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Preface

Geothermal energy is proven to be clean and renewable. It is the most abundant
energy source on the Earth and has the potential to provide all of humanity’s energy
needs for generations to come. However, geothermal energy development is very
challenging and involves high risk and high upfront investment. Development must
start with understanding the type of geothermal system under consideration, which
can help with identifying the possibilities for utilisation of the system and making the
project commercially viable. Geothermal development is not only about using efficient
equipment but also adapting the geothermal resource to a reliable and tested
technology.

The wells are the arteries of the geothermal energy development; they provide
access to the fluid containing the thermal energy and are the main insight into the res-
ervoir. Despite this, testing and analysis of geothermal wells are the least understood
and least studied part of the geothermal system by the majority of researchers in the
field.

The motivation for this work came from observing a significant knowledge gap on
geothermal well testing methods in general, and pressure transient analysis (PTA) in
particular. Most PTA methods are adapted from the petroleum and ground water
industries. It has been a combination of applied science and more of a black art.

The book starts by giving an overview to geothermal energy, its potential, its chal-
lenges and some of the many misconceptions. The authors use their experience to
highlight what is practically possible and what is not.

The challenges, risk and cost of drilling geothermal wells and the different well
designs are presented. Also discussed are wells drilled by other industries and their
potential use for geothermal energy production.

In the past, geothermal system classifications have always been considered based on
the geological setting, type of rock and the geological event that led to the formation
of the system, with several methods found in the literature. The book recommends
and provides justification for a more reservoir engineering-based method for system
classification, which encompasses the resource temperature, method of heat transfer
and reservoir permeability. It covers both conventional and enhanced geothermal sys-
tems and relates to the way the system is explored, developed, operated and managed
long term.

Comprehensive cover of existing analytically based PTA theory from the petroleum
and ground water industries follows. Following this, and more suitable to the geother-
mal industry, is the new numerically based PTA methodology using a modelling
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framework developed by the second author. Numerical PTA is revolutionising geo-
thermal PTA, allowing interpretation of data sets that were previously not possible.

PTA is only one aspect of geothermal well testing. Practical aspects of geothermal
completion testing, downhole equipment used and interpretation of the results are
covered in detail with field examples. The initial output/production testing is covered,
and then operation and management of geothermal wells during long-term produc-
tion. Stimulation of geothermal wells and long-term operational challenges including
mineral scaling and well casing corrosion and its mechanical integrity are outlined.

Several field examples are given in the final chapter, which use numerical PTA and
incorporate other aspects of geothermal well testing from this book. Most of the data
sets used in the book were collected with approval from companies within the geo-
thermal industry, and references are provided to most claims and observations when
possible. However, the authors’ own experiences are used when it was not possible to
provide a reference. This is necessary in the effort to make this book more applied and
practically useful.

We hope that the book will be a good source of information and guidance on
industry techniques and practices: to students, researchers and the practicing engineers
in the field of geothermal engineering.

Sadiq J. Zarrouk and Katie McLean
Auckland-Taupo, New Zealand
December 2018
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O N U1 w N

Earth is a large powerhouse continuously generating approximately 46 =3 TW of
thermal power (Jaupart et al., 2007), by the radioactive decay of heavy nuclei *°U,
*Th and *K inside the crust and mantle (Dickson and Fanelli, 2003). This energy
manifests itself at the surface from time to time through seismic and volcanic activities
mainly along tectonic plate boundaries. Earth also has a massive stored thermal energy
(inertia) estimated around 12.6 X 10** MJ. Of these, 5.4 X 10*' MJ (1.5 X 10" TW h)
of energy is in the Earth’s crust (Armstead, 1978). Knowing that the total world
energy consumption in 2012 was 154,795 TW h (USEIA, 2017), geothermal energy
can effectively provide all of humanity’s energy needs for many generations to come.
Theoretically, the geothermal energy stored and generated underground is more than
all other (fossil and renewable) energy sources combined. However, the technology
needed to harness geothermal energy faces many technical and commercial challenges.
The main challenge is the high cost and commercial risks associated with drilling deep
geothermal wells to produce this energy.

Geothermal energy developments are known for their high availability and inde-
pendence from weather conditions compared to the other renewable sources (Zarrouk
and Moon, 2015). Unlike solar or wind energy, geothermal energy does not need to
be integrated with energy storage systems because the geothermal energy is naturally
stored underground and can be directly accessed when needed through the geother-
mal well. On the other (down) side, unlike other renewable energy sources (such as
solar and wind), geothermal energy can be site specific, require longer development
time and involve high upfront cost and risk associated with drilling into permeable hot
fluid targets.

The historic trends in geothermal power development since the 1950s show that
the growth in geothermal power development is highly affected by the fluctuation in
the price of oil; and since the late 2000s, geothermal energy has been challenged by
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low-cost solar energy (Zarrouk, 2017). However, geothermal energy will always have
a role to play as the world moves toward a low-carbon economy by reducing green-
house gas emissions and phasing out fossil-fuelled thermal and thermal—nuclear plants.
Geothermal energy is an integral part of the strategy in many countries to achieve
energy independence and reduce reliance on fossil fuels.

Geothermal wells are the veins and arteries of any geothermal development, allow-
ing both the production of hot geothermal fluid to the surface and the reinjection of
the utilised fluids back into the reservoir. Geothermal projects become commercially
viable (bankable) only after the drilling and testing of large and deep wells and when
the power potential/output of each well is measured and quantified. The behaviour of
geothermal wells can also change with time; generally, the power output of produc-
tion wells reduces with time, which makes it necessary to drill make-up wells.
Reinjection wells can suffer from reduction in their injectivity, which will require
intervention. Well testing can help identify the reasons for changes in well behaviour
and help guide the reservoir engineers to the potential solution or well intervention.

1.1 Background

The motivation for this book came through our observation that the worldwide
boom in the applications and research in geothermal energy have mainly focussed on
enhanced geothermal systems (EGS), above ground geothermal technology (e.g.
Organic Rankin Cycles), low temperature direct use and ground source heat pump
applications. However, there is not much published work or research on testing, asses-
sing and understanding the behaviour of geothermal wells, despite the fact they are
critical for any geothermal development and are a major investment. One reason is
the lack of understanding of — and appreciation for — the importance of geothermal
well testing by researchers from different backgrounds venturing into geothermal
energy.

Geothermal energy training is very specialised with only a few established institu-
tions in the world offering internationally recognised academic training (Zarrouk,
2017). Only a handful of these courses cover geothermal well test analysis in some
detail, since well test analysis practices differ between regions depending on the types
of geothermal systems being dealt with. In addition the well test data are normally
commercially sensitive (confidential) and only available to geothermal reservoir engi-
neers working in the industry. Therefore unlike the petroleum industry, geothermal
well test expertise and skills are not commonly found in research institutions or
academia.

Geothermal well test analysis has sprung from analytical methods developed by the
petroleum and groundwater industries. Geothermal well test data largely do not satisfy
the fundamental assumptions upon which these techniques were developed. Therefore
it is common that geothermal well test analysis leads to incorrect interpretations or
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behaviour that is difficult to interpret. For this reason, there is low confidence in well
test analysis and it is common for reservoir engineers not to report well test results.
From our experience in analysing data from a host of geothermal wells from around
the world, it became obvious that testing and analysing the well test data should be car-
ried out differently from petroleum and groundwater wells. The two-phase condition
(steam and water) and high temperature of the geothermal fluid can lead to false eftects
when using techniques developed for single-phase isothermal conditions (McLean and
Zarrouk, 2015a). This undermines the accuracy and the findings of the transient
geothermal well test analysis. As a result, geothermal well test analysis is to some extent
perceived as a black art. Young geothermal engineers and scientists find it difficult
to understand and master well testing without making mistakes on the way as they
try to develop their skills in the absence of specialised training or experienced mentors.

1.2 Geothermal energy

The thermal power that is generated in Earth’s mantle travels to the ground surface
through the rock formations of the crust by thermal conduction. This generates an aver-
age conductive temperature gradient between 20 and 30°C/km (Armstead, 1978), which
results in a heat flux of about 40—60 mW/m>. In some parts of the world the local ther-
mal gradient is higher than 30°C/km, for example the measured thermal gradient of
Huntly, New Zealand, ranges between 52 and 55°C/km (Zarrouk and Moore, 2007).
The geothermal gradient is also affected by the thermal conductivity of the different rock
formations that it passes through, following Fourier’s law of thermal conduction.

The thermal gradient is often thought of as linear, though in reality a higher thermal
gradient is expected through less conductive rock, and a lower gradient expected
through rock that is more conductive. For example the deep EGS well of the
Habanero project in Australia has a local thermal gradient that ranges between 32.3 and
63.3°C/km depending on the rock type (Fig. 1.1). It is known that coal, coal measures
and rocks bearing hydrocarbons are less conductive than other rock types and can act as
thermal insulators, trapping heat underneath. In addition, some deep volcanic rocks (e.g.
granite) generate heat by radioactive decay which can also result in an above average
thermal gradient through these rock types. Natural state numerical modelling shows
that the temperature gradient of Fig. 1.1 can be reproduced with natural heat flux of
125 mW/m> and heat generation of 10 pW/m’ (Llanos et al., 2015).

In areas along Earth’s plate tectonic boundaries the natural thermal gradient can be
as high as 100°C/km. When there is reasonable permeability in the surrounding rocks
and good natural supply of water (meteoric or seawater), the thermal gradient will
become unstable giving way to convective heat transfer through water movement,
which carries much more thermal energy than thermal conduction. Natural thermal
convection can result in significantly elevated temperatures close to the ground surface
(Fig. 1.2), and this high energy density can be accessed by drilling into these convec-
tive upflows of fluid. It is at plate boundaries that most geothermal heat manifests itself
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in the form of thermal springs, hot pools, geysers, steaming ground and bubbling mud
pools. These are referred to as conventional geothermal systems and have been exten-
sively studied and commercially developed for energy production in many parts of the
world. Most of the geothermal power generated around the world comes from con-
ventional systems. Effectively these systems are much easier to develop (low-hanging
fruit) than the nonconventional systems (e.g. EGS, geopressured systems) that will be

discussed later in this book.
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1.3 Power production

Geothermal electric power generation first commenced in 1904 at Larderello, Italy.
The first generation used reciprocating steam engines which soon failed due to corro-
sion problems, after which clean steam was generated in heat exchangers.
Development of new technology and materials enabled the heat exchanger to be dis-
pensed with, and a 250 kWe power station was put into operation in 1913. By 1940,
130 MWe was feeding the Italian railway system. This was later destroyed in the
Second World War but has since been rebuilt and is still generating successtully.

It was not until the early 1950s that New Zealand started to plan a geothermal
plant. The first geothermal electricity in New Zealand was at the Spa Hotel in Taupo
on 13 February 1952. The steam engine did not run for long due to the deposition of
mineral scale carried by the wet steam. In 1958 the first power unit was commissioned
at Wairakei. Then the United States was next to produce geothermal power in 1960
at The Geysers in California. Many countries have followed in geothermal power
development, which was reported in 26 countries around the world in 2015 with a
total installed capacity of more than 12.7 GWe, with a forecast of 21.0 GWe in 51
countries by 2020 (Bertani, 2016).

Wairakei, New Zealand, was the first low enthalpy liquid-dominated geothermal
system to be developed, as wells at Larderello and The Geysers produced dry steam.
Two-phase fluid produced from wells at Wairakei required the development of new
technology for separating steam from water and disposing of the separated water
(brine).

Thermal power generation requires satisfying the second law of thermodynamics,
which limits the maximum theoretical power conversion efficiency to the Carnot cycle.
The efficiency for geothermal power plants are significantly lower than other thermal
power plants as they operate at much lower input temperature and reject geothermal
fluid still at high temperatures in order to control mineral scaling. There are also energy
losses inside the well and long transmission pipelines from well to plant (Fig. 1.2).

There are different measures for assessing the actual efficiency of a geothermal
power development. The overall conversion efficiency, which is the net produced
power to the input thermal power, is lower than all other thermal power plants
(Zarrouk and Moon, 2014). However, geothermal power development should not be
considered based on their thermodynamic efficiency but rather their commercial effi-
ciency since the energy source is effectively free, clean and renewable when compared
with conventional thermal power plants, which require an ongoing fuel supply at high
cost and produce large amounts of greenhouse gases.

Since the development of the early geothermal plants in Italy, New Zealand and the
United States, no geothermal field has been abandoned even after exceeding their com-
mercial life.
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The design of geothermal power station equipment (e.g. turbines, condensers,
pumps) is greatly influenced by the characteristics and chemistry of the available geo-
thermal fluid. The chemistry of the fluids influences the choice of operating parameters
and material selection for the plant construction, and the gas content and its constituents
affect the choice and design of the gas extraction system. The type of resource (dry or
wet field) in general determines the surface equipment necessary to utilise the fluid. For
example in a dry or vapour-dominated geothermal field, dry saturated or slightly super-
heated steam is produced from the wells, and generally this can be transmitted by pipe-
line directly to the steam turbine without further conditioning. However, in wet fields,
two-phase fluid is produced at the surface, and before being sent to the turbine it is nec-
essary to separate the water from the steam. Lower temperature (enthalpy) geothermal
fluid is utilised using binary power plants. One advantage to geothermal steam plants is
that these power plants do not require cooling water like all other thermal plants as
they generate their own water from geothermal steam condensates. While binary plants
normally use air for cooling to minimise their impact on natural resources (water) and
the environment, steam plants generally have economy of scale compared with binary
plants, as there is higher cost associated with testing and health and safety precautions
from using the hydrocarbon binary fluid (e.g. pentane, isopentane). However, binary
plants are more suited for staged development in new geothermal fields. Binary turbines
are also less prone to moisture and mineral scaling damage.

Regarding the type of wells, self-discharging or pumped wells also aftect the choice
of power generation technology. Pumped wells can only be utilised using binary
plants, while self-discharging wells allow the use of both steam and binary technolo-
gies. Dry steam wells make steam plants a much more attractive option.

Unlike clean steam from a boiler in a conventional thermal power plant, geother-
mal steam contains noncondensable gases (NCG) ranging from almost zero up to
about 15% by weight in some geothermal fields (Nogara et al., 2018). The gases not
only degrade the quality of the steam but also require the consumption of work to
remove it from the condenser to achieve vacuum in steam plants. For this reason a
geothermal power plant requires a large capacity NCG extraction system, which forms
a significant portion of total capital cost and can consume a large amount of auxiliary
power. Moreover, the presence of NCG also reduces the heat transfer coefficient of
heat exchangers and requires larger surface area condensers.

Hudson (1988) suggested that the effect of NCG on the gross power output could
be corrected using the following equation:

W, = W,(1 — G X0.59) (1.1)

where 7, is the gross power with G% NCG by weight, 17/, is the gross power with zero
NCG, Gis the percentage of NCG content by weight in total flow (steam plus NCG).
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It can be observed from Eq. (1.1) that for every 1% increase in NCG content, the
gross turbine work is decreased by 0.59%. This can affect the choice of equipment
used for NCG extraction.

