and replaced, or the pollutant gases/vapors
must be desorbed before the adsorbent bed can be reused.

The process of adsorption is analogous to using a sponge to mop up water. Just as
a sponge soaks up water, a porous solid (the adsorbent) is capable of capturing
gaseous pollutant molecules. The airstream carrying the pollutants must first be
brought into contact with the adsorbent. The pollutant molecules then diffuse into
the pores of the adsorbent (internal surface) where they are adsorbed. The majority
of the gas molecules are adsorbed on internal pore surfaces.

The relation between the amount of substance adsorbed by an adsorbent and the
equilibrium gas (or vapor) partial pressure or concentration at constant temperature
is called the adsorption isotherm. The adsorption isotherm is the most important and
by far the most often used of the various equilibria data that are available.

ADS.2 TYPES OF ADSORBENTS

Briefly describe the four major adsorbents employed in air pollution control.

Solution

Four important adsorbents widely used industrially will be considered briefly,
namely, activated carbon, activated alumina, silica gel, and molecular sieves. The
first three of these are amorphous adsorbents with a nonuniform internal structure.

414
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Molecular sieves, however, are crystalline and have, therefore, an internal
structure of regularly spaced cavities with interconnecting pores of definite size.
Details of the properties peculiar to the various materials are best obtained directly
from the manufacturer. The following is a brief description of these principal
adsorbents.

Activated Carbon Charcoal, the raw material employed in producing activated
carbon, is obtained by the carbonization of wood. Various raw materials have been
used in the preparation of adsorbent chars, resulting in the development of active
carbon, a much more adsorbent form of charcoal. Industrial manufacture of activated
carbon is today largely based on nut shells or coal, which are subjected to heat
treatment in the absence of air followed by steam activation at high temperatures.
Other substances of a carbonaceous nature also used in the manufacture of active
carbons include wood, coconut shells, peat, and fruit pits. Zinc chloride, magnesium
chloride, calcium chloride, and phosphoric acid have also been used in place of
steam as activating agents. Some approximate properties of typical granular
adsorbent carbons include:

Bulk density: 22-34 Ib/ft’

Heat capacity: 0.27-0.36 Btu/(Ib - °F)

Pore volume: 0.56-1.20 cm’/g

Surface area: 600—1,600 m*/g

Average pore diameter: 15-25 A

Regeneration temperature (steaming): 100-140°C
Maximum allowable temperature: 150°C

Gas (or vapor) adsorbent carbons find primary application in solvent recovery
(hydrocarbon vapor emissions), odor elimination, and gas purification.

Activated Alumina Activated alumina (hydrated aluminum oxide) is produced by
special heat treatment of precipitated or native aluminas or bauxite. It is available in
either granule or pellet form with the following typical properties:

Density in bulk: granules: 38-42 1b/ft®
pellets: 54-58 Ib/ft®

Specific heat: 0.21-0.25 Btu/(Ib - °F)

Pore volume: 0.29-0.37 cm®/g

Surface area: 210-360m?/g

Average pore diameter: 1848 A

Regeneration temperature: 200-250°C

Stable up to: 500°C
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Activated alumina is mainly used for the drying of gases, and it is particularly useful
for the drying of gases under pressure.

Silica Gel The manufacture of silica gel consists of the neutralization of sodium
silicate by mixing with dilute mineral acid, washing the gel formed to remove salts
produced during the neutralization reaction, followed by drying, roasting, and
grading processes. The name “gel” arises from the jellylike form of the material
during one stage of its production. It is generally used in granular form, although
bead forms are available. The material has the following typical physical properties:

Bulk density: 44-46 Ib/ft’

Heat capacity: 0.22-0.26 Btu/(lb - °F)
Pore volume: 0.37 cm®/g

Surface area: 750 m?/g

Average pore diameter: 22 A
Regeneration temperature: 120-250°C
Stable up to: 400°C

Silica gel also finds primary use in gas drying, although it also finds application in
gas desulfurization and purification.

Molecular Sieves Unlike the amorphous adsorbents (activated carbon, activated
alumina, and silica gel), molecular sieves are crystalline, being essentially dehy-
drated zeolites, i.e., aluminosilicates in which atoms are arranged in a definite
pattern. The complex structural units of molecular sieves have cavities at their
centers to which access is by pores or windows. For certain types of crystalline
zeolites, these pores are precisely uniform in diameter. Due to the crystalline porous
structure and precise uniformity of the small pores, adsorption phenomena only
takes place with molecules that are of small enough size and of suitable shape to
enter the cavities through the pores. The fundamental building block is a tetrahedron
of four oxygen anions surrounding a smaller silicon or aluminum cation. The sodium
ions or other cations serve to make up the positive charge deficit in the alumina
tetrahedra. Each of the four oxygen anions is shared, in turn, with another silica or
alumina tetrahedron to extend the crystal lattice in three dimensions. The resulting
crystal is unusual in that it is honeycombed with relatively large cavities, each cavity
connected with six adjacent ones through apertures or pores.

The very strong adsorptive forces in molecular sieves are due primarily to the
cations that are exposed in the crystal lattice. These cations act as sites of strong
localized positive charge that electrostatically attract the negative end of polar
molecules. The greater the dipole moment of the molecule, the more strongly it will
be attracted and adsorbed. Polar molecules are generally those that contain O
(oxygen), S (sulfur), CI (chlorine), or N (nitrogen) atoms and are asymmetrical. For
example, molecular sieves will adsorb carbon monoxide in preference to argon.
Under the influence of the localized, strong positive charge on the cations, molecules
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can have dipoles induced in them. The polarized molecules are then strongly
adsorbed due to the electrostatic attraction of the cations. The more unsaturated
the molecule, the more polarizable it is and the more strongly it is adsorbed. Thus,
molecular sieves will effectively remove acetylene from olefins, and ethylene or
propylene from saturated hydrocarbons.

The sieves have the following typical properties:

Anhydrous Anhydrous
Sodium Calcium Anhydrous
Alumino silicate  Alumino silicate  Alumino silicate

Type 4A SA 13X
Density in bulk (Ib/ft*) 44 44 38
Specific heat [Btu/(lb - °F)) 0.19 0.19

Effective diameter of pores (A) 4 5 13
Regeneration temperature 200-300°C 200-300°C 200-300°C
Stable up to (short period) 600°C 600°C 600°C

ADS.3 ACTIVATED CARBON

List and briefly discuss several design or process factors that affect activated carbon
effectiveness in controlling gaseous pollutants.

Solution

Seven factors that affect activated carbon effectiveness are as follows:

1. Temperature: Higher temperatures will result in less adsorption of the gas.
2. Pressure: The higher the gas pressure, the more adsorbate will be adsorbed.

3. Molecular weight of the gas: The higher the molecular weight of the gas, the
greater the retention of the gas by the adsorbent.

4. Presence of other gases: If gases are present that can be adsorbed but for
which adsorption is not desired, then the capacity of the adsorbent to remove
the desired gases will be decreased. Water and carbon dioxide are often
problems in this regard.

S. Decomposition and polymerization: Activated carbon at elevated temperatures
may act as a catalyst for the polymerization and/or decomposition of some
organic compounds. The products of these polymerizations and/or decom-
position reactions could interfere with the adsorption of the desired gases and
the regeneration of the adsorbent.

6. The size and surface area of the adsorbent particles: Smaller particles have
larger service areas per unit mass; this results in a higher equilibrium capacity,
but also in a higher pressure drop (flowthrough bed).
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7. Velocity of the gas: In general, the lower the gas velocity, the higher the
collection efficiency and the lower the pressure drop.

ADS.4 CARBON DIOXIDE ADSORPTION

The carbon dioxide adsorption data on Columbia (Columbia is a registered trade-
mark of Union Carbide Corporation) activated carbon are presented below at a
temperature of 50°C. Determine the constants of both the Freundlich equation and
the Langmuir equation.