In countries with young volcanic systems the geothermal fluid can be very acidic
with pH averaging 3—4 (Nogara and Zarrouk, 2018a), with a pH as low as two
observed in one field (Zarrouk, 2004). Hypersaline sedimentary deep aquifers can have
fluid salinity of 100—200 parts per thousand (Llanos et al., 2015). These highly corro-
sive geothermal fluids require advanced well construction material that can signifi-
cantly increase the cost of geothermal development (Nogara and Zarrouk, 2018a,b).

The selection of an appropriate generation technology, construction material, gas
extraction system, etc. are therefore of particular importance in geothermal power
plants. This can only be done once the geothermal wells are drilled and tested.
Funding geothermal power development is normally carried out by governments or
large companies that can afford the risk of exploration drilling. Commercial lending
(e.g. banks) is only possible after proving 62% of the potential power development
through well testing.

1.4 Direct use of geothermal energy

Direct use of geothermal energy refers to all applications other than electricity produc-
tion. It involves — but is not limited to — space heating, recreation, greenhouse heat-
ing, aquaculture, agricultural drying, industrial uses, cooling and snow melting.

Direct use simply applies the first law of thermodynamics, which involves energy
transfer/conversion from the geothermal fluid to a secondary fluid. High conversion
efficiency between 80% and 90% is possible in direct use. The key concept in the
application of direct use is to quantify the thermal power load needed for a given
application under normal and peak demand. Then testing and understanding the geo-
thermal source output (hot natural pond or a geothermal well) and matching this to
the demand. In some cases the geothermal resource can match the full energy demand
and in others may require a supplementary heat source during peak (e.g. winter)
demand time.

For centuries, natural hot springs have been used for bathing and healing properties
by ancient civilisations, from the balneology industry developed from the Roman spas
and Turkish baths to present-day spas and pools. The use of hot pools for domestic
purposes (cooking, washing, etc.) has long been part of the Maori way of life in New
Zealand.

Mineral extraction in the early 19th century started at what is now known as
Larderello in Italy, where a boric acid industry was founded. Today, elemental sulphur
is recovered from fumaroles in Indonesia, Japan and Taiwan, and sulphuric acid and
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ammonium salts in Italy and Japan. Gold and silver mines are mainly extinct geother-
mal reservoirs, where the geothermal fluid dissolved and transported the gold and
silver from deeper formations then deposited and concentrated them in shallower
rocks.

Iceland exploits its geothermal resources for district heating and domestic hot
water. A pilot district-heating scheme was established in 1930 in Reykjavik to supply
about 70 homes, 2 public swimming pools, a school and a hospital. The scheme was
so successful that the engineers drilled for hot water 15 km outside the city boundaries,
and by 1943, 2300 houses were supplied. New areas were drilled and by 1975, all but
1% of the buildings in Reykjavik were supplied with domestic heat. Further systems
were developed across the country and by 1980, two-thirds of the population enjoyed
the benefits of geothermal heating.

In the United States, at Boise, Idaho, the residential area associated with the warm
springs was geothermally heated in 1980. At Klamath Falls, Oregon, contemporaneous
development provided many houses with geothermal heat. In Japan and New
Zealand, geothermal space heating has been developed on individual lines, with each
householder building their own systems, although in recent years, group schemes have
developed as costs have risen. In 1962 space heating was developed in Hungary and
the former USSR, and in the early 1970s, public heat supplies were made available in
the Paris Basin, France.

Farming and aquaculture uses have developed over the years. In 1920 greenhouses
in Iceland were heated to grow vegetables, fruits and flowers and by 1980, 11,000 m>
of greenhouses were being used. Russia and Hungary have exploited their geothermal
fields for greenhouse heating, 420,000 m? and 1,900,000 m?, respectively, accounting
for over 600 MWth of thermal power. Over recent years, geo-heat has been used for
animal husbandry, soil heating, fish farming, etc.

The first large-scale industrial application was initiated in the 1950s at Kawerau,
New Zealand, where pulp and paper production utilises over 200 T/h of steam for
processing. In Iceland, at Namafjall, geothermal steam has been used in a diatomite
plant since 1967, and elsewhere in the world, uses are being found for both high- and
low-temperature geothermal fluids. The worldwide installed direct use of geothermal
energy in 2015 stands at 70.9 GWth with annual growth of 7.9% and has been
reported in 82 countries (Lund and Boyd, 2016). However, all countries in the world
will have some natural thermal springs that are traditionally used for cultural or indus-
trial applications.

The future for geothermal energy is very promising; however, there are still a
number of challenges. The cost and risk of drilling geothermal wells is the main chal-
lenge. Potential developers are easily put oft when they understand that there is no
guaranteed well success when investing in the drilling of geothermal wells.
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Environment is also a major concern, and the control of waste gases and liquids is of
considerable importance. Reinjection has become necessary and mandatory at almost
all recently constructed projects. The technique is theoretically simple, but the imple-
mentation is fraught with problems including mineral depositions in pipes and forma-
tions, and breakthrough of cold fluids into the production wells, to mention just a
few. The technique is also ‘site specific’, so each field requires considerable study, dril-
ling and well testing before a successful reinjection program can be devised.

1.5 Scope of this book

Geothermal wells are an expensive and high-risk component of any geothermal devel-
opment. Wells are the main window into the underground reservoir, via well testing
which provides insight into the reservoir conditions and enables the assessment of pro-
duction well output or reinjection well capacity.

This book provides a comprehensive review of well test practices and methodology
starting from the brief introduction to geothermal energy and its applications in this
chapter. This chapter demonstrates that the choice of utilisation technology and con-
struction material is dependent on understanding the geothermal well behaviour and
measuring the brine and gas chemistry.

To develop any geothermal prospect, one needs to understand the characteristics
of the geothermal system. There are several classifications of geothermal systems which
mainly depend on the natural geological setting and the geological events that lead to
the creation of such systems. These types of classifications are more relevant during the
field exploration phase. Therefore in Chapter 2, Geothermal Systems, we will focus
on an alternative reservoir engineering — and thermodynamic — classification that can
be identified from well testing. The classification can then be related to the way the
system is going to be developed and operated and will have a major impact on choos-
ing the appropriate technology and reinjection strategy.

Chapter 3, Geothermal Wells, will introduce geothermal well drilling and casing
design and then discuss the different types of geothermal wells based on their opera-
tion and application. This encompasses self-discharging wells, wells with downhole
pumps, airlifted wells and wells with downhole heat exchangers, and then reinjection
wells. For comparison, well design and testing methods from other industries (petro-
leum, groundwater, coalbed methane, mineral exploration wells and waste disposal
wells) are also discussed and compared with geothermal wells.

Chapter 4, Introduction to Pressure Transient Analysis, gives a detailed review of
the fundamental concepts of pressure transient analysis (PTA), starting from the earliest
well test theory developed for groundwater wells and reviews existing graphical ana-
lytical well test analysis methods and their limitations in the geothermal context.
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Then in Chapter 5, Advanced Analytical PTA Relevant to Geothermal Wells,
advanced analytical models developed for the petroleum industry are presented and
their use in geothermal well testing is examined. This is including reservoir bound-
aries, multiphase reservoirs, non-Darcy flow and fractured reservoirs. Extending these
analytical methods to the geothermal environment can result in some unrealistic
behaviour and incorrect interpretations. These effects are identified and their impact to
geothermal well test analysis is discussed.

In Chapter 6, Completion and Output Testing, the practical considerations during
geothermal well testing are provided based on current industry practices. A detailed
description is given of the different stages of completion testing, including water loss
surveys, injectivity, pressure falloft, and heat-up surveys. This chapter also outlines the
interpretation of the data from different stages of testing, the downhole equipment
used and their setups. Then the output testing methods are given and the methods
used for discharge prediction, output estimation and discharge simulation. Finally,
downhole flowing surveys and their application are described.

Chapter 7, Downhole Tools and Other Practical Considerations, gives the practical
issues associated with geothermal well testing that should be taken into consideration
when analysing geothermal well test data. These includes slow valve closure, multi-
stage pump shutdown, cold water injection into a hot reservoir, thermal expansion of
the downhole wire line, boiling in two-phase wellbores and high pressure drop inside
EGS wells. Wellbore simulators are also described, and their applications in geothermal
reservoir engineering are outlined.

In Chapter 8, Numerical PTA Modelling Framework, a framework for PTA is
given, which uses numerical reservoir simulation software coupled with inverse
modelling tools for matching of the well test behaviour. This has been shown to be
the optimum technique for the accurate assessment of the geothermal reservoir prop-
erties from transient well test data. The framework matches the pressure derivatives of
the transient well test response, identifying well effects and events that cannot be han-
dled by existing interpretation techniques.

Chapter 9, Operation and Management of Geothermal Wells, focuses on produc-
tion data analysis and well stimulation methods, which are directly related to geother-
mal field management. Moreover, well integrity and the effects of mineral scaling,
corrosion and mechanical damage in geothermal wells are covered.

Finally, in Chapter 10, Field Studies, several field case studies are presented using
well test field data from around the world. This includes cement damaged wells, acid-
stimulated wells, fractured reservoirs, wells with mechanical workover, wells with
single and double impermeable boundaries, fracture closure after injection testing,
chemical tracer testing and slug testing.

The appendices give common geothermal engineering terminology. The book
uses SI units and all existing equations and models found in literature are converted
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and presented in the SI unit system (many are currently published in oilfield units
only). However, wells and pipelines’ nominal diameters are presented in inches, as it is
the industry practice.

The book focuses on applied rather than theoretical well testing techniques and
analysis, which we feel to be of more use to practicing engineers and researchers. The
focus will not be on the derivation and solution of governing equations, as this is com-
prehensively covered by other publications, and references are given to them.
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2.1 Classification of geothermal systems

Geothermal systems are different from oil and gas (petroleum) systems where the fluids
are stored in the pores of permeable formations and confined by impermeable rock.
They are also different from groundwater systems, which can be either confined, uncon-
fined or perched aquifers. Geothermal systems are more complex, less defined, and their
type and extent can only be asserted through exploration drilling and well testing.
There are several geological and engineering classifications of geothermal systems.
Geothermal geologists classify the geothermal systems based on their geological setting
and how these systems were formed. In this work we are going to use a reservoir
engineering classification, which is based on the dominant heat transfer mechanism,
how these systems are assessed during well testing and how they are going to response
to long term production. Understanding the type of geothermal system is crucial
to the success of any commercial development. This is when the technology

Geothermal Well Test Analysis © 2019 Elsevier Inc.
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implemented to utilise the geothermal energy can be finalised. Three main require-
ments must be fulfilled to have a geothermal system that can be developed commer-
cially for energy production. These are: high temperatures, water in the deep rocks
and permeable/fractured rock to allow this energy to flow into the production wells.
Different classification systems are discussed, then focus is given to the system classifica-
tion based on the production enthalpy of geothermal wells. It is demonstrated that this
enthalpy classification system in conventional geothermal systems lends itself very well
to non-conventional systems.

The objective of classification is to allow easy comparison to similar systems. This aids
the selection of exploration strategy, development strategy and power generation system,
hopefully sidestepping issues which have already been overcome elsewhere. Classification
is a common and important concept not just for geothermal systems but also for the
petroleum and mineral industries. In some contexts, the word ‘classification’ can have a
very specific definition; however, in this text, it is used more generally to refer to any
systematic division of geothermal systems into groups based on some criterion.

There is no consensus on the best method for classification of geothermal systems,
and there are classifications based on a variety of criteria including geological circum-
stances, reservoir temperature, enthalpy, exergy, economic and social viability, project
status and feasibility and level of geological knowledge. The choice of classification
system depends ultimately on the purpose for which it will be used — each is poten-
tially useful at different stages from exploration through to assessment, development
and for global reporting.

2.1.1 Geological circumstances (play type)

The terminology ‘play’ is common within the petroleum and minerals industries but
introduced more recently to the geothermal industry. It is a large regional area, which is
controlled by the same set of geological circumstances. For example, the ‘“Taupo Volcanic
Zone (TVZ) play’ would refer to the entire TVZ region in New Zealand, within which
the controlling set of geological circumstances is that this is a back-arc basin associated
with nearby subduction and is hence an area of extension and active volcanism. The
objective of exploration companies would then be to identify the economic geothermal
reservoirs within the “TVZ play’, currently there are 23 identified geothermal systems.
There are a variety of geological circumstances (other ‘play types’) which can host
economic geothermal reservoirs. Identifying this range of geothermal play types has
been the subject of work by Moeck (2014) and Moeck et al. (2015). One reason a
classification based on geological play type was not attempted until relatively recently
is that it was not considered to be practical, and there would be no consistent set of
geological attributes to divide geothermal systems into useful groups (Sanyal, 2005).
Others did not agree and Moeck (2014) published a scheme with two major groups,
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Table 2.1 Geothermal play types defined by Moeck et al. (2015).

cv cD
CV1 Magmatic CD1 Intracratonic basin
Heat source is relatively shallow In a sedimentary sequence in an
liquid magma activity (either extensional or thermal sag basin
extrusive or intrusive)
CV2 | Plutonic CD2 | Orogenic belt/foreland basin
Heat source is a young crystallised In a sediment within a wedge-
intrusive body (either associated shaped foreland basin adjacent to
with recent volcanism or not) an orogenic mountain belt
CV3 | Fault-controlled in extensional domains CD3 | Basement (crystalline rock)
Heat source is the elevated mantle, In hot fractured crystalline (e.g.
and fluid circulation is deep faults granitic) rock with low natural
permeability and porosity

CD, Conduction-dominated; CV, convection-dominated.

‘convection-dominated (CV)’ and ‘conduction-dominated (CD)’ systems, according to
the dominant method of heat transfer within the system. These are divided into
subgroups based on geological features (Table 2.1). CV systems are divided according
to the nature of the heat source and tectonic setting into ‘magmatic’, ‘plutonic’ or
‘fault-controlled in extensional domains’. CD systems are divided into ‘intracratonic’,
‘orogenic belt/foreland basin’ and ‘basement (crystalline rock)’.

The primary drawback to this concept of classification by geological play type is
that within a single play the individual geothermal reservoirs can have a wide variety
of characteristics. For example, within the TVZ play, the Rotokawa geothermal reser-
voir has a much higher enthalpy (1750 kJ/kg) than the Wairakei geothermal reservoir
(1050 kJ/kg). Hence, the systems have completely different extraction/reinjection
strategies and above ground equipment/plant design, and the play type will not be of
use during the development and operational phases.

Another major drawback is that a large number of geothermal regions fit more
than one play type from Table 2.1. Moeck et al. (2015) discuss the TVZ, which has
magmatic and plutonic bodies, as well as crustal extension, an elevated mantle and
deep fault-control on fluid movement, and so the TVZ is a ‘hybrid’ of CV1, CV2
and CV3. If a single play type is not of practical use during development and opera-
tion then a hybrid play type will be even less so.