Equilibrium Capacity Partial Pressure
(crn3 /g) CO, (atm)

30
51
67
81
93
104

AN AW -

Solution

As described earlier, the relation between the amount of substance adsorbed by an
adsorbent and the equilibrium pressure or concentration at constant temperature is
called the adsorption isotherm. The adsorption isotherm is the most important and
by far the most often used of the various equilibria data that can be measured. To
represent the variation of the amount of adsorption per unit area or unit mass with
pressure, Freundlich proposed the equation

Y = kptV/m

where ¥ = weight or volume of gas (or vapor) adsorbed per unit area or unit mass of
adsorbent
p = equilibrium partial pressure (vapor pressure) of adsorbed gas
k, n=empirical constants dependent on the nature of the solid and adsorbate,
and on the temperature

The above equation may be written as follows. Taking logarithms of both sides,
log Y =log k+(1/n)log p
If log Y is now plotted against logp, a straight line should result with a slope equal

to 1/n and a log Y intercept equal to logk. Although the requirements of the
equation are often met satisfactorily at low pressures, at higher pressures experi-
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mental points tend to deviate from a straight line, indicating that this equation does
not have general applicability in reproducing adsorption of gases (or vapors) by
solids.

A much better equation for type I isotherms (see Figure 80) was deduced by
Langmuir from theoretical considerations:

ap

Y=
14+ bp

The preceding equation is the Langmuir adsorption isotherm. The constants a
and b are characteristic of the system under consideration and are evaluated from
experimental data. Their magnitude also depends on the temperature. At any one
temperature the validity of the Langmuir adsorption equation can be verified most
conveniently by first dividing both sides of this equation by p and then taking
reciprocals. The result is

p_1.»b
Y_a+ap

Since a and b are constants, a plot of p/Y vs. p should yield a straight line with slope
equal to b/a and an ordinate intercept equal to 1/a.

For the Freundlich equation, the following table can be generated using the data
in the problem statement:

Equilibrium Capacity Partial Pressure

(cm*/g) CO, (atm) logY log P

30 1 1.477 0.000

51 2 1.708 0.301

67 3 1.826 0.477

81 4 1.909 0.602

93 5 1.969 0.699

104 6 2.017 0.778

p° = the saturation partial pressure (vapor pressure)
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Figure 80. Types of adsorption isotherms.

Increasing adsorbate partial (vapor) pressure
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A plot of log Y vs. logp yields the equation (see Figure 81)

Y = 30p%7
For the Langmuir equation,

p_1,0
Y a o
plY p
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Figure 81. Plots of logY vs. logp and p/Y vs. p.
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A plot of p/Y vs. p yields the equation (see Figure 81)

P _ 3.57p
Y (1+40.186)p

The Langmuir equation appears to fit the data better. Regressing the data for both
equations and generating regression coefficients are left as exercises for the reader.

ADS.S BREAKTHROUGH AND WORKING CAPACITIES

Calculate both the breakthrough capacity and the working capacity of an adsorption
bed given the saturation (equilibrium) capacity (SAT), mass transfer zone (MTZ),
and HEEL data provided below:

Depth of adsorption bed, Z = 3 ft

SAT = 39% = 0.39; Ibsolvent/Ib adsorbent
MTZ = 4in.

HEEL = 2.5% = 0.025; 1b solvent/Ib adsorbent

Solution

The following is offered before proceeding to the solution to this problem. Fixed-bed
adsorbers are the usual choice for the control of gaseous pollutants when adsorption
1s the desired method of control. Consider a binary solution containing a strongly
adsorbed solute (gaseous pollutant) at concentration C, (see Figure 82). The gas
stream containing the pollutant is to be passed continuously down through a
relatively deep bed of adsorbent that is initially free of adsorbate. The top layer of
adsorbent, in contact with the contaminated gas entering, at first adsorbs the
pollutant rapidly and effectively, and what little poliutant is left in the gas is
substantially all removed by the layers of adsorbent in the lower part of the bed.
At this point in time the effluent from the bottom of the bed is practically pollutant-
free at C,. The top layer of the bed is practically saturated, and the bulk of the
adsorption takes place over a relatively narrow adsorption zone (defined as the mass
transfer zone, MTZ) in which there is a rapid change in concentration. At some later
time roughly half of the bed is saturated with the pollutant, but the effluent
concentration C, is still substantially zero. Finally at C;, the lower portion of the
adsorption zone has reached the bottom of the bed, and the concentration of
pollutant in the effluent has suddenly risen to an appreciable value for the first
time. The system is said to have reached the “breakpoint.” The pollutant concentra-
tion in the effluent gas stream now rises rapidly as the adsorption zone passes
through the bottom of the bed and C, has just about reached the initial value C,,. At
this point the bed is almost fully saturated with pollutant. The portion of the curve
between C; and C, is termed the “breakthrough” curve.
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Figure 82. Fixed-bed adsorber.

The usual procedure in practice is to work with a term defined as the working
charge (or working capacity). It provides a numerical value for the actual adsorbing
capacity of the bed of height Z under operating conditions. If experimental data are
available, the working charge (WC) may be estimated from

Z—M MTZ
WC = SAT (——Zﬂ) + (0.5)SAT (7—> — HEEL

where SAT is the equilibrium capacity and HEEL is the residual adsorbate present in
the bed following regeneration. (The breakthrough capacity is given in the above
equation without the inclusion of the HEEL term.)

Regarding the problem, first calculate the breakthrough capacity (BC):

_(0.5)(0.39)(4) + (0.39)(36 — 4)
- 36
=0.368 =36.8%

BC
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Calculate the working capacity (WC):

WC=368-25
= 34.3% = 0.343

Since much of the above data is rarely available, or just simply ignored, the working
charge may be taken to be some fraction, £, of the saturated (equilibrium) capacity of
the adsorbent, i.e.,

WC = (f)SAT) 0<f<1.0

Note that the notation, CAP, is often employed in place of SAT (see next problem).

ADS.6 CALCULATIONS ON AN ADSORPTION CANISTER

Small volatile organic compound (VOC) emission sources often use activated
carbon, which is available in canisters or drums. An example of this is a modified
form of Carbtrol model G-1, which is suitable for low air flow rates. The drum
is not regenerated on site; it is returned to the manufacturer and a new drum is
delivered.

A small pilot-scale reactor uses this modified model G-1 adsorber to capture
methylene chloride emissions in a 50-acfm nitrogen purge source. The following
operating and design data are provided:

Volumetric flowrate of nitrogen purge = 50 acfm
Molecular weight of methylene chloride = 85
Operating temperature = 70°F

Operating pressure = 1.0 atm

Saturation capacity = 301b CH,Cl,/1001b-°C
Methylene chloride concentration = 500 ppm
Weight of carbon in drum =2001b

Height of adsorbent in drum =24 in.
Adsorption time =6 h

Mass transfer zone (MTZ)=2in.

Based on the above data and information, estimate the number of purge stream
batches that this G-1 model adsorber canister can treat to breakthrough.
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Solution

Calculate the working charge (WC) of the carbon drum (canister). Note that the
HEEL is zero since this is a batch generation:

+ (0.5)CAP (g)

- (0.30)(247;%) +(0.5)(0.30) (22_4)

Z—-MTZ
WC = CAP (——)

= 0.28751b MeCl,/Ib carbon
The drum capacity (DC) in pounds of methylene chloride is

DC = (WC)(carbon weight)
= (0.2875)(200)
= 57.51b MeCl,

Determine the mole fraction of methylene chloride (MEC) in the purge stream:

YMEC = 500/106
= 0.0005

The volumetric flowrate of methylene chloride (MEC) may now be calculated:

9dMEC = YMECY
= (0.0005)(50 acfm)(60)

= 1.5acth

The density of the methylene chloride vapor in Ib/ft® is

_ P (MW)
PMEC = RT

_ (1)(85)
= (0.73)(70 + 460)

=0.220 Ib/ft*
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The weight ¥ of methylene chloride emitted per batch is then

W = (gmec)(Pmec)(6 h/batch)
= (1.5)(0.220)(6)
= 1.98 Ib/batch

The maximum number of batches per canister (MBC) is

MBC = DC/W
=57.5/1.98
=29

ADS.7 MULTICOMPONENT ADSORPTION

Provide an equation to estimate the saturation capacity, SAT, for a multicomponent
mixture,

Solution

For multicomponent adsorption the saturation capacity may be calculated from the
following (personal notes, L. Theodore):

1.0

n
,=Z] (SAT)
where » = number of components
w; = mass fraction of i in #n components (not including carrier gas)
SAT; = equilibrium capacity of component i

SAT =

For a two-component (A, B) system, the above equation reduces to:

(SAT)A(SAT)g
wy (SAT)g + wg (SAT),

SAT =

ADS.8 PERFORMANCE OF A TWO-BED CARBON ADSORPTION
SYSTEM

A two-bed carben adsorption system is being used to control odors emitting from a
drum filling operation. The material being drummed is a high-purity grade of
pyridine (CsH;N) that has a human detection level of 100 ppm. It has been reported
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that an odor can be detected from outside the drumming area when the equipment is
in service, i.e., when drums are being filled. Discussions with operating personnel
have indicated that the adsorption system is the source of the odor. You are requested
to determine if the adsorption equipment/emission is the source of the odor or if the
equipment is capable of containing/controlling the pyridine emission. Design and
actual operating data are provided below.

L.

7.

The adsorption units are twin horizontal units with face dimensions for flow of
5 by 12 ft. Each unit contains new 4 x 6 mesh activated carbon B that was
installed one month ago. The measured bed height is 12 in.

The carbon manufacturer maintains that the breakthrough capacity of the
carbon gs 0.49 Ib pyridine/lb carbon and that the carbon has a bulk density of
251b/ft.

. Laboratory tests performed by plant personnel indicate that the carbon

contains a HEEL of approximately 0.03 Ib pyridine/lb carbon when regener-
ated with 4.01b of steam/Ib pyridine at 10 psig.

. The ventilation blower for the drum filling station has a flow of 5000 acfm at

25°C and 14.7 psia and contains a pyridine concentration of 2000 ppm (plant
hygienist data).

. The drum filling operation operates on a 24-h/day basis and the adsorption

units are operated on an 8-h adsorption, 5-h regeneration cycle, with 3 h for
cooling and standby. The steam used during the 5-h regeneration cycle was
determined to be 2725 1b (mass flow meter).

. The adsorption unit was designed based on a pressure drop through the bed

following the relationship:
AP = 0.37Z(v/100)' ¢

where Z is the bed depth in inches, v is the velocity in ft/min, and the pressure
drop is in inches of water. The measured operational pressure drop is 3.3 in. of
water.

The fractional fan efficiency, £y, is 0.58.

To evaluate the adsorber’s performance please determine the following:

Al e

The mass of pyridine to be captured in the adsorption period
The working capacity of the carbon B

The mass and volume of carbon that should be used in each unit
The required bed height

The design pressure drop through the bed using the required bed height for
full capture

The horsepower requirement for this process
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7. The required steam to regenerate the bed to the HEEL level of 0.031b

pyridine/Ib carbon
Solution
Calculate the mole fraction of pyridine (P) in the gas stream:

yp = 2000/10°
= 0.0020

Calculate the volumetric flowrate of P in acfin:

qp = )pq
= (0.0020)(5000)
= 10.0 acfm

Determine the density of the P vapor at the operating conditions:

CPMW) _ (14.7)(79)
P="RT T 10.73)537)

=0.2015Ib/f°

The mass of P collected during the adsorption period is then

mp = (10)(0.2015)(8)(60)
=967.21b

Estimate the working capacity (WC) of carbon B for this system:

WC = BC — HEEL
=0.49 — 0.03
= 0.461b P/Ib carbon B

Calculate the mass of carbon that should be used for each unit:

mac = mp/WC
=967.2/0.46
= 2103 1b carbon B
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The volume of activated carbon, V., is

Vac = mac/py

=2103/25
=84.11°

The cross-sectional area 4 of the carbon that is presently available for flow is
A =(5)(12) = 60 ft?

Since the bed height is 12in. or 1.0 ft, the critical volume currently employed is
60 ft*. Because this is below the required 84 ft*, the odor problem is present; the
equipment is not capable of controlling the emission.

The “required” height of the adsorbent in the unit is

Z=Vac/A
— 84.1/60
= 1.40ft
= 16.8in.
~ 17.0in.

Estimate the pressure drop across the adsorbent in inches of H,O.

1.56 1.56
AP = 0.372(1%0) = 0.37Z<1/ﬁ)

5000/60\ '
100

= (0.37)(17)(
=4.73in. H,0

The total pressure drop across the bed in lbe/ft* is then

AP = (4.73)(5.2)
= 24.6Ib;/ft*
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while the HP requirement is

_ (24.6)(5000)
HP = (60)(550)(0.58)

= 6.43HP
Finally, the steam requirement for regeneration is

Myeam = (4.0)(967.2)

= 3869 Ib steam during regeneration

The actual operating steam rate (2725 Ib for 5 hours) is below the required value.

ADS.9 MOLECULAR SIEVE REGENERATION
Use the graph in Figure 83 to solve the following problem.
1. Estimate the pounds of CO, that can be adsorbed by 1001b of Davison 4A

Molecular Sieve from a discharge gas mixture at 77°F and 40 psia containing
10,000 ppmv (ppm by volume) CO,.

24
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Figure 83. Vapor-solid equilibrium isotherms.
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2. What percentage of this adsorbed vapor would be recovered by passing
superheated steam at a temperature of 392°F through the adsorbent until the
partial pressure of the CO, in the stream leaving is reduced to 1.0 mm Hg?

3. What is the residual CO, partial pressure in a gas mixture at 77°F in contact
with the freshly stripped sieve in part 2?

Solution

Calculate the mole fraction of CO, in the discharge gas mixture:

Yco, = ppm/ 10°
= 10,000/10°
=0.01

Also determine the partial pressure of CO, in psia and mm Hg:

Pco, = Yco, P
= (0.01)(40)
= 0.4 psia
= (0.4)(760/14.7)
= 20.7mmHg
Estimate the adsorbent capacity, SAT, at 77°F:

SAT = 9.81b CO,/1001b sieve (from Figure 83)

Also estimate the adsorbent capacity at 392°F and 1.0mm Hg. Note that this
represents the HEEL:

HEEL = 0.81b CO,/1001b sieve
The amount of CO, recovered is therefore

CO, recovered = 9.8 — 0.8
=9.01b CO,/1001b sieve

while the percent recovery is

% recovery = (9.0/9.8)100
=91.8%

Note that this represents the percent recovery relative to the HEEL.
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Estimate the partial pressure of CO, in mm Hg in equilibrium at 77°F with sieve
containing 0.8 Ib CO,/1001b sieve (the HEEL):

Pco, = 0.05 mm Hg
The equilibrium CO, concentration may be converted to ppm:

ppm = (pco,/P)10°
— (0.05)(14.7/760)(106)/40
=24.1

The reader is left the exercise of calculating the percent recovery based on inlet and
outlet concentrations (ppm).

ADS.10 DESIGN OF A FIXED-BED ADSORBER

Provide a design procedure for a fixed-bed adsorber.

Solution

A rather simplified overall design procedure for a system adsorbing an organic that
consists of two horizontal units (one on/one off) that are regenerated with steam is
provided below.

Note: This design procedure was originally developed by Dr. Louis Theodore in
1985 and later published in 1988. These materials recently appeared in the 1992 Air
and Waste Management Association text published by Van Nostrand Reinhold titled
Air Pollution Engineering Manual. This was done without properly acknowledging
the author, Dr. Louis Theodore, and without permission from the original publisher.