More recent work by Wallis et al. (2017) groups geothermal systems not by their
geological setting but by the degree to which the geological features in the system
influence fluid flow and hence the shape of the convection plume. This is a spectrum:
from ‘focused’ flow, which is highly restricted by features such as faults and lithological
boundaries to ‘unconstrained’ where flow is practically independent of geological
features. In between these is a group where flow is ‘influenced’ by geological features
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in some places, but they do not control the plume overall. This classification has a
bearing on practical decisions such as production and reinjection strategy and so will
have relevance beyond the exploration stage.

2.1.2 Temperature classification

Reservoir temperature is the most common criterion for classification, partly due to
the fact that temperature is easy to measure and to understand (Lee, 2001). Another
reason for this is that the reservoir temperature is available very early in the exploration
phase, even predrilling, as it can be approximated from geothermometry (Hochstein,
1988).

There are a variety of temperature classification schemes, which use the reservoir
temperature to divide geothermal systems into ‘low-temperature’, ‘intermediate-
temperature’ and ‘high-temperature’ resources (Muffler and Cataldi, 1978; Rybach,
1981; Hochstein, 1988; Benderitter and Cormy, 1990) (Table 2.2).

A more detailed classification scheme is proposed by Sanyal (2005), which divides
geothermal systems into seven groups (Table 2.3). This was done for commercial
purposes, as part of a national inventory in the United States.

The temperature ranges are inconsistent between the different classification
schemes (Fig. 2.1), and there is no consensus. A major drawback to using only temper-
ature as the basis for classification is that the actual condition of fluid at the wellhead is
not accounted for. Two geothermal systems at the same reservoir temperature can
produce either steam or water, depending on pressure. Fluid from the steam reservoir

Table 2.2 Summary of classification schemes based on reservoir temperature.

Low-temperature Intermediate-temperature High-temperature
resources (°C) resources (°C) resources (°C)
Muftler and Cataldi <90 90—150 > 150
(1978)
Rybach (1981) <150 — > 150
Hochstein (1988) <125 125—225 > 225
Benderitter and <100 100—200 > 200
Cormy (1990)

Table 2.3 Sanyal (2005) classification scheme based on reservoir temperature.

Nonelectrical ~ Very low Low Moderate High Ultra-high Steam

grade (°C) temperature  temperature  temperature temperature  temperature fields®
Q) (°Q) Q) (°Q) Q) (°Q)

<100 100—150 150—190 190—230 230—-300 >300 ~240

*Special case of reservoirs in which steam is the only mobile phase.
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Figure 2.1 Graphical summary of temperature classification schemes.

will have a significantly higher enthalpy than the water reservoir and requires a differ-
ent development and management strategy.

It should be noted that as temperature and enthalpy are closely related, the terms
are often used interchangeably, for example Tow-enthalpy’ resources instead of ‘low-
temperature’ resources. This gives the misleading impression that enthalpy is being
considered when in fact it is not the basis of the classification.

2.1.3 Enthalpy classification

Before discussing the enthalpy classifications of geothermal systems, it is important to

discuss the different heat transfer mechanisms underground:

1. Heat is predominantly transferred by conduction following Fourier’s law of
thermal conduction through the Earth’s crust.

2. In areas of higher temperature gradient and good rock permeability, the natural
conductive thermal gradient can become unstable, giving rise to natural thermal
(hydrothermal) convection following Newton’s law of cooling. Convection will
allow the transfer of much more thermal energy towards the ground surface than
conduction, and this is in a localised plume called an upflow.

3. When gravity forces fluid through the permeable rock, it is called advection, and
these are referred to as downflows. Advection (forced convection) can create fluid
movement in subhorizontal (down-sloped) aquifers or can provide downflow
(counterflow) recharge at the top of some geothermal systems.

Examples can be found in nature with multiple concurrent heat transfer mechan-
isms. This forms the basis of the enthalpy classification system (Kaya et al., 2011; Diaz
et al., 2016) and will have implications for both production and reinjection in
geothermal development.

Note that the maximum temperature in both Fig. 2.1 and Table 2.4 is limited to
330°C, while many geothermal wells have encountered higher temperatures. This is
simply because conventional/commercial geothermal fluid production has not been
reported from higher temperatures.

17
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Table 2.4 Enthalpy classification scheme and heat transfer.

Category (system type) Temperature Enthalpy (h) Heat transfer
(N Q) (k)/kg)
Warm water (low temperature) T<120 h <504 Conduction

Possible advection

No convection

Hot water (intermediate 120 < T<220 h<943 Convection
temperature) Some conduction

Two phase, liquid Low 220 < T<250 943 <h<<1100 Strong convection
dominated enthalpy Some advection
(countertlow)

Some conduction

Medium 250 < T'<<300 1100 < h <1500 Moderate convection
enthalpy Moderate advection
(counterflow)

Some conduction

High 250 < T<330 1500 <h <2600 | Moderate convection
enthalpy High advection
(counterflow)

Some conduction

Two phase, vapour dominated 220 < T<300 2600 < h <2800 Negligible convection

High advection
(counterflow),
Conduction

Source: Modified from Kaya, E., Zarrouk, S.J., O’Sullivan, M.J., 2011. Reinjection in geothermal fields: a review of
worldwide experience. Renew. Sustain. Energy Rev. 15 (1), 47—68.

The enthalpy method allows a very simple estimation of the geothermal well
power output immediately after production testing when the reservoir enthalpy and
mass flow rate are measured (Eq. 2.1):

Power(kWe) =7, X i, X h, (2.1)

where 7). is the conversion (enthalpy) efficiency (%) (Fig. 2.2), s, is the total mass flow
rate from the well (kg/s) and h, is the measured reservoir enthalpy (kJ/kg).

Alternatively, Zarrouk and Moon (2014) provided similar conversion efficiency as
a function of enthalpy for three different geothermal power plant design: single-flash,
double-flash and binary plants.

2.1.4 Exergy classification

A classification scheme based on the exergy of fluid at the wellhead is proposed by
Lee (2001). The thermodynamic property ‘exergy’ is the maximum work available in
the fluid, which excludes energy in the fluid below a certain temperature (the ‘sink
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Figure 2.2 Enthalpy (conversion) efficiency versus reservoir enthalpy. After Varney, J.,, Zarrouk, S.J,
Bean, N., Bendall, B., 2017. Performance measures in geothermal power developments. Renew. Energy
101, 835—844.

condition’, usually defined as ambient temperature). Exergy is hence a measure of the
quality of the energy content of the fluid (Eq. 2.2).

e=h—hy— To(s — s0) (2.2)

where e 1s the specific exergy (k]J/kg), h is the specific enthalpy of geothermal fluid
(kJ/kg), hg is the specific enthalpy at sink condition (k]J/kg), Ty is the absolute temper-
ature at sink condition (K), s is the specific entropy of geothermal fluid (kJ/kg K) and
$o 1s the specific entropy at sink condition (kJ/kg K).

The Lee (2001) classification is based on a dimensionless specific exergy index
(SExI) (Eq. 2.3) which is then plotted on an enthalpy—entropy diagram to classify the
system as ‘low-exergy’, ‘medium-exergy’ or ‘high-exergy’ (Fig. 2.3).

h—273.16 X5

SEx] = - =122 79 23
x 1192 (2:3)

Then the specific power output (SPO) and the specific fluid consumption (SFC) are

3.6
SPO = ¢ X SExI, SFC= ———— (2.4)
(n, X SExI)

where SPO i1s in kWe/(kg/s), SFC 1s in (t/h)/MWe and 7, (%) is the power plant effi-
ciency based on exergy also known as the utilisation efficiency (Zarrouk and Moon,
2015; Varney et al., 2017).

Lee (2001) used a fixed 1, = 50% however DiPippo (2015) showed that it could
vary with enthalpy between 15% and 65%.
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Figure 2.3 Enthalpy—entropy diagram for exergy classification scheme. Modified after Lee, K.C,
2001. Classification of geothermal resources by exergy. Geothermics 30(4), 431—442.

We feel that the exergy classification is a step in the right direction, and it is some-
what similar to the enthalpy classification as it uses fluid (liquid) enthalpy referenced to
the triple point of water (0.01°C, 0.006116 bar).

The advantage of an exergy classification i1s that it does take account of the actual fluid
condition at the wellhead. However, the main drawback is that exergy tends to overesti-
mate the utilisation efficiency of the power plant (Zarrouk and Moon, 2015). Varney
et al. (2017) showed that fitting published power plant data gives a low utilisation
efficiency accuracy (Fig 2.4) compared with the enthalpy efficiency method (Fig. 2.2).

The enthalpy and exergy classifications can only be used after the wells have been
drilled and tested, as it is not possible to estimate the reservoir enthalpy by other

exploration methods.

2.1.5 United Nations Framework Classification for Resources

The United Nations Framework Classification for Resources (UNFC) (2009) was
developed as an internationally applicable scheme for classification and reporting of
both energy and mineral resources. Standardisation of the classification of renewable
energy resources is required, including geothermal energy. To facilitate this, the
International Geothermal Association (IGA) developed specifications to apply the UNFC
to geothermal resources (IGA-UNFC, 2016). This classification is multifaceted and has
three categories: economic and social viability (E), field project status and feasibility (F)
and geological knowledge (G), each with subgroups. In the case of geothermal systems,
‘geological knowledge’ refers also to the results of well testing and reservoir simulation.
This classification is useful in a high-level global reporting context.
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Figure 2.4 Utilisation efficiency function of temperature based on exergy. After Varney, J., Zarrouk,
S.J, Bean, N., Bendall, B., 2017. Performance measures in geothermal power developments. Renew.
Energy 101, 835—844.

2.2 Conventional geothermal systems

The term ‘conventional’ refers here to geothermal systems that have been in commercial
use for many vyears. These systems are reasonably understood and can be found
around the world. Three main parameters are essential to have a conventional
geothermal system: high underground temperatures, the presence of fluids to recover this
energy and good rock permeability for the fluid to flow from the reservoir to the well-
bore. The main feature of conventional systems is that the development relies
primarily on the natural (in situ) reservoir permeability to produce the geothermal energy.
The enthalpy classification of Table 2.4 is implemented and discussed in this section. The
use of this classification is not about strictly applying the temperature or enthalpy ranges
given in Table 2.4, but more about understanding the setting which gave rise to these
conditions, the extent of these systems and the way they should be managed during
long-term development. It is also related to the dominant heat transfer mechanisms
taking place in the geothermal reservoir (conduction, convection and advection).

2.2.1 Warm water systems

This is the most commonly encountered geothermal system in nature (T'<<120°C, i.e.
h <504 kJ/kg). ‘Low-temperature systems’ in sedimentary basins are simply warm water
systems. In these systems, deep ground water is heated by the local natural thermal gradi-
ent, mainly through conductive heating (Fig. 2.5). However, some aquifers can have a
subhorizontal flow of liquid water by advection if the permeable host formation dips.
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Figure 2.5 Thermal gradient showing a slight drop in temperature with depth due to shallow lat-
eral flow. From Zarrouk, S.J., Moore, T., 2007. Preliminary assessment of the geothermal signature and
ECBM potential of the Huntly Coal bed methane field, New Zealand. In: Proceedings of the 29th NZ
Geothermal Workshop, Auckland, New Zealand.

Depth (m)

Warm water systems include the largest geothermal systems with some extending
between several countries [e.g. the Pannonian Basin extends between Austria, Croatia,
Hungary and Slovenia (Raman et al., 2015)]. Historically, most of these systems have
been identified through their natural thermal signature (hot springs) or from shallow
ground water drilling. More recently, many new systems have been encountered
through deeper petroleum or mineral exploration drilling (Fig. 2.6).

Warm water wells generally encounter reservoir pressures that are less than the
hydrostatic head of water, temperatures much lower than the boiling point for depth
(BPD) and with not much gas content. These wells are not likely to be self-
discharging and down-hole pumps are required in most cases to produce the geother-
mal fluid. In some cases, water quality is reasonably potable (e.g. Vietnam and China).
It is common that the reservoir includes some unconsolidated sand or silt formations,
which complicates drilling but provides good permeability.

In some shallow wells 800—1500 m depth, sand removal from the produced geo-
thermal water is crucial. The upper-Pannonian sandstones (45°C—55°C) in Hungary
have some badly cemented, heterogeneous and argilliferous formations (Gabor Szita,
personal communication). The production of sand reduces the life of the down-hole
pump, and so multistage sand removal systems are required sometimes to prevent
damage to the pump and the reservoir permeability around the reinjection wells.

Warm water systems are likely to be used for direct-use applications; however,
electricity production from 79°C water has been reported in the United States using a
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Figure 2.6 Temperature profile of a well from the Peace River Arch area, Canada. Data from Bachu,
S., 1994. Geothermal regime in the Western Canada sedimentary basin. In: Mossop, G.D., Shetsen, |.
(Comp.), Geological Atlas of the Western Canada Sedimentary Basin. Canadian Society of Petroleum
Geologists and Alberta Research Council (Bachu, 1994).

binary unit at a very low conversion efficiency (Zarrouk and Moon, 2014). There is a
boom in developing these systems mainly in Europe for large-scale district heating
schemes, recreation, commercial greenhouse heating and industrial applications. Since
large amounts of geothermal fluid are required due to the relatively low-energy content
(low-energy quality), the fluid should be reinjected not far from the production well to
minimise reservoir drawdown. Produced fluids from ~ 3000 m deep sediments can have
a very high salinity (hypersaline) plus other dissolved minerals. Heijnen et al. (2015)
reported an equivalent NaCl salinity of 280 g/L in 100.8°C reservoir fluid from 2748 m
depth, which is highly corrosive. Heat exchangers are commonly used to heat a secondary
fluid (fresh water) to control corrosion and mineral scaling in the surface production facil-
ities. It is important to note here that even for a relatively low-temperature gradient of
20°C/km, drlling to great depths of 5—6 km will result in reservoir temperatures
>120°C. The criteria set in Table 2.4 considers the use of realistic drilling depths, tech-
nology and cost.

2.2.2 Hot water systems

These systems produce higher temperatures than warm water systems
(120°C < T'<<220°C) with the enthalpy of liquid water at the measured temperature
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Figure 2.7 Temperature versus depth for a convective flow through the Alpine fault, New Zealand.
Data from Sutherland, R., Townend, J.,, Toy, T,, Upton, Ph., Coussens, J., Allen, M., et al,, 2017. Extreme
hydrothermal conditions at an active plate-bounding fault. Nature 546 (7656) 137—140 (Sutherland
et al., 2017).

(504 kJ/kg <h <943 kJ/kg). Generally, they have higher temperature gradients than
warm water systems, which can result in convective heat transfer when the thermal
gradient becomes unstable and gives way to natural convection. When the geothermal
fluid ascends (in the convective plume ‘upflow’) through permeable rocks or fault
zones, above this upflow near the ground surface the result will be both higher tem-
peratures and a much higher thermal gradient (> 100°C/km) than is practically possi-
ble through conduction alone (Fig. 2.7). Fig. 2.7 shows the conductive temperature
profile to be relatively gentle, transitioning to a much steeper convective profile where
there is fluid movement in the upflow. The slightly curved conductive profile of
Fig. 2.7 1s due to a deviated (nonvertical) drilled well profile.