1. Select adsorbent type and size.

2. Select cycle time; estimate regeneration time; set adsorption time equal to
regeneration time; set cycle time equal to twice the regeneration time;
generally, try to minimize regeneration time.

3. Set velocity; v is usually 80 ft/min but can increase to 100 ft/min.
4. Set the steam/solvent ratio.
5. Calculate (or obtain) working capacity (WC) for above.



432

10.

11
12.

13.
14.

ADSORPTION (ADS)

Calculate the amount of solvent adsorbed (M) during one-half the cycle time

(tads)‘
mg = qcitads

where ¢; = inlet solvent concentration, mass/volume
g = volume rate of flow, volume/time

Calculate the adsorbent required, m,:

Mac = mJWC

. Calculate the adsorbent volume requirement, ¥ !

Vac = Mac/pp
Calculate the face area of the bed, 4,c:
Axc =4q/v
Calculate the bed height, Z.
Z = Vpcdac

Estimate the pressure drop from the graph in Figure 84 or a suitable equation.
Set the L/D (length-to-diameter) ratio. Calculate L and D, noting that

A=LD

Constraints: L < 30ft, D < 10ft; L/D of 3 to 4 acceptable if v < 30 ft/min
Design (structurally) to handle if filled with water.

Consider designing vertically if g < 2500 actual cubic feet per minute
(acfm). Consider designing horizontally if ¢ > 7500 acfm.

ADS.11 SIZING A CARBON ADSORBER

A printing company must reduce and recover the amount of toluene it emits from its
Rotograve printing operation. The company submits some preliminary information
on installing a carbon adsorption system. You, the primary consultant, are given the
following information:

Air flow = 20,000 acfm (77°F, 1 atm)
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Pressure drop per inch of bed, inches of water

Measurements made
at maximum packing density

| | 1 1
10 20 30 50 70 100

Velocity (standard air), fpm

0.1

Figure 84. Activated carbon pressure drop curves.

Adsorption capacity for toluene is 0.1751b toluene/Ib activated carbon

Operation is at 10% of LEL (lower explosivity limit) for toluene in the exit air
from printer

LEL for toluene = 1.2%

Toluene molecular weight=92.1

Carbon bulk density (4 x 6 mesh)=301b/ft’
Working charge is 60% of saturation capacity
Regeneration is just under one hour; assume 1.0h
Maximum velocity through adsorber is 100 fpm

Determine the minimum size of adsorber you would recommend for a 1 x 1 system.
Calculations should include the pertinent dimensions of the adsorber, the amount of
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carbon, the depth of the bed and an estimate of the pressure drop. Also calculate the
fan horsepower if the blower/motor efficiency is 58%.

Solution
Initially, base the calculations on 1-h regeneration time so that 1h of adsorption is
available. Key calculations and results are provided below for the toluene (TOL) and
activated carbon (AC).
Vior = (20,000)(0.10)(0.012)
= 24 acfm
e = (24)(492/537)(92.1)(60)
=3381b/h

Pro. = (24/20,000)(14.7)
= (0.0012)(14.7)
= 0.01764 psia

WC = (0.175)(0.60)
= 0.105 leOL/leC

mac = (338/0.105)(1.0)
= 32201b, for one bed
= 6440 1b, for both beds

Vac = 3220/30 = 107 f*
Axc = 20,000/100 = 200 f?

H = 107/200
= 0.535ft = 6.4in.



ADS.12  BREAKTHROUGH TIME CALCULATION 435

Suggest a horizontal 10-ft diameter by 20-ft long design. Since AP =
0.625 in. H,O/in. bed,

= 4.0in. H,0

_(20,000)(4.0)(5.2)
HP = =0.58)(33.000)

= 22HP

Note: This represents a marginal design since / is slightly higher than 0.5 ft.

ADS.12 BREAKTHROUGH TIME CALCULATION

A degreaser ventilation stream contaminated with trichloroethylene (TCE) is treated
through the use of a horizontal carbon bed adsorber. The adsorber is normally
designed to operate at a gas flow of 8000 scfm (60°F, 1 atm), and the concentration of
TCE at the adsorber inlet is 1500 ppmv. The efficiency of the adsorber is 99% under
normal design conditions. Design parameters are as follows:

Actual conditions: 25 psia, 90°F

SAT =35%

Z =depth of bed=2.5ft

L =length of adsorber =25 ft

D = diameter of adsorber =8 ft

MTZ =35in.

HEEL =2.0%

Bulk density of carbon bed =35 Ib/ft’

1. Determine the time before breakthrough occurs.

2. Recalculate the time before breakthrough occurs, based on the following
transient condition. The adsorber system is on line for one hour at the above
normal design conditions when the inlet concentration of TCE rises to an
average value of 2500 ppmv due to a malfunction in the degreaser process; the
efficiency also drops to 97.5% during this time. Assume the SAT remains the
same.
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Solution

Key calculations for part 1 are first provided:
14.7\ (90 + 460
7= 8000( 25 )(60 ¥ 460)
= 4975 acfm

gree = (1500 x 107%)(4975)

= 7.46 acfm

PMW) grcg  (25)(131.5)(7.46)

MICE =" pp (10.73)(90.460)
= 4.161b/min
e - 0-5(CHMTZ) +Z (CNZ — MTZ)
_0.5(0.35)(5/12) + (0.35)[2.5 — (5/12)]
- 2.5

=0.32

WC = BC — HEEL = SF (safety factor)
=032-0.02-0

=0.30 = 30%
Ve = (25)(8)(2.5)
= 500 ft*

me = (500)(35)

=17,5001b

(WC)(m,) _ (0.30)(17,500)
mE  (4.16)(0.99)

t (to saturation) =

= 1275min = 21 h
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For transient conditions (part 2),

mycg (in carbon) = (0.30)(500)(35)

= 5250 Ibycg, maximum

mycg (flow, first hour) = (4.16)(60)(0.99)
= 247.1 Ibycg captured

The remaining capacity of the bed after the first hour is now

mrcg (after first hour) = 5250 — 247.1
= 5003 leCE

t (to transient saturation) = 2003
mTCE,transient (0975)

mTCE.transient = (4.16)(2500/1500)
= 6.93 Ib/min

e 5003
T (6.93)(0.975)

=740min = 12.34 h
The time to breakthrough, following the transient period, is

tg = 60 + 740.1
=801.1min = 13.34 h

Thus, the time to breakthrough has been reduced from 21 to 13.3 h.
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REG.1 SOLID WASTE DISPOSAL ACT

Describe the objectives of the Solid Waste Disposal Act of 1965.

Solution

The objectives of the Solid Waste Disposal Act of 1965 were:

e Promote proper solid waste management and recycling practices.

e Provide technical and financial assistance to municipalities to plan and
implement solid waste management programs.

o Create a national research and development program for improved solid waste
management practices and technology.

e Create guidelines for proper handling and disposal of solid waste.

e Provide technical grants for the design and operation of solid waste manage-
ment facilities.

REG.2 HAZARDOUS AND SOLID WASTE ACT

1. In passing the Hazardous and Solid Waste Act (HSWA) amendments of 1984,
Congress required hazardous waste generators to certify that they had a
program in place to reduce the volume and/or toxicity of the waste they
generated or managed. Explain why Congress did not include a corresponding
enforcement section in the law.

2. Explain the difference between a “hazardous substance” and an “extremely
hazardous substance.”

Solution

1. There were two major reasons for a lack of enforcement/inspection of
industrial waste volume/toxicity reduction program certification. The first
was that Congress was convinced that the U.S. Environmental Protection
Agency (EPA) had neither enough personnel nor personnel with adequate

441
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expertise to evaluate industrial process systems. The second was that Congress
was not convinced that this enforcement could be carried out without placing
U.S. industry at a competitive disadvantage in world markets.