Hot water systems are used for direct-use application, and for power generation,
they are more suited to binary power plants, but steam flash technology can be used
for the higher temperature end.

In hot water systems, no boiling occurs in the natural state or after production
commences. Fig. 2.8 shows the temperature profile of well 6-2 in East Mesa plotted
against the boiling hydrostat (Watson, 2013) or the ‘BPD’ curve. It is clear that no
boiling is taking place in this well as at all depths temperatures are < those required
for boiling (BPD).

To distinguish between a variable conductive temperature gradient (Fig. 1.1) and a
profile with the conductive—convective transition (Figs 2.7 and 2.8), the decrease in
temperature gradient (steepening) should be greater than four times to indicate a
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Figure 2.8 East Mesa hot water well 6-2. Data from Goldstein, E.N., Carle, S., 1986. Faults and gravity
anomaly over the east mesa hydrothermal-geothermal system. Geotherm. Resour. Council Trans. 10,
223—228 (Goldstein and Carle, 1986).
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transition to convection. In addition, only deep convective heat transfer will bring
enough thermal energy to allow the development of shallow temperature gradients
>100°C/km (Figs 2.7 and 2.8). These simple criteria should be useful to identify the
presence of high-enthalpy (hot water or higher enthalpy) geothermal systems from
examining shallow (~600—700 m deep) exploration wells. However, these explora-
tion wells will not help to distinguish between the upflow or outflow of a conven-
tional system, for this purpose deeper wells are needed.

Some hot water wells are self-discharging when the reservoir pressure is higher than
the hydrostatic head of water, but most wells require the installation of down-hole
pumps to produce the geothermal fluid. Many of the geothermal systems utilised in the
United States (e.g. Brady, East Mesa), Turkey (Aydin, Buharkent) and Russia
(Pauzhetsky) are simply hot water systems. They have been referred to elsewhere as
‘low-temperature liquid-dominated’ systems (Aksoy, 2007) since the geothermal fluid
has a low temperature (Table 2.3) and is in the liquid phase in the reservoir.

Kaya et al. (2011) and Diaz et al. (2016) showed that in hot water systems, more
mass is produced per MWe generated when compared to the other higher enthalpy
(two-phase or vapour-dominated) systems. Therefore as for warm water systems, with-
out any injection the pressure will continue to decline until there is an induced
recharge (from above, below and laterally) matching the overall production rate. In
many cases, without reinjection, the pressure will drop too low to allow the self-
producing wells to continue operation, and some may require the installation of
down-hole pumps later in their life or possibly be converted to reinjection wells to
recharge the surrounding production wells. Hence, reinjection should take place
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relatively close to production wells. However, there is the fundamental tension
between the benefit of pressure maintenance and chemical and/or thermal break-
through when the cooled injected water reaches the production wells. In some fields,
particularly those with large faults, thermal breakthrough has occurred rapidly, and
injection has to be relocated further away from the production wells (Kaya et al.,
2011).

2.2.3 Low-enthalpy two-phase systems

These systems are generally much more fractured than all the other system types, with
high reservoir permeability surrounded by permeable formation allowing plenty of
cold water recharge. Typically, vertical permeability is also high, resulting in flow of
cold recharge fluid down into the reservoir from above. This also results in generally
larger natural thermal output at the ground surface (more natural thermal features) than
the other higher enthalpy systems. These systems are also larger in the extent of their
upflow and outflow zone compared with the higher enthalpy systems. The natural
thermal features in low-enthalpy systems are dominated by extensive boiling chloride
water and less steam heated features in its natural state. Excessive exploitation com-
monly leads to an increase in steam-heated features and reduction in deep chloride
water discharge as reservoir pressure decline.

Recharge of hot fluid will flow into the reservoir from below, induced by produc-
tion and pressure drawdown. Wairakei witnessed >100% increase in deep fluid mass
recharge in response to production between 1958 and 1997; this induced deep
recharge slightly slowed down when infield reinjection started in 1997 (Zarrouk and
Simiyu, 2013).

When production begins in this type of system, the pressure does not drop as
much, as compared to higher enthalpy systems, and less boiling occurs. On the
other hand the presence of noncondensable gases (NCG) (mainly CO,) results in
the lowering of the boiling point of water and boiling may occur after
production.

Generally, wells in two-phase systems will self-discharge after drlling (during
completion/production testing) or may have to be discharge stimulated (see
Chapter 6: Completion and Output Testing), but the use of down-hole pumps is
uncommon in these systems. Due to the presence of gas, to prevent corrosion of
casing and to maintain it at a high temperature, two-phase wells are kept on a small
bleed line when they are not in use.

Production enthalpies are typically at (or not much above) the enthalpy of hot
water at the reservoir temperature. A good example of a low-enthalpy well is
Wairakei well WK317 (Fig. 2.9)

The shut in temperature profile of these wells can be complicated by the
formation of gas and steam caps (Fig. 2.10) and internal flows. Fig. 2.10 shows the
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Figure 2.9 Shut in temperature and pressure profile of well WK317. Data from Contact Energy Ltd,,
with kind permission.
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Figure 2.10 Shut in temperature and pressure profile of well WK27. Data from Contact Energy Ltd.,
with kind permission.

formation of a gas and steam cap on top of the hot liquid in Wairakei well
WK27, with a production enthalpy of just above 1000 kJ/kg, which is just above
the enthalpy of water at the feed zone of 220°C. Fig. 2.10 also shows that
Wairakei has a shallow vapour—dominated zone in a predominantly low-
enthalpy, two-phase system. If this well is cased to say 400 m and drilled to
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<800 m, it can produce dry steam with an enthalpy of ~2800 kJ/kg (enthalpy of
steam at 220°C).

Steam flash power plant technology is historically used for low-enthalpy systems.
However, binary units and hybrid steam and binary can also be used (Zarrouk and
Moon, 2014). For every MWe of generation, less mass flow rate is needed in low-
enthalpy systems than for hot water systems (Diaz et al., 2016), but in general a large
number of reinjection wells are needed to ensure all the produced fluids are reinjected
back. The common experience of infield injection in this type of geothermal field is
that it has caused degradation of the resource by thermal breakthrough, and so injec-
tion has been moved outfield (Kaya et al.,, 2011; Diaz et al., 2016). The large fluid
take in these systems can result in major subsidence, and reinjection can also play an
important role in controlling/managing subsidence.

2.2.4 Medium-enthalpy two-phase systems

In their preexploitation or natural state, these systems are comprised almost entirely of
hot water, with boiling zones which are nonexistent or small (Fig. 2.11). However,
when production starts, the two-phase zone will expand and discharge medium-
enthalpy fluid (in the range 1100—1500 kJ/kg). These wells are also called ‘excess
enthalpy’ because the produced enthalpy is higher than the enthalpy of water/liquid at
the measured reservoir temperature (Kaya et al., 2011). Mubarok and Zarrouk (2017)
demonstrated that even low-enthalpy (liquid-dominated) two-phase systems have
some level of excess enthalpy.
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Figure 2.11 Medium-enthalpy Ohaaki west bank well showing close to boiling conditions (—200 to
—300 m) in preexploitation state. Data from Contact Energy Ltd., with kind permission.
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These systems have a lower reservoir permeability and less fracturing than low-
enthalpy systems, with permeability of the rock surrounding the hot reservoir similar
to that inside the reservoir, that is there is not necessarily any permeability contrast
between the inside (the hot part) and outside (the cold part) of the reservoir (Kaya
et al., 2011). These systems will have lower natural thermal output than low-enthalpy
systems but have more steam-heated features. The size of the upflow zone is smaller
than for low-enthalpy systems.

Medium-enthalpy two-phase ‘large diameter’ wells can potentially produce
35—40 MWe power output per well. This is because these wells have relatively higher
enthalpy than low-enthalpy systems and produce more mass flow rate (more perme-
able reservoirs) than high-enthalpy systems. However, this is not very common with
only a few such wells reported by the industry (Quinao et al., 2015).

Single and double steam flash power plant technology is historically used for
medium enthalpy systems (Zarrouk and Moon, 2014). However, binary plant is used
in the more recent power development at Ngatamariki (Quinao and Zarrouk, 2018).

In two-phase medium-enthalpy systems, the boiling zones which are developed as
a result of production are more localised and have a higher steam fraction than low-
enthalpy systems. The large pressure drop at production wells and the boiling induced
in the reservoir are desirable effects from a reservoir engineering point of view as it
results in high enthalpies. When production first starts, the pressure declines rapidly
until boiling occurs and then the pressure declines more slowly.

In some cases, induced hot deep recharge due to rapid pressure drop may offset
the cold recharge to some extent. However, depending on the balance between lateral
and vertical permeabilities, natural cold recharge from both top and sides of the
reservoir will help to sustain production. Infield injection of cold water will cause
faster cooling of the production wells. Experience at a number of fields shows that a
reinjection strategy of combined infield and outfield is essential. Often full reinjection
infleld in two-phase medium-enthalpy geothermal systems has resulted in thermal
breakthrough. Moving reinjection outfield can reverse the damage (Kaya et al., 2011;
Diaz et al., 2016).

2.2.5 High-enthalpy two-phase systems

These systems are very similar to the medium-enthalpy systems discussed earlier, but
with a higher temperature range (250°C—330°C). They consist of a few major frac-
tures in a low-permeability rock matrix with fracture volume and/or permeability
somewhat smaller, and a boiling zone surrounding the production wells which
is larger and dryer (Fig. 2.12) and thus the production enthalpies are higher
(1500—2600 kJ/kg). These wells definitely produce excess enthalpy fluid.
Multiple (double and triple) steam flash power plant technology is used in the lower
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Figure 2.12 High-enthalpy two-phase Rotokawa Eastern well showing large >700 m thick two-
phase zone. Hernandez, D., Clearwater, J., Burnell, J., Franz, P., Azwar, L., Marsh, A., 2015. Update on
the modeling of the Rotokawa Geothermal System: 2010—2014. In: Proceedings of the World
Geothermal Congress, Melbourne, Australia. © World Geothermal Congress (Hernandez et al.,, 2015).

enthalpy range (1500—1900 kJ/kg), but only single steam flash is used for the higher
enthalpy (1900—2600 kJ/kg) wells (Zarrouk and Moon, 2014). This is because not
much liquid remains after the first flash of the high-enthalpy fluid to be used in
the second flash. At the same time, higher enthalpy wells can eventually dry with
time, and single-flash (single pressure) technology lends itself better to dry steam
by simply removing the steam separator (e.g. Kamojang). Hybrid steam and binary
power plant technology have been used in medium (Mokai) and high-enthalpy
(Rotokawa) systems. While it can be higher in conversion efficiency than flash
steam technology, hybrid technology is less adaptive to changes in the geothermal
reservoir and will likely need shutdown and plant modifications with time
(Zarrouk and Moon, 2014).

Steam-heated features typically dominate the natural thermal discharge, with little
or no chloride water discharging at the surface. The natural fluid recharge is limited
by low permeability, and infield reinjection is essential to the sustainability of
production (Kaya et al., 2011). More of the produced fluid should be injected infield
compared with medium and low-enthalpy two-phase systems. A good example is the
Rotokawa geothermal system, New Zealand, where all the reinjection is taking place
infield. Note that all heat transfer mechanisms (conduction, convection and advection)
are present in the system given in Fig. 2.12.

Some medium and high-enthalpy systems develop multiple upflow (convection)
zones known as sectors, controlled by permeability and geological setting (Herras
et al., 1996; Aleman and Saw, 2000; Ramos, 2002; Sta Ana et al., 2002; Fajardo and
Malate, 2005). Medium and high-enthalpy wells are generally self-discharging, and no
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down-hole pumps are used. Non-self-discharging wells that cannot be discharge
stimulated are likely to be on the system margins. These wells are normally used for
reinjection or monitoring or are abandoned.

2.2.6 Dry steam (vapour-dominated) systems

Vapour-dominated systems are the prime geothermal systems with only a handful
found in nature (Diaz et al., 2016). These wells produce dry (high-enthalpy) steam
2600—2800 kJ/kg, which can be sent directly to the steam turbines without separation
to produce electricity with the highest conversion efficiency (Zarrouk and Moon,
2014). Dry steam wells are relatively shallow (<2000 m) compared to conventional
wells, with most dry steam wells producing from a narrow reservoir temperature range
of 220°C—250°C, for example Kamojang (Darwis et al., 1995), Matsukawa (Hanano
and Matsuo, 1990) and Darajat (Simatupang et al., 2015). However, higher tempera-
tures have been reported at >3000 m in the Geysers (Hulen et al., 2001) and Travale
(Cei et al., 2009).

These systems are made of low-permeability reservoirs with even lower permeabil-
ity rock surrounding the reservoir. If the surrounding rock were permeable, cold water
would flow into the low-pressure vapour-dominated reservoir and cool the system
(reducing the enthalpy). Therefore there is no natural convection taking place in these
systems, and the dominant heat transfer mechanisms are thermal conduction from
below plus advection (counterflow) from the top. The term ‘counterflow’ is used here
to refer to the upwards travel of the low-density steam through the system to the
ground surface (feeding the natural features), the downward travel of steam conden-
sates and cold ground water under gravity to recharge the reservoir (Kaya et al., 2011).

The water level in a dry steam well is commonly below the steam feed zone
(Fig. 2.13), and warmed up temperature, and pressure profiles are almost vertical and
less than that the BPD pressure and temperature.

Vapour-dominated wells are always self-discharging (while there is hot fluid in the
reservoir), and down-hole pumps are never used. Vapour-dominated wells commonly
produce a relatively high gas content and a relatively low mineral content, since
minerals have almost no solubility in steam.

Vapour-dominated systems generally have limited natural thermal output on the
ground surface compared with low and medium-enthalpy two-phase systems. These
natural features are strictly steam heated (e.g. steaming ground, mud and acid pools)
with no deep (chloride) waters discharging at the ground surface.

As the reservoir pressure decreases during production, the immobile water in the
reservoir boils to form steam. The water in a vapour-dominated reservoir is not
replenished by natural recharge, and so after some years of production, parts of the res-
ervoir may run out of immobile water and become superheated (i.e. the temperature
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Figure 2.13 Temperature and pressure profiles of well DRJ-CA, Darajat, Indonesia. Simatupang, C.
H., Intani, R.G., Suryanta, M.R., Irfan, R., Golla, G. Cease, C., et al., 2015. Evaluation of water produced
from a steam dominated system, a case study from the Darajat field. In: Proceedings of the World
Geothermal Congress, Melbourne, Australia. © World Geothermal Congress.

of the steam is above the boiling point) and eventually dry out completely. Infield
reinjection is most critical for the management of these systems. It is beneficial to
inject water directly above the depleted reservoir and close to the production wells as
at Kamojang and Darajat (Diaz et al., 2016). Since 75%—90% of the steam leaving the
turbine evaporates in the cooling towers (Kaya et al., 2011), little water will be avail-
able for reinjection. In most cases, extra water is sourced externally for addition to the
steam condensate before reinjection. This strategy has been successfully implemented
at the Geysers and Larderello (Kaya et al., 2011) to maintain steam production. The
need for external fresh water can pressure field operators to tap into natural water
resources and possibly affect other users. This is because lack of external water for

reinjection can affect the sustainable operation of these vapour-dominated reservoirs
and result in rapid well decline.