To resolve these problems, Congress did include an extensive research
program in HSWA to augment the certification requirement, but left the
responsibility of truthfulness with the industrial producers of hazardous waste.
There does remain the basic requirement to truthfully report program activities
by hazardous waste generators.

. From a regulatory perspective, a hazardous substance is a material that may

cause damage to public health and/or the environment when released to the
surroundings. An extremely hazardous substance identifies a material that can
cause irreversible damage to public health and/or the environment after only a
single exposure.

REG.3 PERFORMANCE STANDARDS FOR HAZARDOUS WASTE
INCINERATORS

The basic thrust of the 1984 incineration regulations requires that all hazardous
waste incinerators meet certain performance standards. Describe the three key
standards in technology.

Solution

1. Principal Organic Hazardous Constituents (POHC). The DRE for a given

POHC is defined as the mass percentage of the POHC removed from the
waste. The POHC performance standard requires that the DRE for each POHC
designated in the permit be 99.99% or higher.

DRE 9.99% percentage basis

=9
= 0.9999 fractional basis

The DRE performance standard implicitly requires a sampling and analysis to
measure the amounts of the designated POHC(s) in both the waste stream and
the stack effluent gas during a trial burn.

2. Hydrochloric Acid. The limitation for HCI emissions from the stack of an

incinerator is specified in two parts; if the first part is not met, the second is
required. These specifications are

a. for the gas leaving the incinerator,

e < 41b/h (1.8kg/h)
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or
b. for the scrubber,

Eyq = 99%

A scrubber efficiency of 99% allows a maximum of 1% of the HCI entering
the scrubber to be emitted to the atmosphere. The latest regulations covered in
the Federal Register (April 27, 1990) require HCI emissions to be based on a
risk assessment, the same as metals. Most often, this may be well above the
99% requirement. This sampling standard implicitly requires, in some cases,
sampling and analysis to measure the HCI in the stack gas (see Problem STC.5
in Chapter 5).

3. Particulates. Stack emissions of particulate matter are limited to a concentra-
tion (¢) of 0.08 grains per dry standard cubic foot (gr/dscf) for the stack gas
corrected to 7% O, dry volume (or approximately 50% excess air):

Cpart = 0.08 gr/dscf

The term excess air is discussed in Problem STC.3 in Chapter 5; it is a
measure of the amount of air supplied to the incinerator over and above that
needed for complete combustion of the waste and/or auxiliary fuel. (Although
essentially the same, note that some of the calculations for this and later
problems are based on 50% excess air and not 7% O, since the principles can
be more easily demonstrated.) If > or < 50% excess air (or 7% O, dry
volume) is being used, the measured particulate concentration in grains per dry
standard cubic foot must first be adjusted before comparison with the
0.08 gr/dscf standard. This adjustment is made by calculating what the
concentration would be if 50% excess air was used. In this way, a decrease
of particulate concentration due solely to increasing air flow in the stack is not
rewarded, and an increase of particulate concentration due solely to reduction
of air flow in the stack is not penalized. (See Problem REG. 8 of this chapter
and Problem HWI 2 of Chapter 27.)

Compliance with these performance standards is documented by a trial burn of the
facility’s waste streams. (The reader should note that new standards were proposed in
April of 1999. No additional information was available at the time of the preparation
of this book).

REG4 PERMIT PROCESS FOR INCINERATORS
Briefly describe the major strong points of the permit process for incinerator systems

under RCRA. Include the perspective of the public, the regulatory agency, and the
permittee.
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Solution

The permit process is designed to make maximum information available to the
public through the public hearing process. It ensures preparation and delivery of this
information in an organized and descriptive manner. The permit process assures that
all information used to choose a particular hazardous waste incineration system is
public and available.

The permit process is designed to present to the regulators pertinent information
that will allow them to make informed decisions in a reasonably consistent manner
that, with proper coordination, utilizes a minimum of resources.

The application process requires basic information to demonstrate that the design
and operation of the incinerator will result (see previous problem) in the destruction
of principal organic hazardous constituents (POHCs) by 99.99%; a hydrogen
chloride scrubbing efficiency of 99% or, as described in the previous problem,
<41b/h maximum HCl emissions; and particulate emissions <0.08 gr/dscf
corrected to 50% excess air (EA). These may be written in equation form as:

EPOHC = 99990/0
Euci =99% or iy < 4lb/h (see previous problem)

Cparticulate < 0.08 gr/dscf (see previous problem)

The permit, in general, restricts the area of technical information that the permittee
must develop, and most importantly, it serves as a shield of protection for the
permittee against legal action so long as the permittee maintains compliance. This
shield protects against arbitrary regulatory actions and unjustifiable public suits. It is
important to note that it does not shield against actions that lead to endangerment of
public health or the environment.

REG.S LIABILITY

The term liability is closely tied to the system of values and ethics that have
developed in this country. In concise language define and give an example of the
terms liability, strict liability, and joint and several liability. Explain how the
interpretation of liability affects waste incineration permitting, application, and
design.

Solution

Liability implies responsibility for an action. An individual may be held liable for a
result if, in the mind of the normal, prudent person, the individual failed to exercise
due caution. Examples include driving too fast, losing control of a car, and causing
damage to property or persons.
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Strict liability implies responsibility without regard to prudence or care, i.e.,
without regard to negligence. Such standards are imposed for a variety of activities,
such as handling dynamite, statutory rape, or hazardous waste management. These
standards require that proper caution be exercised at all times. Defenses available, if
harm results, are limited. These standards are the basis for training requirements
imposed upon the permittee who is an owner/operator of hazardous waste treatment,
storage, or disposal facilities.

Joint and several liability is an assignment of responsibility when two or more
persons fail to exercise the proper care and a division of harm is not possible. If two
hunters fire their weapons and a person is killed, and there is no way to determine
which projectile caused the harm, both hunters may be each held liable for the harm
to the aggrieved party. In the case of joint and several strict liability, each party who
managed a waste may be responsible for mitigating damages caused by the waste.
For example, the generator, the transporter, the storage facility, and the incinerator
operator may each individually or collectively be responsible for damages caused by
mismanagement of a waste.

These provisions provide a tremendous impetus to hazardous waste generators to
dispose of their waste on site under carefully controlled conditions. This concept
of liability also burdens the generator with the threat of future costs as a result of
someone else’s improper actions. These values follow directly from our system of
government, which was created to assure that individual citizens do not suffer loss
of property and freedoms (health) by the actions of others. The need for a careful
choice of a contractor to carry out waste management and disposal responsibilities is
also highlighted by these provisions.

REG.6 COLLECTION EFFICIENCY CALCULATIONS

The hazardous waste flow rate into a treatment device is 100 1b/h. Calculate the
waste rate leaving the unit to achieve a collection efficiency of

95%

99%
99.9%
99.99%
99.9999%

N

Solution

The definition of collection efficiency, E, in terms of mass flowrate in, 7, and mass
flowrate out, 71, is

E= <mi"—._'"—°i‘)(100)
m.

n
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The above equation may be rewritten for m:
Fgu = itn(1 — E/100)
1. The mass flowrate out, m,,,, for an E of 95% is

gy = 100(1 — 95/100)
=51b/h

2. The mass flowrate out, m,,,, for an £ of 99% is

1oy = 100(1 — 99/100)
= 11b/h

3. The mass flowrate out, i, for an E of 99.9% is

g = 100(1 — 99.9/100)
=0.11b/h

4. The mass flowrate out, i, for an E of 99.99% is

gy = 100(1 — 99.99/100)
=0.011b/h

5. The mass flowrate out, s, for an E of 99.9999% is

gy = 100(1 — 99.9999/100)
= 0.0001Ib/h

REG.7 CORRECTION TO 7% OXYGEN

The carbon monoxide (CO) concentration in the stack from a solid hazardous waste
treatment facility is measured at 20 ppmv at a temperature of 175°F. The oxygen
concentration in the stack is measured to be 12% by volume on a wet basis. The
water content of the stack gas is 10 mol %.