2.3 Nonconventional geothermal systems

The term ‘nonconventional’” refers here to geothermal systems that are in research and

development and field-testing stages but have not achieved the full mainstream com-
mercial use of conventional geothermal systems.
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2.3.1 Supercritical (deep volcanic) systems

This involves drilling much deeper wells into conventional two-phase geothermal
systems to access geothermal fluid with temperatures of 450°C—600°C from 4 to
5 km depths (Elders and Fridleifsson, 2009). These temperatures are above the critical
point of water (373.946°C and 220.64 bar), hence the name ‘supercritical’. At these
conditions, the phase difference between water and steam will disappear, and the
fluid will be a single-phase supercritical fluid with enthalpy of >3000 kJ/kg. The
power potential of such wells will be in the order of 50—70 MWe, which is much
higher than any conventional geothermal well. Drilling these systems pushes drilling,
material and well test technology to new limits. The Icelandic deep drilling project
(IDDP) is the only active supercritical exploration programme in the world. The first
well IDDP-1 was drilled in 2008—09 and encountered molten magma at a depth of
~2100 m. In 2010—11 a series of measurements and flow testing showed that
IDDP-1 has a measured temperature of 452°C and shut in wellhead pressure (WHP)
of 140 bar/g (Fridleifsson, 2017) with a flowing enthalpy of 3200 kJ/kg and mass
flow rate of 20—40 kg/s (Ingason et al., 2014) sufficient to generate 35 MWe
(Fridleifsson, 2017). However, acidic condensate associated with the volcanic steam
resulted in severe corrosion and erosion damage to the casing (Ingason et al., 2014).
The second well IDDP-2 drilled at Reykjanes in 2016—17 to a total depth (TD) of
4659 m with production casing cemented to 2931 m. IDDP-2 encounters supercriti-
cal conditions with measured temperature of 426°C and pressure of 340 bar at TD
after only 6 days of heating. Cold water stimulation was undertaken in 2017—18 to
enhance the permeability of the well with plans to flow test the well in 2018
(Fridleifsson, 2017).

There are no pilots or commercial implementation of supercritical power systems
yet, but the potential for utilising these systems can take geothermal power production
to new horizons in the future.

2.3.2 Geo-pressured systems

Geo-pressured systems are highly pressurised sedimentary aquifers with water contain-
ing significant quantities of dissolved gases. These gases are different from the NCG
(Kaya and Zarrouk, 2017) found in conventional systems, which are dominated by
CO,. The main gas components are CH, (Garg et al., 1986), with N,, CO, and H,S
in lesser quantities (Yanagisawa et al., 2013).

The heat transfer mechanism in geo-pressured systems is mainly thermal conduc-
tion (see Fig. 1.1) with possible advection in some settings, for example warm water
systems. In some of these systems, heat is generated by radioactive decay in granites
underlying the sedimentary sequence, for example the granite reservoir in the
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Cooper Basin, Australia, has measured 7—10 pW/m” of ongoing heat generation
(Llanos et al., 2015).

Geo-pressured systems have been encountered during petroleum explorations in
Australia (Llanos et al., 2015), Hungary (Antics, 1998; Toth, 2010), Indonesia
(Hochstein and Sudarman, 2010), Japan (Yanagisawa et al., 2013) and the United
States (Rudesill, 1978; Garg et al., 1986). Antics (1998) reported from the Pannonian
Basin, Hungary, 190°C fluid from 3165 m depth, a reservoir pressure of 638 bar and
WHP of 320 bar, with an equivalent pressure gradient of 210 bar/km (which is more
than twice the hydrostatic head of cold water).

Hochstein and Sudarman (2010) described the uncontrolled Lusi mud-volcano
discharge, Java, Indonesia, from geo-pressured and under-compacted Pleistocene
sediments. The system has a 40°C/km thermal gradient and a pressure gradient twice
as high as the normal hydrostatic head of water. It was encountered during petroleum
exploration drilling and resulted in gas (CH4, CO, and H,S) and hot mud discharge
of 1.5m’/s covering an area of 6 km?®, the displacement of 40,000 people, and a
subsidence area of over 7 km”.

Geo-pressured systems can have all the necessary elements of conventional geo-
thermal systems with the added potential to utilise the methane gas. Given the high
reservoir pressures, these wells are definitely self-discharging, and down-hole pumps
are not required. However, the very high reservoir pressure and operating WHP
make them technically difficult to develop commercially. The main challenges are the
high-pressure rating of all the utilisation equipment, and the associated cost and envi-
ronmental risks. In addition, there is a high parasitic load required to operate the rein-
jection pumps to return the used geothermal fluid back into the pressurised reservoir.
The production of both (high salinity) geothermal fluid and methane gas has been
investigated since the 1970s (Garg et al., 1986). However, currently, there are no
commercially operating geothermal geo-pressured developments.

2.3.3 Enhanced geothermal systems

Enhanced geothermal systems (EGS) are also known as engineered geothermal sys-
tems, and in the past the term hot dry rock (HDR) was used (Kruger, 1995) and the
term hot sedimentary aquifers is also used by some authors (Bendall et al., 2014). In
general, these systems may not have all three requirements of a conventional geother-
mal system (high temperature, fluid and reservoir permeability). They will normally
have the high temperatures but lack the natural reservoir permeability and/or the pres-
ence of water in the rock. However, recent experience has shown that water should
in fact exist at great depths almost everywhere on earth, but very low rock permeabil-
ity and lack of fractures make some of these wells appear dry during testing, which is
where the term HDR has originated. Since the 1970s there have been several field
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trials of enhanced geothermal systems (EGSs)/HDR in many parts of the world

(Kruger, 1995).

The Soultz EGS project, France, is the most widely studied EGS field in the
world. Line shaft down-hole pumps produce 160°C fluid from ~5000m deep
fracture-stimulated wells (Ravier et al., 2015). The geothermal fluid has a natural
Na—Cl—Ca rich brine with a high salinity of 100 g/L (ppt) and high gas content
(mainly 85% CO,, 10% N, and 2.5% CHy) causing major corrosion problems with
the down-hole pump assembly (Ravier et al., 2015). Temperature profiles of these
wells (Held et al., 2014) show that the reservoir is effectively a hot water (convective)
geothermal system. It is the only successfully stimulated EGS with an operating pilot
power plant since 2011 (Vernier et al., 2015).

Careful examination of recent literature shows that the term EGS is also used to
refer to improvement or stimulation of geothermal fluid production from practically
all types of systems mentioned earlier, both conventional and nonconventional. Some
examples are:

1. The Landau EGS project, Germany, is simply a conventional hot water system
(160°C) with natural fault and fracture permeability in sedimentary and crystalline
rock, with naturally existing (highly saline) fluid. The geothermal fluid is produced
with a down-hole pump from a ~3000 m deep well and reinjected back under
gravity into another well (doublet arrangement).

2. The Habanero EGS project in Australia (Llanos et al., 2015) is effectively a geo-
pressured system, it has a reservoir temperature of >240°C from a depth of
>4200 m, with shut in WHP of 337 bar. Hydraulic fracturing (using water only)
is used to ‘improve’ the existing natural fracture permeability to allow commercial
levels of power production. Geothermal fluid is reinjected back in to the reservoir
using a high-pressure 160 bar reinjection pump (Hogarth and Baur, 2015).

3. Fridleifsson (2017) described production from a magma EGS, also called deep
EGS, referring to the production of steam from the supercritical wells IDDP-1
and IDDP-2. Water is injected into these wells to enhance permeability then
allowed to heat up to produce superheated steam. Given the low reservoir per-
meability at these high temperatures (>400°C), it effectively means that deep
geothermal or volcanic systems are simply EGS, or deep EGS as referred to by
Fridleifsson (2017).

Therefore the term EGS is used when fluid is introduced to the geothermal reser-
voir or when the reservoir permeability is enhanced. It is also used at times to refer to
developing geothermal energy in areas where no conventional two-phase systems
exist. However, the most common EGS under investigation around the world mainly
comprises warm and hot water systems.

The well test analysis concepts and applied techniques discussed in this book are
valid for all types of geothermal system, and examples will be provided to their
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applications in EGS. Permeability enhancement techniques used for improving the
production from EGS and conventional geothermal wells (well intervention methods)
will be discussed in detail in Chapter 9, Operation and Management of Geothermal
Wells.

The development of EGS technology has the potential to bring geothermal
energy utilisation to many parts of the world where none currently exists, and to
boost energy production in a similar manner to the boom in nonconventional shale
oil and gas production, which has resulted in a significant drop in oil and gas prices
since late 2014.

2.3.4 Alternative geothermal (man-made) systems

Armstead (1978) proposed using an explosion from a thermonuclear weapon to
create a geothermal system in areas where none exists. The explosion will trap the
thermal energy and create a large cylindrical rubble zone, with high permeability.
The size of the rubble zone is proportional to the power of the thermonuclear
weapon. The geothermal development concept involves drilling into this rubble
zone and injecting cold water to allow the recovery of the released energy plus the
natural thermal gradient in production wells similar to EGS. However, the produced
fluid will bring to the surface all the highly radioactive material from the thermonu-
clear explosion, which presents major environmental, health and safety risks.
Therefore it is not recommended for any future research, field trials or consideration
for commercial development.

Bir et al. (2017) investigated seasonal underground heat storage in middle-to-deep
(100—1500 m) down-hole heat exchangers (or bottom-hole exchanger, see Chapter 3:
Geothermal Wells) to store solar energy in summer to be utilised in winter for district
heating. Numerical modelling showed that this is a promising technology that can
potentially dispense of heat pumps (Bir et al., 2017). Energy storage between summer
and winter helps reduce energy demand, decrease the use of fossil fuel and the release
of greenhouse gases from burning of fossil fuels. We believe that man-made under-
ground storage requires deep understanding of the local geological setting (e.g. having
a permeable reservoir and an insulating cap rock formation) and the impact on
ground water (e.g. heat migration). The cost of such system will limit the applica-
tion of this technology to countries with specific optimum weather conditions and
energy market setting, given the potentially low load factor. It should also be
compared with the cost and risk of simply developing the local geothermal warm
water systems, which can provide the required energy and storage system at the
same time. Note that even in conventional geothermal systems, not all the energy
in place can be extracted, hence a recovery factor (0.1—0.48) is used during
estimation of a geothermal resource potential (Zarrouk and Simiyu, 2013).
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Therefore it is anticipated that most (> 50%) of the energy stored in summer may
not be recovered in winter.

Pruess (2006) proposed the use of CO; as a working fluid to recover the geother-
mal energy from EGS with the ancillary benefit of some CO, sequestration.
However, CO, gas has much lower thermal transfer properties (e.g. enthalpy)
compared to water or steam at the same temperatures. When the CO, mixes with any
water in the formations, it will form a weak carbonic acid that causes ongoing corro-
sion problems to the geothermal wells in these developments (Zarrouk, 2004).

Several authors discussed using hybrid systems of combined solar, biomass and geo-
thermal (DiMarzio et al., 2015; Thain and DiPippo, 2015). The concept is very valid
and dates back to 1924 (Thain and DiPippo, 2015). A 30 MWe hybrid wood waste
(biomass) plant with geothermal preheat has been running since 1989 near Honey
Lake, California. Skiba (1985) discussed the drilling and testing of the self-discharging
warm water wells at Honey Lake; however, there is no information on performance
evaluation of the whole utilisation system.

Grijalva (1978), Rigby (1979) and Tiangco et al. (1996) investigated theoretical
hybrid fossil fuel-geothermal power generation, but there is no field implementation
of such systems.

In our opinion the industrial application of hybrid systems is attractive and possible
but will be more technically challenging and site specific than using a single energy
source.

Ground source heat pumps or geothermal heat pumps (GHP) that use the shallow
conductive stable ground temperature as a heat source in winter, and a heat sink in
summer have witnessed increasing growth worldwide (Lund and Boyd, 2016). Several
authors have reported the results of field trials and long-term implementation of GHP.
Rosen and Koohi-Foyegh (2017) discussed results of field trials of a GHP system in
Alberta, Canada that uses 144 wells 35 m deep to store the solar energy in summer for
use space heating in winter that resulted in significant saving in natural gas convention-
ally used in heating.

GHP is simply heat pump technology with the shallow underground as a heat
source and sink. It can be applied anywhere on Earth and will be outside the scope of
this book.

2.4 Summary

At the very early stage of regional exploration, the geological play type is of use, as
other classification systems are precluded by a lack of data. During the exploration
phase a temperature classification is possible at an early stage and is useful for planning
further exploration strategy. After drilling and well testing, a classification based on
thermodynamic fluid properties (enthalpy or exergy) is possible and the most useful
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moving forward into the development phase. The influence of geological features on
the fluid flow is also potentially useful during the production phase (and may not be
apparent until this time). In a high-level global reporting context, the multifaceted
United Nations classification is of use at any stage.

The classification based on enthalpy is preferred from a reservoir engineering point
of view and was the focus of this chapter. This classification is based on experience in
conventional geothermal systems; it takes into consideration the heat transfer modes
and the permeability structure of the geothermal reservoir and surrounding rock. The
enthalpy classification will not only influence the utilisation technology but also the
reinjection strategy and will be referred to in the following chapters.

Alternative geothermal systems (deep geothermal, geo-pressured and EGS) and
emerging and proposed technologies were also discussed. The work demonstrates that
the term EGS is used differently by different authors, but generally, it refers to perme-
ability enhancement and is most commonly applied to warm and hot water systems,
while deep geothermal (volcanic systems) can simply be classified as deep EGS.
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3.1 Drilling and casing design

Drilling a geothermal well in a new field is the most critical step in any geothermal
development, due to the investment risk compared to all the other investigation stud-
ies and field surveys (geology, geochemistry and geophysics). From our experience,
many geothermal projects stop at this stage when the developer/investor lacks the will
or incentive to take this risk.

Geothermal drilling is not different in concept from petroleum or other deep dril-
ling. However, there are certain differences specific to geothermal drilling and some
modifications are required to allow petroleum rigs to be used for drilling geothermal
wells. The main challenge is the high temperature, which affects the equipment used
and the dnlling string design. It also dictates geothermal well control practices that
prevent uncontrolled well discharge (blowout), which are very different from those
applied to petroleum well drilling.

Drilling effectively telescopes downwards from larger to smaller holes/casings in
three to four stages depending on the well size, depth and target. The final cemented
casing is called the production casing, and drilling for production extends downwards
from there, and is usually protected from collapse by running perforated or slotted
steel liner. In some shallow direct-use wells, it is common to keep an open hole

Geothermal Well Test Analysis © 2019 Elsevier Inc.
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Table 3.1 Conventional self-discharging geothermal well casing designs.