1. What is the corrected CO content in the stack gas?

2. Similarly, the particulate concentration in the stack is measured at 20 mg/dscf
at a stack oxygen concentration of 12% on a dry basis at 70°F. What is the
corrected particulate concentration?
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3. Federal regulations (in SI units) require that corrected particulate concentra-
tions do not exceed 180 mg/dscm corrected to 7% O,. Does this stack meet
the regulations?

Many current waste regulations require that emissions be corrected to 7% oxygen
in the stack on a dry basis. The correction formula provided in the regulations (see
40 CFR Part 264.343) is as follows:

Po=Py[14/(21 — 1))

where P, = corrected concentration
P, =measured concentration
Y = O, concentration in stack, dry basis

Solution
Determine the percent by volume of CO and N, in the stack:

O, concentration = 12%
H,0 content=10%

Thus, CO, and N, content is (100 — 22)% = 78%.
Calculate the O, concentration in the stack in mole fraction units.
Basis 100 mol:

Y = O, concentration in the stack = 12/90
=0.1333 = 13.33%
Calculate the corrected CO content in the stack gas in ppm using the equation given

above.
For CO:

Pe = Py[14/21 — 1))
= 20[14/(21 — 13.33)]
= 36.5ppm CO (corrected to 7% O,)

Calculate the corrected particulate concentration in the stack in mg/dscf.
For particulates:

Pe =20[14/(21 — 12)]
= 31.1ppm CO (corrected to 7% O,)

Determine if the stack meets regulations.
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Convert mg/dscf to mg/dscm:
(31.1 mg/dscf)(35.3 ft*/m?) = 1098 mg/dscm

Therefore, this stack does not meet regulations.

REG.8 PARTICULATE LOADING

A hazardous waste incinerator is burning an aqueous slurry of soot (carbon) with the
production of a small amount of fly ash. The waste is 70% water by mass and is
burned with 0% excess air (EA). The flue gas contains 0.25 grains (gr) of
particulates in each 7ft> (actual) at 620°F. For regulation purposes, calculate the
particulate concentration in the flue gas in gr/acf, in gr/scf, and in gr/dscf.

Solution

Calculate the particulate concentration in the flue gas per actual cubic foot:
0.25 gr/7.0acf = 0.0357 gr/acf
Convert actual cubic feet to standard cubic feet:
60°F = 520°R 620°F = 1080°R
7.0 acf(520/1080) = 3.37 scf
Calculate particulate concentration in standard cubic feet:

0.25 gr/3.37 scf = 0.074 gr/scf

To determine the volume fraction of water in the flue gas, the reaction equation for
the combustion of the waste is

C+H20+02 — C02+H20
The number of moles of each component becomes

C: 301b/(12 1b/lbmol) = 2.5 Ibmol
H,O: 701b/(18 Ib/Ibmol) = 3.89 Ibmol

Calculate the moles of CO, and H,O in the flue gas:

CO, = 2.51bmol
H,0 = 3.89 Ibmol
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The stoichiometric (0% excess air) air requirement for this solid waste can now be
determined:

0,:  2.51bmol
N,:  (79/21)(2.5 Ibmol) = 9.4 Ibmol
Airr 94 4+25=119

The oxygen and nitrogen in the flue gas are therefore

0, = 0.0 lbmol
N, = 9.41bmol

Dividing the moles of H,O by the total moles yields the mole fraction of H,O in the
flue gas:

H,0 fraction = Ibmol H,0/(CO, + H,0 + N,) Ibmol
=3.89/(2.543.89 4+ 9.4)

= 0.25 (by mole or volume)

The molar quantity of dry gas is obtained by subtracting the moles of H,O from the
total moles to yield

Moles dry gas = (2.5 + 3.89 + 9.4) — 3.8 = 12.0 Ibmol

The dry volume in dry standard cubic feet (dscf) is obtained by subtracting the
volume of H,O from the total volume to yield

Dry volume = 3.37 (1 — 0.25) = 2.53 dscf
The particulate concentration on a dscf basis becomes

0.25 gr/2.53 dscf = 0.099 gr/dscf

REG.9 PARTICULATE AND HCl EMISSIONS

A hazardous waste incinerator is burning a waste mixture containing solids with
50% excess air at 2100°F with a residence time of 2.5 s. The stack gas flowrate was
determined to be 14,280 dscfm. The composition of contaminants in the stack gas is
given below:



450 REGULATIONS (REG)

Compound Inlet (1b/h) Outlet (Ib/h)
Toluene 860 0.20
Chlorobenzene 450 0.02
Dichlorobenzene 300 0.03

HCl 4.2
Particulates 9.65

Pb 0.051b/1001b (TOC)

TOC =total organic compounds

1. Calculate the DREs for toluene, chlorobenzene, dichlorobenzene, and HCL.
2. Calculate the discharge concentrations of Pb and particulates.

3. Is the unit in compliance with present federal regulations? Assume chloro-
benzene and dichlorobenzene are the POHCs (principal organics) for this
incinerator.

Solution

1. DREs for each compound are calculated as follows:

Toluene:
860 1bin/h — 0.20 b out/h o
100( 260 1o i/l ) =99.98%
Chlorobenzene:
4501bin/h — 0.02 b out/h o
100( 45010 o/h ) = 99.996%
Dichlorobenzene:
3001bin/h — 0.03 b out/h R
100( 30015 in/h ) = 99.99%

Molar HCI production is calculated based on all Cl coming into the
incinerator, and assuming that all Cl is converted to HCl upon combustion.
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For chlorobenzene, the amount of HCI produced is calculated assuming:
C¢H;Cl + 70, — 6CO, + HCl1 + 2H,0

HCI produced from chlorobenzene

3 4501b/h
~ 6(121b C/Ibmol) + 5(1 Ib H/Ibmol) + 1(35.45 Ib Cl/Ibmol)

= 4.00 Ibmol HCl/h

For dichlorobenzene, the amount of HC] produced is calculated assuming:
C¢H,Cl, + 6.50, — 6CO, + 2HCI + H,0

HCI produced from dichlorobenzene

_ 3001b/h
™ 6(121bC/Tbmol) + 4(1 Ib H/Ibmol) + 2(35.45 Ib Cl/Ibmol)

= 2.041bmol HCl/h

Therefore,

Total amount of HCI produced
= (4.00 + 2.04) Ibmol (36.45 Ib/Ibmol) = 220.2 1b HCl/h

The DRE for HCI is

220.2 Ib HCl1 in/h — 4.22 1b HCI out/h o
100( 220.21b HCI in/h ) = 98.09%
. The amount of Pb in the waste mixture is based on the TOC content of the

waste as given by:
TOC for toluene (C,Hg):

) Mass of C in toluene 7(12)
% TOC in tol = =
° 1 tofuene Total mass of toluene  7(12) + 8(1)
=0913

Toluene TOC emission rate = (0.913)(860 Ib toluene/h)
=7851bTOC/h
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TOC for chlorobenzene (C4H;Cl, CB):

) Mass of C in CB 6(12)

% TOC in CB = =

% TOCin C Total mass of CB  6(12) + 5(1) + 1(35.45)
= 0.64

Chlorobenzene TOC emission rate = (0.64) 4501b CB/h

— 288 1bTOC/h
TOC for dichlorobenzene (C¢H,Cl,, DCB):
. Mass of C in DCB 6(12)
% TOC in DCB = =
° 0 Total mass of DCB _ 6(12) + 4(1) + 2(35.45)

=049

Dichlorobenzene TOC emission rate = (0.49) 3001b DCB/h
= 1471bTOC/h

The amount of Pb in the flue gas is:

Total emission of TOC = (785 + 288 4+ 1471b TOC/h)
= 12201b TOC/h

Total mass of Pb = (1220 1b TOC/h)(0.005 Ib PB/Ib TOC)
= 6.11bPb/h

Concentration of Pb in the incinerator flue gas is

(6.11b Pb/h)(1 h/60 min)
14,280 dscfm

=7.12 x 107%1b/dscf

1. 1010 g /m?
=7.12x10-61b/dscf( 6033 x 10 ”g/m>

Ib/dscf
= 114,147 pg/m’

The particulate concentration in the flue gas is calculated as follows:

Total emission of particulates = 9.65 1b/h (7000 gr/1b)
= 67,550 gr/h
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The concentration of particulates in the incinerator flue gas is

67,550 gr/h
14,280 dscfm (60 min/h)

= 0.079 gr/dscf

3. The unit is in compliance with present federal regulations for POHCs and
particulates but is NOT in compliance for HCI emissions.