Casing Large well size Standard well size Small well size
Conductor 40" Casing cemented | 30” Casing 20" Casing cemented to
casing to 24 m, drilled cemented to 24 m, drilled with auger
with auger 24 m, drlled or in 26" drilled hole
with auger
Surface 30" casing cemented 20" casing 13.375" Casing cemented in
casing in 36" drilled hole cemented in 26" 17.5” drilled hole
drilled hole
Anchor 20" or 18.625" 13.375" Casing 9.625" Casing cemented in
casing Casing cemented cemented in 12.25" drilled hole
in 20" drilled hole 17.5" drilled hole
Production 13.375" Casing 9.625" Casing 7" Casing cemented in 8.5”
casing cemented in 17.5" cemented in drilled hole
drilled hole 12.25" drilled
hole
Open hole 9.625" Perforated 7" or 7.625" Open 5.5" drilled hole
(liner) liner in 12.25" Perforated liner in | Or possibly installed with
drilled hole 8.5" drilled hole 4.5" perforated liner

Source: From Hole, H., 2013. Geothermal drilling-keep it simple. In: Proceedings the 35th New Zealand Geothermal
Workshop, Rotorua, New Zealand; Hodson-Clarke, A., Rudoft, R., Bour, D., Russell, P., 2016. Key factors to
successful drilling and completion of EGS well in Cooper Basin. In: Proceedings 41st Workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford, CA.

without running the liner. Geothermal wells are generally larger in diameter than
wells drilled by all other industries. This is to enable the production of more fluid
(mass flow rate) and hence more thermal power [following Eq. (2.1)]. Table 3.1 gives
the common conventional geothermal well casing designs used by the industry.

Well sites are chosen to allow access to specific permeable geological targets in the
reservoir. Common targets are permeable formations, contact zones between different
formations, and faults and fractures. Experience shows that certain rock types (e.g.
andesite) usually make good reservoir targets in conventional geothermal systems. The
final well-site location may be constrained by land access and ground surface setting.
Therefore deviated wells are common as they allow the intersection of multiple targets
by a single well and the drilling of multiple wells from the same drilling pad, thus
reducing the length of surface pipelines and fluid-handling facilities. The two common
deviated well profiles (well tracks) are the J and S shapes (Fig. 3.1). Deviated wells can
travel horizontally (throw) >1000 m which increases their chance of intersecting tar-
gets (e.g. faults), especially during exploration drilling. Vertical wells, on the other
hand, are lower cost and are the simple option when possible or when the targets are
reasonably constrained.

Deviated wells are drilled vertically at first, and then after setting the anchor casing,
the mud motor is used from the kick off point to build angle in the chosen direction
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Figure 3.1 Showing deviated geothermal well tracks (A) S-shaped well and (B) J-shaped well. From
Mr. Hagen Hole with kind permission.

until the end of build-up. J-shaped wells maintain this angle to total depth (Fig 3.1B),
while S-shaped wells can change their angle or direction if needed (Fig. 3.1A). The
change in well direction (azimuth) requires the use of the mud motor, while changing
the fall angle can be done with modification to the bottom-hole assembly. An impor-
tant point to make when working with down-hole data from deviated wells is to dis-
tinguish between drilled depth or measured depth, which are always greater than the
true vertical depth (VD).

Horizontal drilling is common in sedimentary formations in petroleum and other
industries but is not used in conventional two-phase systems with fractured volcanic
rock due to hole stability risks. However, it could be an option for warm and hot
water systems in sedimentary basins when there are favourable commercial terms.

Well pad (site) preparation is also a very important step as the pad is designed to
protect the drilling rig from an accidental uncontrolled well kick during drilling. If the
wells are not predicted/expected to self-discharge (e.g. in warm or hot water systems),
this will significantly simplify well design, drilling and reduce the site preparation cost.

Since production from conventional geothermal wells relies on the natural reser-
voir permeability, care is taken to prevent damage to the target formations. The shal-
low part of a conventional well is drilled with heavy (high-density) fluid (mud) to
block/isolate ground-water aquifers and any permeable shallow formations, then a car-
bon steel casing is cemented through this section. Drilling with mud allows the drilling
engineers to put higher pressure than the hydrostatic head of water on the formations
while drilling. This allows them to manage the well through cooling, help maintain a
clean hole and prevent the flow of hot fluid to the surface.
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Historically, wells were drilled with mud even in the productive part of the reser-
voir and then switched to drilling with water when circulation was lost. This method
can cause build-up of cuttings (fill) and mud damage to the reservoir near the well-
bore, which affects future production. Recent drilling practice involves underbalanced
(aerated or foam) drilling in the productive part of the reservoir, which means the
pressure in the well during drilling is kept slightly below the formation pressure. This
prevents formation damage and allows the well to flow (kick) when the production
target is intersected.

Elaborate site preparation and blowout prevention systems are required to control
the well at any stage in the drilling programme (Watson, 2013; NZS 2403, 2015).

Commonly-used casing programmes for conventional wells are given in Table 3.1.
These casing sizes and their specifications originated from the oil industry standards
(see NZS 2403, 2015) and have been adapted by the geothermal industry. Therefore
despite the widespread use of SI units, casing diameters [in inches (”)] are the only
British Standards unit reported in use.

Deep EGS wells (> 4000 m) are commonly drilled vertically and often follow the
smallest well size (Table 3.1). Sometimes however the production casing and open
hole (liner) sections are drilled continuously, to the same size (8.5”), and then only the
top part of this section is cemented (with the 7" production casing), leaving the bot-
tom part open (Hodson-Clarke et al., 2016). Relatively shallow exploration slim holes
are drilled to investigate the geothermal resource (temperature, geology, chemistry and
permeability), and are generally drilled up to 1000—1200 m using a small mobile rig
and typically cased with 7" intermediate casing, 4.5"production casing and a 3.5” per-
forated liner (common practice in New Zealand). However, other dimensions for slim
holes are used in other countries (Nielson & Garg, 2016; Kaspereit & Osborn 2017).

Hole (2013) reported the cost of drilling a standard geothermal well (Table 3.1) at
$NZ 8.5 M (~$US 6.0 M) with a calculated annual inflation of 19% between 2003
and 2013. Therefore the drilling cost is expected to increase with time. Geothermal
exploration wells are normally drilled in a multiple-well campaign to reduce the
mobilisation cost per well. From experience, it is not possible for all these wells to be
successful. Developers venturing into the geothermal industry should be prepared for
the possibility of walking away with nothing, as there is no method to guarantee the
success of a well.

Geothermal well dnlling is a wide engineering discipline and discussing all the
detail involved is outside the scope of this book. The main point we would like to
make is that engaging a qualified and experienced ‘geothermal drilling engineer’ is
critical to success of any geothermal drilling and exploration programme. There are
also different drilling techniques (schools) which can vary from one country to
another. An excellent worldwide-recognised guide on geothermal drilling is the code
of practice for deep geothermal wells (NZS 2403, 2015).
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3.1.1 Drilling and the types of geothermal system

Understanding the type of geothermal system is very important when planning geo-
thermal drilling operations. The main concerns are: well control during drilling
through the productive part of the geothermal reservoir, ensuring maximum well pro-
ductivity/injectivity and the long-term well integrity.

When drilling into warm and hot water systems, it is less likely that wells will self-
discharge, which simplifies well control. These systems also have less warm and steam-
ing ground and gas hazards on the surface (or none at all). This should simplify and
reduce the cost of site preparation if cement grouting is not mandated. The low tem-
perature and pressure conditions reduce the mechanical and thermal stresses and sim-
plify well construction.

When drilling into two-phase systems, there is a higher chance of self-discharge
(kick) during drilling. In the up-flow part of the system, the depth of the two-phase
zone generally increases with the increase in reservoir enthalpy (see Figs 2.9, 2.11 and
2.12). The risk of blowout in two-phase systems is high not only in the productive
part of the reservoir but also while drilling into the shallow steam cap (200—600 m)
on top of the up-flow zone. The risk of a well kick increases with the increase in the
gas content of the field. Expensive site preparations are required due to the relative
prevalence of natural thermal activity (hot pools, steaming ground etc.) compared to
warm or hot water systems.

On the other hand, drilling in vapour-dominated (dry steam) systems has a lower
risk than two-phase systems. Although vapour-dominated wells will definitely self-
discharge (see Section 2.2.6) and can effectively kick during drilling, the low reservoir
pressure makes it easy to control the well by simply quenching (cooling) the steam by
pumping cold water.

The highest risks for blowouts during geothermal drilling are in geo-pressured
systems, since the reservoir pressure is much higher than the hydrostatic head of
water. Toth (2010) reported a blowout of a geo-pressured geothermal system
during the drilling of an oil-exploration well in Hungary in the 1980s. The
well intersected a highly pressurised formation at a depth of 3880 m with a
temperature of 199.6°C and pressure of 73.1 MPa (estimated from a wellhead
pressure (WHP) of 36 MPa and by adding the hydrostatic head of water).
Petroleum drilling and well control practices did not prepare the drilling engineers
to control this scenario with almost double the hydrostatic pressure gradient at
high-temperature conditions.

Drilling engineers generally know from experience that some fields have a higher
likelihood of a kick (shallow or deep) during drilling than others. This eftectively
comes down to the type of geothermal system discussed in Chapter 2, Geothermal
Systems.
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3.2 Self-discharging wells

It is very desirable that all production wells are self-discharging. However, this is unlikely
in warm and hot water systems, while most two-phase and all vapour-dominated wells
are self-discharging (Chapter 2: Geothermal Systems). Reservoir pressure, rock perme-
ability and depth of the feed zone play an important role in determining the ability of
the well to self-discharge. Good permeability and relatively high reservoir pressure will
result in good production from a geothermal well with high temperature and enthalpy.
However, these wells generally have lower reservoir pressure than the hydrostatic head
of cold water; it is a common misconception that geothermal wells discharge as a result
of high pressure underground. Rather, the flashing (to steam and water) of the geother-
mal fluid inside the reservoir or casing causes the fluid to reduce in density and expand
in volume, allowing the fluid to travel to the surface. Of course, the higher the reservoir
pressure, the higher the WHP will be. Higher flowing WHP allows the use of different
generation technology (double and triple flash) and gives more operational flexibility.

Predicting whether the well will self-discharge after drilling and the techniques
employed to stimulate discharge will be addressed in Chapter 6, Completion and
Output Testing.

Self-discharging wells generally produce more energy than the other well types. In
geothermal power development, they effectively replace both the circulating pump
and the boiler in conventional (Rankine cycle) thermal power plants.

Self-discharging wells are designed following the casing designs given in Table 3.1.
Conventional wells in two-phase and vapour-dominated systems are generally drilled to
around 1000—2500 m VD, deeper wells are drilled in some fields but it is not common
to drill beyond 3000 m. EGS wells (hot and warm water systems) are commonly drilled
deeper (> 3000 m) and for this reason, the small well size is used in some cases.

The wellhead assembly for a standard well size commonly includes two side valves
of at least 3” through bore diameter (NZS 2403, 2015). Also one master valve which is
commonly 10" with material and flange sizes chosen depending on the expected service
temperature, pressure and down-hole conditions (NZS 2403, 2015). The master valve
function is only to open or shut the well. It is not to be used for flow control (throt-
tling). An additional flow control valve is installed downstream to manage the well.

The wellhead assembly is either attached to the production casing (Fig. 3.2A), which
is also called single-skin assembly, or to the anchor casing (Fig. 3.2B) via an expansion
spool, which is also called double-skin assembly. The expansion spool allows the pro-
duction casing to thermally expand or contract with minimum movement of the well-
head assembly. A permanent thrust frame is used to support the wellhead assembly in
the axial direction while allowing the well to thermally expand vertically (Fig. 3.3).

Fig. 3.3 also shows the service valve on the top of the assembly, which is used to
run down-hole measurement tools in the well. The flange that connects the master
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Figure 3.3 Producing conventional wellhead assembly showing: (1) master valve, (2) side valves,
(3) thrust frame and (4) service valve.

valve to the well casing (Fig. 3.2) is called the casing head flange (CHF), which is used
as the reference for all down-hole measurements, referred to as metres from casing

head flange (m CHF) or simply “measured depth”.
In direct-use applications, shallow (100—150 m) wells drlled into lateral flows
(outflow) with geothermal fluid temperatures exceeding 150°C are known to be
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self~discharging (Narasimhan and Witherspoon, 1979). These wells can transfer a signifi-
cant amount of energy to the surface in the range of 3—30 MWy, depending on well size
and reservoir temperature. In New Zealand, direct-use wells are commonly designed
with 6" or 4” production casing and with open-hole completion (Dunstall, 1992).

3.3 Pumped wells

Geothermal production wells that do not self-discharge (even after discharge-stimula-
tion) are converted into reinjection or monitoring wells or are abandoned. However,
production may be enabled by running down-hole pumps. Pumped wells are gener-
ally less commercially attractive than self-discharging wells because of the added invest-
ment and maintenance costs and the added parasitic load of the pump motors
(Hochwimmer et al., 2015), and the most critical factor which is the short lifetime of
the pumps (Held et al., 2014).

Nevertheless, geothermal resources requiring the use of pumps are potentially
more widespread. These include warm and hot water systems (discussed in Chapter 2:
Geothermal Systems), as well as lateral outflows from higher temperature (two-phase)
systems (Hochwimmer et al.,, 2015) and EGS systems (Held et al., 2014). The
production casings are cemented at relatively shallow depths (100—200 m) when
producing from lateral outflows of two-phase systems (Steins and Zarrouk, 2012;
Febrianto et al., 2016). These wells are commonly designed with an open hole with-
out perforated liner.

Deeper (> 600 m) wells with liners are commonly needed when targeting hot
water systems and much deeper wells (>2000m) for warm water systems
(Hochwimmer et al., 2015).

Pumped wells are used with Organic Rankine cycle (ORC) power plants or for
direct-use applications. The produced fluid goes through heat exchangers and is then
reinjected into the reservoir. Note that it is not common to have pumped wells and
self-discharging wells serving the same ORC power plant and definitely not steam
flash plants.

There are two types of down-hole pumps: submersible (down-hole motor)
(Fig. 3.4) and line-shaft (top drive) pumps (Fig. 3.5), each design has advantages and
disadvantages (Hochwimmer et al., 2015). Geothermal down-hole pumps can operate
at T<240°C (Hochwimmer et al., 2015) and the selection and installation of these
pumps depends on the well design, fluid chemistry, production flow rate, reservoir
pressure (water level) and permeability. Table 3.2 from Johannesson (2015) gives the
common line-shaft pump flow capacity for different size casings. The pump size is
determined after knowing the production casing size.

It is possible to install a down-hole pump inside existing wells originally designed
for self-discharge (Fig. 3.4A). However, dedicated pumped wells are designed
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Figure 3.5 Line-shaft (multistage) down-hole pump with top electrical motor. After Niyazi, A., 2007.
Optimization of downhole pump setting depths in liquid dominated geothermal systems: a case study
on the Balcova-Narlidere field, Turkey. Geothermics 36, 436—458 (Niyazi, 2007).

47



48

Geothermal Well Test Analysis

Table 3.2 Common line-shaft pumps using in geothermal power production.

Pump size Flow rate (L/s) Pump bowl Casing Casing
OD (in.) diameter (mm) OD (in) ID (mm)
8 36 196.9 9.625" 210

10 63 249.2 13.375 315

12 100 298.5 13.375 315

16 181 406.4 20 470

Source: After Johannesson, Th., 2015. Low temperature geothermal wells. In: Lecture at the IGA academy, World
Geothermal Congress, Melbourne, Australia.

differently (Fig. 3.4B) to allow the installation of larger diameter pumps for greater
fluid flow rate (Table 3.2).

Line-shaft pumps (Fig. 3.5) require ongoing lubrication of the line shaft bearings,
which keeps the shaft in the centre of the rising pipe and prevents mechanical erosion.
Lubrication oil (~15—20 litres/day) is pumped through the shaft to the bearing; this
oil does not circulate back to the surface and is lost to the fluid.

To protect the down-hole pump from possible hole collapse, the down-hole
pump is always installed within the cased part of the well (Figs. 3.4 and 3.5).
Hochwimmer et al. (2015) provided simple calculations for setting the pump depth
and the required pump shaft power to produce a constant flow rate at the required
discharge pressure.

Experience with large-capacity down-hole geothermal pumps indicates an opera-
tional life of 1—2 years, after which the pump needs major maintenance or possible
replacement (Hochwimmer et al.,, 2015). However, this can be sufficient and Held
et al. (2014) used a pump lifetime of 1 year in his business model of the Soultz EGS
demonstration project. Febrianto et al. (2016) reported a down-hole pump (motor)
failure within 2.4 years from a relatively warm, lateral outflow fluid at 105°C. In
power development, it may be viable to have some redundant production capacity or
have spare pumps ready to install in such events. However, for direct-use applications,
a backup (alternative) energy supply might be more economical than having standby
wells and pumps.

3.4 Airlifted wells

Airlift wells work by blowing air into the shallow well from a compressor (Fig. 3.6).
Hot water and air mix below the water level in the well, consequently decreasing the
density of the mixed water—air fluid, allowing it to discharge to the surface for
utilisation.

Many airlift geothermal wells are utilised in Rotorua, New Zealand, for domestic
purposes such as bathing, mineral pools and space heating. Airlifted geothermal
wells are not used in power production since they have a relatively lower power
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Figure 3.6 (A) Schematic of an airlifted production well. (B) Picture of airlifted well RR447, Rotorua,
during discharge testing. (A) After Thain, I, Reyes, A, Hunt, T, 2006. A Practical Guide to Exploiting
Low Temperature Geothermal Resources. Technical Report. Institute of Geological and Nuclear Sciences
Limited, Lower Hutt; (B) from Candra, S.A., Zarrouk, S.J., 2013. Testing direct use geothermal wells in
Rotorua, New Zealand. In: Proceedings the 35th New Zealand Geothermal Workshop, Rotorua, New
Zealand (Candra and Zarrouk, 2013) with permission.

output 1—4 MWy, (Thain et al.,, 2006) compared to self-discharging or pumped
wells in lateral outflows from two-phase systems. This makes these wells more
suitable for small-to-medium-scale domestic purposes that generally do not require
large flow rates.

The common problems with airlift geothermal wells are mineral deposition
and corrosion, which can occur due to the introduction of oxygen into the well.
This will cause deposition in the inner surface pipe and later in surface heat
exchangers. Drew (1988) recommended reducing the air-to-water ratio (thus
increasing the geothermal water flow) to reduce these problems. It is also possible to
use nitrogen gas to lift the geothermal fluid; however, this comes at an added cost.
Artificial gas lift is used by the petroleum industry to enhance oil recovery
(Hammadih et al., 2015).

The maximum well output and the optimum air/water ratio are normally mea-
sured by trial and error, which involves changing the air flow rate and the depth of
the air supply pipe to water level (submergence ratio). It is also possible to optimise
these parameters to estimate the maximum potential well output (Zenz, 1993; Cho
et al., 2009).
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3.5 Down-hole heat exchangers

Also known as bottom-hole exchangers, down-hole heat exchangers (DHEs) are an
environment-friendly method of extracting thermal power from shallow geothermal
wells. This is because using DHEs will eliminate the production and disposal of the
geothermal fluid, since only heat is extracted from the well (Lund, 2003). DHEs are
used extensively at Klamath Falls, USA, and Rotorua, New Zealand, for both domes-
tic hot water heating in dwellings and institutional buildings, and they have also been
reported in use in other counties (Dunstall, 1992).

The DHE consists of a U-tube (Fig. 3.7) or pipe laid inside the geothermal pro-
duction well. Clean (fresh) water is circulated inside the pipe or tube, and the heat is
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Figure 3.7 Geothermal well with a DHE designed to promote natural convection between the well
and the open hole. DHE, Down-hole heat exchanger. Modified after Thain, I, Reyes, A, Hunt, T,
2006. A Practical Guide to Exploiting Low Temperature Geothermal Resources. Technical Report. Institute
of Geological and Nuclear Sciences Limited, Lower Hutt.
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extracted from the geothermal well by forced convection while the heat is brought
from the reservoir into the well by natural convection and conduction.

Installing the U-tube DHE inside of the geothermal well is more economical com-
pared with the other methods, because it does not require drilling a reinjection well,
mitigates the risk of scale deposition and pump maintenance costs. However, the ther-
mal power output of a DHE is relatively small, typically 200 kW, maximum (Thain
et al,, 2006) compared with all the other well designs previously discussed. The
amount of energy recovered strongly depends on the type of geothermal system.

Some DHEs are designed to promote (enhance) natural convection between the
drilled open hole (bore) and the perforated well casing (Fig. 3.7). An alternative design
involves installing promoter pipe inside the well casing to promote natural convection
from the open bottom part of the well up to the water level inside the casing
(Fig. 3.8A).

The common casing size for domestic dwelling sized direct-use wells with DHE is
4” (100 mm). The standard DHE pipe size is 1” (25.4 mm) for both the hot and cold
legs, and this can limit the use of the promoter pipeline. Therefore having a promoter
pipe built into the cold leg (Fig. 3.8B) allows more space for both instrument access
and natural fluid circulation.

Dunstall (1992) reported that the promoter pipe of Fig. 3.8B has two main func-
tions: (1) provides a path for bulk circulation in the well and (2) provides additional
barrier to the thermal interference between the DHE tubes.
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Figure 3.8 (A) Geothermal well with a DHE and a dedicated promoter pipe and (B) DHE with a
built in promoter pipe around the cold flow tube. DHE, Down-hole heat exchanger. Modified after
Dunstall, M.G., 1992. Downhole Heat Exchangers Performance Analysis (Ph.D. thesis). University of
Auckland.
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Figure 3.9 Temperature profile of a shallow lateral flow geothermal well in the Rotorua two-phase
system before and after the DHE operation, also showing the hot and cold DHE legs at 0.6 and
1.2 L/s circulation. DHE, Down-hole heat exchanger. Data from Dunstall, M.G., 1992. Downhole Heat
Exchangers Performance Analysis (Ph.D. thesis). University of Auckland.

Dunstall (1992) reported DHE field testing results in a 125 m deep well with a
maximum down-hole temperature of 160°C (Fig. 3.9). The temperature profile of the
secondary fluid circulating inside the DHE (Fig. 3.9) shows the drop in temperature of
the rising fluid (hot leg) as it gives some of its energy to the down flowing (cold leg)
circulation water. This interference limits the amount of thermal power that can be
produced by DHE. Fig. 3.9 also shows that increasing the circulation flow rate from
0.6 to 1.2 L/s increases temperature of the produced fluid and hence the thermal
power recovered. Note that increasing the output temperature also resulted in high
temperature for the returned fluid as more energy will be available for the load.

The well usually represents a large cost in geothermal projects, but the heat output
of an individual well is usually fairly low with a DHE, typically few tens of kWy,.
DHEs may be financially attractive under a range of situations including the following:
*  When heat loads are small and widely dispersed, drilling more wells may be cheap-

er than distributing all the heat available from a single flowing well.

*  Where mineral scaling or aggressive reservoir fluids cause expensive or frequent
equipment damage.
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e When unsuccessful or abandoned wells are available, these may include exhausted
or dry oil wells, geothermal wells which are low volume producers, or wells with
fluids considered too cold or aggressive for extraction. This would make use of an
otherwise useless well.

To improve the performance of DHE, airlifting can also be used to extract some
geothermal fluid and gas, which will be replaced by fresh hot fluid from the reservoir
(Fig. 3.10). Steins et al. (2012) showed that air lifting improved the output of a DHE
from about 20 kW, to about 45 kW, (125%) by removing 0.47 L/s of water using
airlifting, while Dunstall (1992) reported an improvement of only 2% despite pumping
at a higher rate of 1.2 L/s of water (see Section 9.2.2 for more detail).

The DHE with the largest reported thermal output was reported by Culver (1990)
from a potentially self-discharging well in Turkey. Using a DHE, this well produced
6 MWy, from a 153°C hot water reservoir about 250 m deep well with 5 L/s fluid
bleed (dump). Even assuming the produced fluid is at 153°C (which is unrealistic),
using Eq. (2.1) and Fig. 2.2, the electrical power potential of this well will be
0.3 MWe at the most, which is relatively small. This demonstrates our earlier point
that self-discharging wells produce more power than other well types.
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Figure 3.10 Geothermal well with air lifting for improved DHE output. DHE, Down-hole heat
exchanger. After Dunstall, M.G., 1992. Downhole Heat Exchangers Performance Analysis (Ph.D. thesis).
University of Auckland.
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Several authors and companies have proposed using DHEs for power generation
from deep wells with conductive heat transfer from the surrounding formations into
the well. It is our opinion that this will not be commercially feasible without the pro-
duction of some fluid at the surface. The main reason is the limited energy recovery
from the reservoir rock by thermal conduction and the interference between the hot
and cold legs of the DHE as demonstrated in Fig. 3.9.

3.6 Reinjection wells

Reinjection is the process of returning the geothermal fluids (brine, steam condensates
and NCG) back into the geothermal reservoir after energy extraction. This is done for
environmental considerations as surface disposal of the geothermal waste water is pro-
hibited in most countries. Reinjection also benefits the geothermal reservoir by main-
taining reservoir pressure (Kaya et al., 2011). As discussed in Chapter 2, Geothermal
Systems, knowing the type of geothermal system as well as a comprehensive monitor-
ing programme are key to the long-term success of any reinjection strategy.

Geothermal reinjection wells are generally designed and drilled to the same stan-
dards as production wells (Fig. 3.2). One reason is that it is possible for a good produc-
tion target to be unexpectedly encountered while drilling for reinjection. In some
fields, reinjection wells have been converted to production wells and vice versa (Diaz
et al., 2016).

The preferred option is to have reinjection taking place under gravity if possible, as
this reduces the risk of vertical migration of hot fluid to the surface (Kaya et al., 2011).
However, reinjection pumps are used in some fields to increase the WHP and force
the fluid into the reinjection wells. Having reinjection under pressure increases the risk
of reinjection-induced seismic events and can result in reinjected fluid reaching the
ground surface (Kaya, 2011: Diaz et al., 2016).

3.7 Monitoring wells

Monitoring wells are used to measure/monitor changes in the pressure, water level, tem-
perature and fluid chemistry of the reservoir. These are usually dedicated shallow
(<100 m) ground-water monitoring wells (4”"—7" diameter), commonly drilled from the
same pad used for drilling deeper wells (production or reinjection). These wells serve as a
first warning system for any unusual migration of deep fluids (e.g. reinjected fluid or
steam) to the ground-water aquifers. The data and interpretations from these wells are
also reported periodically to the local environmental agency, for compliance monitoring.
It is not common to drill dedicated deep monitoring wells, due to the high cost.
Deep monitoring wells are normally production or reinjection wells that are not in
use or made redundant for some reason. They are used for long-term monitoring of
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changes in the deep reservoir pressure in response to development (exploitation). In
rare cases, dedicated deep monitoring wells (400—1500 m) are drilled to ensure there
is no communication between different fields (Boseley et al., 2012). Dedicated deep
monitoring wells have the same general casing design as production wells but are gen-
erally smaller in diameter (slim holes) to reduce cost.

High down-hole temperatures and harsh fluid chemistry limit the installation of
electronic devices for long-term monitoring. The bubbler tube (capillary tube) is
widely used for monitoring deep reservoir pressure at relatively low cost and with no
electronics downhole (Fig. 3.11).

Capillary tubes are also used in pumped wells (Figs. 3.4 and 3.5) to monitor the
reservoir pressure (water level) and make sure the pump does not run dry, as this will
damage the pump.

Since 2009, down-hole seismic monitoring has helped make interesting correla-
tions between deep and shallow microseismicity induced by production and reinjec-
tion at Wairakei (Sepulveda et al., 2016). These are dedicated monitoring wells with
permanent installations of borehole seismometers, drilled in and around the bore field
at depths of <150 m, with the exception of two deep (> 1000 m) preexisting wells
re-purposed with seismometers (Sepulveda et al., 2015).

Generator
Frequency counter

Flow monitoring station 3 Y

Nitrogen bottle
with suitable
regulator

Water level

Sinker tube

Figure 3.11 Pressure monitoring well installed with a down-hole bubbler tube. Modified after
Yalniz, M.U., 1997. Preliminary interference measurement at Te-Aroha using capillary tubing. In: Diploma
in Geothermal Energy Technology Project. The University of Auckland, No. 1997-30 (Yalniz, 1997).
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3.8 Other well types

This section covers other types of wells drilled by other industries and occasionally re-
purposed for geothermal energy use. These include mining exploration wells that are
drilled and (wire line) cored ahead of the mine workface to delineate the extent, depth and
thickness of the mined minerals through the combined study of the cores and geophysical
surveys. Most of these mining wells are normally abandoned (cemented) after drilling.
However, abandoned and flooded underground mine workings are used to produce low-
grade energy for space heating and cooling in many countries (Patsa et al., 2015). This is
done by drilling dedicated wells into these workings or by using the mineshafts.

Petroleum, ground water, coal bed methane (CBM) and waste-water disposal wells
can also be repurposed for geothermal, and will be discussed in detail in the following
sections.

3.8.1 Petroleum wells

Petroleum wells are used for the production of petroleum from deep reservoirs with
static oil and/or gas stored in sedimentary formations. These wells can be vertical or
horizontal depending on the production targets. In most cases, well stimulation is
essential to allow commercial levels of production. Hydraulic fracturing stimulation
technology was originally developed for petroleum wells. Petroleum wells generally
have small diameter production casings (5.5—7" outer diameter) compared to geother-
mal wells. Production from petroleum wells typically takes place through a permanent
tubing installed down the well (Fig. 3.12) and some wells are installed with down-
hole pumps. If required, petroleum down-hole (insert) pumps are installed at the end
of this tubing and driven by a shaft (sucker rod) that runs inside the tubing. These
pumps are of no use to geothermal applications because of their limited output and
low operating temperatures.