REG.10 COMPLIANCE STACK TEST

A compliance stack test on a facility yields the results below. Determine whether the
incinerator meets the state particulate standard of 0.05 gr/dscf. Estimate the amount
of particulate matter escaping the stack, and indicate the molecular weight of the
stack gas. Use standard conditions of 70°F and 1 atm pressure.

Volume sampled 35 dscf

Diameter of stack 2ft

Pressure of stack gas 29.6in. Hg

Stack gas temperature 140°F

Mass of particulate collected 0.16g

% moisture in stack gas 7% (by volume)
% O, in stack gas (dry) 7% (by volume)
% CO, in stack gas (dry) 14% (by volume)
% N, in stack gas (dry) 79% (by volume)
Pitot tube factor (k) 0.85

Pitot tube measurements made at eight points across the diameter of the stack
provided values of 0.3, 0.35, 0.4, 0.5, 0.5, 0.4, 0.3, and 0.3 in. of H,O.

Use the following equations for S-type pitot tube velocity, v (m/s), measure-
ments:

v=ky2gH

—k [2¢g % (0.0254)h

where g = gravitational acceleration 9.81 m/s?
H =fluid velocity head, in. H,O
p, = density of manometer fluid, 1000 kg/m?>
p, = density of flue gas, 1.084 kg/m*
h =mean pitot tube reading, in. H,O
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Solution
The particulate concentration in the stack is

0.16 g collected [15.43 gr
35 dscf sampled g

= 0.0706 gr/dscf

Particulate concentration =

Since this does exceed the particulate standard of 0.05 gr/dscf, the facility is not in
compliance.

The actual particulate emission rate is the product of the stack flowrate and the
stack flue gas particulate concentration. The stack flowrate is calculated from the
velocity measurements provided in the problem statement using the second velocity

equation given:
3
b= 0.85 2(9'812‘“) ( 1009 kg/m3)0.0254h
s 1.084 kg/m
=0.85(21.4)vh

= 0.85(21.4)(0.6142)
= 11.2m/s = 36.75 fps

Stack flowrate = v (cross-sectional area)

v = 36.75 fps(g)(Z ft)?
= 115.45acfs = 6.924 acfm

Dry volumetric flowrate = (1 — 0.07) x 6924 acfm = 6439 dacfm
Correct to standard conditions of 70°F and 1 atm pressure:

Standard volumetric flowrate

530°R) (29.6 psi
= 6439
643 daCfm<600°R) (29.9 psi)

= 5631 dscfm

Particulate emission rate = 0.0706 gr/dscf(5631 dscfm)
= 398 gr/min
= 398 gr/mi o ) _ 0.0569 1b/min
= OB/ 3000gr) T
= (0.0569 Ib/min)(1440 min/day) = 81.9 Ib/day
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The molecular weight of flue gas is based on the mole fraction of the flue gas
components. The flue gas is 7% water and 93% other components by volume. On a
dry basis, the flue gas molecular weight is

321b 441b 281b
MW = 0.070, (Tmn—ol> +0.14C0, <m> +0.79N, (m)
= 30.52 Ib/Ibmol

The average molecular weight of the stack gas on an actual (wet) basis is then

181b
=0. t
Average MW = 0.07 water (lbmol

— 29.64 1b/lbmol

) + 0.93 other components (30'52 lb)

Ibmol
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CHR.1 ELEMENTS OF SOLID WASTE DISPOSAL

Solution

456

Identify and describe the six elements of solid waste disposal.
What are the four elements included in the hierarchy for the planning of waste

management systems? How can each element affect the effectiveness of solid
waste management systems?

1. The six elements of solid waste disposal are:

a.
b.

c.

f.

Waste generation: Activities that result in the creation of solid waste.

Waste handling and separation: Handling of solid waste prior to contain-
erization.

Collection: The gathering and transport of solid waste from point sources.

. Separation, processing and transformation: Preparation and treatment of

solid waste.
Transfer and transport: The transport of solid waste to final disposal sites.
Disposal: The final fate of solid wastes.

. The four elements included in the hierarchy for the planning of waste

management systems are:

a.

Source reduction: Involves reducing the amount and toxicity of wastes
generated at a point source. This element is the most effective means of
reducing the quantity of solid waste.

Recycling: Reduces demand on natural resources and solid waste handling
systems.

. Waste transformation: Physical, chemical, and/or biological treatment that

is designed to improve the efficiency of a solid waste management
operation.

. Ultimate disposal: ldentified as the final means of dealing with solid

wastes. Several methods of disposal can be implemented to deal with
various types of solid wastes.
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The above hierarchy is based on pollution prevention principles (see part VI,
Pollution Prevention problems, additional details).

CHR.2 SOLID WASTE MANAGEMENT PLAN

1. What factors should be considered in the design of a solid waste management
plan?

2. Describe the challenges that presently face the implementation of proper solids
waste management programs.

Solution

1. First, the factors that need to be considered in the design of a solid waste
management plan are processing strategy and technology, plan flexibility, and
plan monitoring. Several programs and treatment technologies are available
for solid waste disposal. Second, a management plan must be designed with
the ability to cope with future changes in the types and amounts of solid waste.
Finally, solid waste management plans require constant monitoring and
evaluation for optimal performance.

2. One challenge facing proper solid waste management implementation is to
change established public habits that promote consumption. Another chal-
lenge is the promotion of waste reduction and recycling practices at point
sources. A third challenge involves making landfills safer to the surrounding
public and environment. A fourth challenge is the development of new
technologies that reduce demand for natural resources and reduce solid
waste generation.

CHR.3 EFFECTS OF LAND POLLUTION ON ANIMALS

How can land pollution affect the health of plants and animals?

Solution

The effects of land pollution on animals are kidney and liver damage, brain and
nerve damage, acid burns, cancer, and genetic disorders. Pollutants can infect local
water supplies and act as fuels for potential fires. Land pollutants affect plants by
hindering growth.

CHR.4 MOST COMMON AIR POLLUTANTS

What are the three most common air pollutants? How does each pollutant affect
human health?
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Solution

1. Sulfur dioxide: Trritates the human respiratory system and promotes respira-
tory diseases.

2. Carbon monoxide: Reduces the capacity of blood to carry oxygen to cells.
3. Nitrogen oxides (i.e., NO, NO,): Attacks lung tissue.

CHR.S EFFECT OF TEMPERATURE ON WASTE STORAGE

The physical state of hazardous material in a storage or transport container is an
important factor in considering the fate or transport into the environment during an
accidental spill or discharge situation. Define the conditions of container temperature
(T,) and ambient temperature (7,) that will maintain the status of a chemical with the
following physical characteristics. Note that MP and BP are the melting point and
boiling point of the chemical, respectively.

Problem Physical State of Material MP/BP  Container Conditions
Example Cold or refrigerated solid MP > T, T, <MPand T,
a Solid
b Warm hot liquid
c Cold liquid
d Liquid
e Hot liquid
f Hot or warm compressed gas or vapor over
hot liquid
g Compressed liquefied gas
h Hot or warm compressed gas or compressed

liquefied gas

Solution

The following is a summary of the solution to this problem.

Problem Physical State of Material MP/BP Container Conditions
Example  Cold or refrigerated solid MP>T, T,<MPandT,
a Solid MP > T, T, near T,
b Warm hot liquid BP > T, T,>MPand T, < BP
c Cold liquid MP <7, T,>MP«<T,andBP
d Liquid BP > T, T, near T,
e Hot liquid BP>T7, BP>T,>T,
f Hot or warm compressed gas or vapor BP>T, T.>BPand T,
over hot liquid
g Compressed liquefied gas BP < T, T, near T,
h Hot or warm compressed gas or BP < T, T.,>BPand T,

compressed liquefied gas
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CHR.6 DECOMPOSITION OF ALKYL DICHLOROBENZENES

The general formula for the alkyl dichlorobenzenes is
C,H,,_:Cl, where n > 6

Write a balanced, general chemical equation for the decomposition in the presence
of oxygen of alkyl dichlorobenzenes.

Solution

The general balanced equation for the complete combustion of the alkyl dichloro-
benzenes is as follows:

CnHzn_SClz + (l.Sn - 2.5)02 — nCO2 + ZHCI + (n b 5)H20

where n > 6.

CHR.7 HEAT OF COMBUSTION CALCULATION

Compare the heat of combustion of 1 mol of benzene (C;Hy) with the combined
heats of combustion of 6 mol of solid carbon and 3 mol of H,.

Solution

The following data are provided by J. Santoleri, J. Reynolds, and L. Theodore
(Introduction to Hazardous Waste Incineration, 2nd ed., Wiley-Interscience, New
York, 2000):

AHgc ) = —789,080 cal/gmol
AHge = —94,052 cal/gmol
AHgy = —68,317 cal/gmol

C|
The heat of combustion of 6 mol of carbon and three moles of hydrogen molecules is

AH, = 6(—94,052 cal/gmol) + 3(—68,317 cal/gmol) = —769,263 cal/gmol

The error involved in such a calculation is

—798,080 — (—769,263
% Error = s 30789(083)6 6 )=0.025=2.5%
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CHR.8 HEATING VALUES ESTIMATED BY DULONG’S EQUATION

Calculate the net heating value (NHV) of methane, chloroform, benzene ), chloro-

benzene, and hydrogen sulfide. This assumes that the water product is in the vapor

state. Compare these values with those calculated using Dulong’s equation. Calculate

the relative percent difference between the “true” NHVs as determined by thermo-

dynamic calculations and the “estimated” values calculated using Dulong’s equation.
Dulong’s equation can be written as follows:

where m; is the mass fraction of component i.

Solution

The first step in the solution of this problem is to write the balanced oxidation
reaction equation for each compound, and from these balanced equations, calculate
the standard heat of combustion as follows:

CH,: CH,+ 20, — CO, + 2H,0,
CHCl;: CHCl; 4+ [0, - €O, 4+1H,0 +{HC1 +4Cl,
C¢Hg:  CeHg + 50, = 6CO, + 3H,0,
CeHsCl: CgHsCl+ 70, — 6CO, + 2H,0,,, + HCI
H,S: H,S+30, - SO, + H,0,

For the methane reaction, the heat of combustion is calculated from heats of
formation, as follows:

AH; = (—94,052 cal/gmol CO,) + 2(—57,798 cal/gmol H,Oy,)
—(—17,889 cal/gmol CH,)
= —191,759 cal /gmol

Heat of combustion values for the balance of these compounds are calculated in a
similar manner and are found in R. H. Perry and D. W. Green, Ed., Perry’s Chemical
Engineers’ Handbook, 7" Edition, McGraw Hill, New York, 1996. The results of
these calculations are summarized in the table below using the conversion
1.8 cal/g =Btu/Ib.

Compound NHYV (gai/gmol) MW (g/gmol) NHV (cal/g) NHV (Btu/lb)

CH, 191,759 16 11,985 21,593
CHCl; 96,472 119.5 807 1,453
C¢Hy 717,886 78 9,204 16,583
C¢H;Cl 714,361 112.5 6,350 11,441

H,S 123,943 34 3,645 6,567
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The following results from Dulong’s equation can be summarized as:

Compound Mass %C Mass %H Mass %0 Mass %Cl Mass %S NHYV (Btu/lb)

CH, 0.75 0.25 0 0 0 21,750
CHCL, 0.10 0.0084 0 0.891 0 1,101
CeHg 0.92 0.08 0 0 0 16,480
Ce¢HsCl 0.64 0.04 0 0.32 0 10,520
H,S 0 0.06 0 0 0.94 6,930

Based on these calculations, the difference between the thermodynamically based
NHYV values and those estimated using Dulong’s equation can be summarized as:

Compound NHV ermo (Btu/1b) NHVpiong (Btu/1b) % Difference

CH, 21,593 21,750 0.73
CHCl, 1,453 1,101 6.7

C,H, 16,5883 16,480 0.62
C4HsCl 11,441 10,520 8.05
H,S 6,567 6,930 5.53

CHR.9 VOST AND SEMI-VOST SAMPLING METHODS

Principal organic hazardous constituents (POHCs) are monitored using the volatile
organic sampling train (VOST) and semivolatile organic sampling train (Semi-
VOST). The VOST method is intended for POHCs with boiling points from 30 to
100°C, while the Semi-VOST is designed for POHCs with boiling points > 100°C.

1. For the following POHCs determine whether one would expect them to be
detected by the VOST or Semi-VOST method:

Carbon tetrachloride Heptachlor epoxide
Hexachlorobenzene Chlordane
Decachlorobiphenyl Pentachlorophenol
1,1,1-Trichloroethane Kepone
Hexachlorobutadiene Tetrachloroethylene

2. Will the distribution of compounds between methods be absolute, i.e., all or
nothing of a given chemical in one method or another? Why or why not?

3. These protocols allow for an accuracy of +50% in final POHC concentra-
tions. If the true value for a given POHC was just small enough to produce a
destruction and removal efficiency (DRE) of 99.99%, what is the tolerance of
the measured DRE that could arise for a single determination based upon the
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allowable analytical tolerance? Assume a fixed mass flow into the incinerator
of 1.0kg/h.

Solution

1. Examining the boiling point (BP) data for the compounds listed and compar-
ing these values to the criteria of 30°C <BP < 100°C for VOST and
BP > 100°C for Semi-VOST, the following distribution can be given:

VOST Semi-VOST
Carbon tetrachloride Hexachlorobenzene
1,1,1-Trichloroethane Heptachlor epoxide
Tetrachloroethylene Chlordane

Decachlorobipheny!
Pentachlorophenol
Kepone
Hexachlorobutadiene

2. The distribution will not be mutually exclusive. Some of the less volatile
compounds from the VOST procedure will be collected in the Semi-VOST
system and vice versa. Compounds will have substantial vapor pressures
below their boiling points so the dividing line between analytical methods is
not distinct.

3. If the true value of the DRE is 0.9999, then the true value of the mass flow out
of the incinerator is

Wou = (0.0001)(1.0kg/h) = 0.1g/h

If the analytical tolerance is the true value £50%, then the range of the mass flow
out of the incinerator will be 0.05 g/h to 0.15 g/h. Because the DRE is defined as

Wout

DRE = <1 — ——) 100
Win
then the allowable measured range of the true DRE will be 99.985-99.995% for a
true DRE of 99.99%.

CHR.10 RANKING OF POHCS

1. The Environmental Protection Agency (EPA) proposes that the difficulty of
incinerating individual POHCs can be predicted based upon the heat of
combustion value for each POHC. Using this rationale, rank the 10 POHCs
from Problem CHR.9 in order of most to least difficult to incinerate.
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2. Comment on the suitability of using a thermodynamic parameter, such as heat
of combustion, for predicting incinerability under reaction conditions with
reaction times of only = 2 s. Propose an alternative concept that might be more
suitable if data were available?

Solution

1. The difficulty of incinerating individual POHCs from Problem CHR.9 in order
of most to least difficult to incinerate are:

keal/g

Supposedly most Carbon tetrachlori