Several authors investigated the production of geothermal energy from abandoned
petroleum wells (Bu et al., 2012; Alimonti & Soldo, 2016; Caulk & Tomac, 2017).
Petroleum reservoirs are flooded with water during the enhanced oil recovery stage
before abandonment. These systems are effectively warm water systems, with thermal
conduction as the main mode of heat transfer. Generally two possible designs are con-
sidered; wellbore heat exchanger (i.e. DHE) using a single well (Bu et al., 2012;
Templeton et al., 2014; Alimonti & Soldo, 2016; Caulk & Tomac, 2017) and produc-
ing in a doublet arrangement (a production and reinjection well pair). The DHE has a
limited power output and can mainly be used for direct-use applications as discussed
in Section 3.5. The power output from a doublet can also be limited by the size of
the well casing and the size of down-hole pump that can be installed. However, there
are millions of abandoned petroleum wells globally (Templeton et al., 2014), which
can potentially produce a significant amount of energy at relatively low cost when
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Figure 3.12 Typical petroleum well producing through a tubing with no down-hole pump.
Modified after Hammadih, M.L., Al-Hosani, K., Boiko, I, 2015. Soft sensing in deep wells within artificial
gas lift technology. In: SPE 177731-MS.

there are favourable economic conditions. Bertani (2016) reported a 0.2 MWe pilot in
Utah, United States, and a 0.4 MWe pilot in the north oil field of China using ORC
technology.

The use of abandoned petroleum wells for geothermal energy production is also
confused with EGS (Toth et al., 2018). These wells are already permeable since they
were used for petroleum production; hence, no permeability enhancement is needed.
Also, the working fluid (water) should already be available in situ either from
enhanced oil recovery (water flooding) or preexisting in the reservoir. However, cas-
ing integrity issues can arise when the well, originally designed for petroleum industry
standards, gets converted for geothermal energy use later in its life. Therefore the as-
built well design should be examined to make sure it is compatible with the geother-
mal drilling standards.

Cinar (2013) proposed burning the residual oil (in situ combustion) in those aban-
doned wells to generate heat and create an EGS in the abandoned oil reservoir. While
this concept of fire flooding is well known for improving oil recovery and seems
attractive, practically it will not work for the simple reason that the heat generated is
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of short duration, relatively small and much localised. It cannot be compared in mag-
nitude and extent with naturally occurring geothermal energy. The coal industry has
been utilising underground coal gasification (UCG) for commercial use (Gregg et al.,
1976) by pumping compressed air and burning the coal underground. UCG requires
an air injection well and a fuel gas production well <50 m apart with combustion tak-
ing a few weeks at the most and hence the generated energy is limited in magnitude
and extent.

3.8.2 Ground-water wells

This is the most common type of well, found in every country in the world, for the
production of potable water for human and animal consumption and also for industrial
and agricultural use. The simplest ground-water well is the dug well (below water
table) normally lined with porous stone or concrete. The dug well is low cost as a dril-
ling rig is not required, and it has a large diameter and large wellbore storage volume.

Rotary drilling is commonly used for deeper wells, which vary in design based on
depth and drilling conditions. The use of nonmetallic casing is common, and wells are
completed as open holes, but commonly with stainless or plastic polyvinyl chloride
(PVC) continuous-slot screens in the production part of the well (Fitts, 2013).

Ground-water wells are also used for dewatering or for storing water (by injection)
in winter for use in the dryer summer season. Artesian (self-discharging) wells can be
encountered in confined aquifers, but down-hole pumps (with motors) are the com-
mon practice in unconfined aquifers. There are techniques used to locate drilling tar-
gets (Fitts, 2013), our recommendation is to engage the experienced local drilling
contractor for setting targets, drilling and pump installation. A typical ground-water
well design is similar to those shown in Figs. 3.4A and 3.5.

Ground-water wells are cleaned and tested using a slug test by pumping high pres-
sure air to air lift the water from the wellbore prior to pump installation (see
Chapter 10: Field Studies) or using a pumping test after running a down-hole pump.

The main feature of ground-water well testing is that different units are used for
permeability (hydraulic conductivity in m/s) which is different from all other indus-
tries, which use m” or Darcy as the measure for reservoir permeability. The hydraulic
head is used instead of reservoir pressure when deriving the analytical solutions of the
governing diftusivity equations (Chapter 4: Introduction to Pressure Transient
Analysis).

Ground-water drilling rigs are used in some countries for drilling and completing
direct-use geothermal wells in some warm-water sedimentary basins. Ground-water
wells are also useful when investigating the signature of geothermal systems through
down-hole temperature measurements and chemical analysis.
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3.8.3 Coal bed methane wells

Coal bed methane (CBM) wells, also known as coal seam gas or mine gas wells, are
drilled and completed into coal seams or coal measures to recover the methane gas
(CHy) that naturally occurs in coal. Historically, CBM gas was released to the atmo-
sphere during coal mining. The CBM industry started in the early 1980s and experi-
enced a boom in many parts of the world (e.g. United States, Canada, China,
Australia, India and parts of Europe) (Zarrouk, 2008). CBM accounts for about 10%
of total US gas consumption (Palmer, 2010). It is a mixture of gases dominated by
CH, (90%—99%), with the remaining gases including C,Hg, CO,, N», He, O,, H,
and also some trace amounts of H,S (Zarrouk, 2008).

Coal beds are simply a coal formation in its mid stage of maturation, with coal
being both the gas source and reservoir. Commercially viable CBM reservoirs are
within coals of rank ranging from subbituminous to low-volatile bituminous and are
characterised by high gas content, high permeability, high reservoir pressure and large
coal bed thickness.

Extracting CBM is a more environment-friendly energy resource than coal or oil.
However, the CBM reservoir water is laden with high salinity, heavy metals and dis-
solved minerals, therefore its discharge is an environmental hazard and the water is
commonly reinjected.

Unlike conventional natural gas reservoirs characterised by high discharge pressures,
CBM reservoirs usually produce gas near atmospheric pressure. Therefore in most
fields, gas must be compressed on site up to transmission line pressure.

Most CBM wells are relatively low-cost shallow (250—800 m) vertical wells com-
monly run with a 5.5” or 7” production casing size. CBM wells are commonly tested
for the permeability of the target zone in open hole by using packers or a drill stem
test (DST) in the open hole before running casing.

The wells are installed with down-hole pumps to dewater the coal, drop the reser-
voir pressure and allow the gas to be desorbed from the coal and travel in the annulus
between the casing and the pump tube (Fig. 3.13). CBM wells are commonly stimu-
lated in high permeability (> 100 mD) coal beds either through underreaming or cav-
itation (Fig. 3.13A), and in lower permeability (3—20 mD) coal beds through
hydraulic fracturing (Fig. 3.13B) or single lateral (horizontal) wells. Relatively expen-
sive single lateral or multilateral horizontal wells (multilateral means drilling two or
more horizontal production holes from a single surface location) are used for very low
permeability (<3 mD) ‘tight’ seams (Palmer, 2010).

Coal has some unique properties compared with other reservoir rock types: it
has lower density, low porosity and lower thermal conductivity, which makes it a
good thermal insulator. For this reason, most CBM reservoirs have a relatively high
temperature gradient and help identify good potential warm water aquifers (Zarrouk
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Figure 3.13 CBM wells with down-hole pumps (A) open-hole completion (cavity stimulation) (B)
fracture stimulation. Modified after All, C, 2003. Handbook on Coal Bed Methane Produced
Water: Management and Beneficial Use Alternatives (All, 2003).

and Moore, 2007). Coal is also very mechanically weak and hence can be easily frac-
tured during injection testing.

UCG wells which are used to burn the coal underground by injecting compressed
air to produce clean synthetic gas (CH4, H,, CO and CO,) are designed and drilled
to the same standard as CBM or oil wells.

3.8.4 Waste-water disposal wells

These wells are drilled by several industries for the permanent disposal of waste fluids
underground (Lehr, 1986; Warner, 1977). It is called reinjection when some volume
of produced water is put back into its original formation. Water injection was first
employed in the petroleum industry for hydrocarbon recovery improvement in 1865
(Thakur & Satter, 1998). The application has spread into other industries such as brine
disposal, liquid waste and municipal waste disposal (Brasier & Kobelski, 1996).

Some of these waste waters have poor water quality, with hazardous compositions,
such as selenium, boron, high chloride and traces of hydrocarbon (Warner, 1977;
Allen & Robinson, 1993; Hulme, 2005; Hodder, 2010). In many countries, it is com-
pulsory for field operators to design the best solution to address these issues in order to
protect environment. The most practical and cost-effective option is underground
injection or reinjection. If these wells show elevated/commercial level temperatures
with depth, they can be candidates for geothermal energy production provided that
the produced fluids are reinjected back into the original reservoir.
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3.9 Summary

Geothermal wells are larger in diameter than wells drilled by all other industries, and
they require specialised drilling practices. Geothermal wells are also designed and com-
pleted differently depending on the type of geothermal system and the intended well
utilisation. Self-discharging wells produce more mass flow rate and energy than all
other wells. Nondischarging wells can also be produced by running down-hole
pumps, using air lifting, installing DHEs, or used for reinjection or long-term moni-
toring. Abandoned mine workings and wells drilled by other industries (petroleum,
CBM, ground-water and waste-water disposal wells) can also be used for geothermal
energy production if commercial level temperatures are encountered.
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The term ‘pressure transient’ is quite general and can refer to any circumstance in

which pressure is changing with time. In the context of well testing a ‘pressure tran-

sient’ refers to changes in the reservoir pressure (usually measured downhole) induced

by a change in flow rate. This can be a change in flow rate into the well during

Geothermal Well Test Analysis © 2019 Elsevier Inc.
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injection, or out of the well during production. Pressure-transient analysis (PTA) is
the analysis of the resulting pressure and flow data set, and involves matching a model
(either analytical or numerical) of the well and reservoir to the data. The objective of
PTA is to obtain information about the reservoir, for example typical results include:
the reservoir transmissivity (kh), skin factor (s), the initial reservoir pressure (P) as well
as other parameters describing the size of the reservoir and its boundaries (Ramey,
1975). PTA has also been described as the most powerful tool available for diagnosing
well condition (Ramey, 1975). The term PTA 1is often used interchangeably with
‘well testing’, although this broader term encompasses a range of testing beyond PTA.

4.2 Typical well test types

The four common types of single-well testing are as follows (and shown schematically

in Fig. 4.1):

1. Drawdown test: A shut-in well is suddenly opened to production flow, causing the
pressure to drop from the static shut-in value.

2. Build-up test: A well on production is suddenly shut-in, after which the pressure
builds up to the static shut-in value.

3. Injection test: Injection is commenced abruptly into a static well, causing the pres-
sure to increase from the static shut-in value.

4. Fall-off test: Injection into a well is abruptly terminated, causing the pressure to
decline back to its static shut-in value (Fig. 4.1).
Interference testing is also common and involves two wells. Production or injection

flow changes occur in the first well, but the pressure change (drawdown, build-up, injec-

tion or fall-off) is measured in a second well some distance away. Due to the distance

Drawdown test Build-up test
Well  Pi :
pressure ;\ Pressure drops r Pressure recovers
Production Flow out of the well > 0
flow 0 Shut-in Shut-in
Injection test Falloff test
well i , '
pressure |, ( Pressure increases LPressure drops
i ]
Injection Flow into the well > 0
flow 0 Shut-in Shut-in

Figure 4.1 Schematic of drawdown and build-up testing (production) and injection and fall-off
testing (injection).
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between the wells, interference testing informs on a larger part of the reservoir than
single-well testing but requires a significantly longer period of time (Earlougher, 1977).

Moreover, multirate PTA methods theoretically enable the pressure response to any
change (or series of changes) in flow rate to be analysed as a well test (Earlougher, 1977).

Geothermal well tests are usually build-up or fall-oft tests. Drawdown and injec-
tion tests are not usually possible as the high-temperature fluid involved does not
allow for the required sudden changes in flow rate. Geothermal well testing has usu-
ally omitted multirate testing due to an absence of good-quality flow data, and fluc-
tuations in flow rate.

There are various issues which prevent drawdown testing in most geothermal
wells. The main reason is that production can initiate flashing in the reservoir, and
pressure waves do not travel far in the resulting two-phase zone. Moreover, flashing
means it is not possible to maintain a constant well output, and the well pressure fluc-
tuates. Even if this was not the case, sudden production of high-temperature geother-
mal fluid will cause thermal shock damage to the well casing which is initially cold at
shallow depths. For this reason the process of initiating production from geothermal
wells is gradual. Moreover, some wells may take a while to start flowing, and some
require discharge stimulation such as air compression or airlifting to initiate flow
(Section 6.6.1). The exception is drawdown testing in warm and hot water wells,
which do not suffer from issues relating to flashing, thermal shock or initiating flow.
Downhole pumps can give a constant flow rate.

Geothermal build-up testing is practically possible as the cessation of production
can be very rapid without the risk of thermal shock, and there are no issues regarding
fluctuating flow rate as the well is shut in. However, analysis is still complicated by the
presence of the production-induced two-phase zone in the reservoir, which persists
and moves for some time after shut-in (O’Sullivan, 1987).

Injection and fall-oft testing avoid the issues relating to flashing. However, an
injection test is not usually possible as sudden injection of cold water at high flow rates
into hot casing can cause thermal shock damage. For this reason the introduction of
cold water into a geothermal well is always a gradual process called quenching, as
specified in the ‘Code of Practice for deep geothermal wells NZS 2403:2015°
(Standards New Zealand, 2015). However, fall-off testing is possible as the cessation of
injection can be very rapid without the risk of thermal shock, and this is by far the
most common type of geothermal well test. Another form of testing, once injection is
established, is the pressure response to step changes in flow rate (up or down).

4.3 Historical overview of pressure-transient analysis

A summary overview of the development of both analytical and numerical PTA is
presented in this section, and then important concepts and methods are covered in
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more detail in subsequent sections. For decades, PTA relied solely on analytical models
which are a set of linear equations to describe the system behaviour. Analytical models
can only represent simple systems and so the need to represent more complex systems
led to the use of numerical models. Numerical models represent a system as a number
of individual elements (blocks) which then interact with each other according to a set
of partial differential equations. Early use of numerical methods was in combination
with analytical methods, often to validate the use of an analytical model. Later the use
of computers became easier and more widespread with the advent of personal compu-
ters in the 1980s, enabling the development of purely numerical methods.

4.3.1 Early petroleum analytical theory and graphical semilog methods

All analytical models are solutions to the general diffusivity equation, which governs
radial fluid flow in a porous medium (Section 4.4.5). The first and simplest solution to
this equation is called the ‘line-source solution’ developed in 1935 by Theis for the
groundwater industry (Section 4.4.6). This was revolutionary as time was introduced
as a variable factor, which had not been considered before, and so the theory of PTA
began (Houzé et al., 2012).

The focus of PTA theory in the petroleum industry was on single-well testing, in
contrast to the groundwater focus on multiwell interference testing (Atkinson et al.,
1978a). The primary reason for the single-well focus is the high compressibility of
hydrocarbons (especially natural gas) which limits the distance over which the pressure
response can travel (Atkinson et al., 1978a).

One of the earliest graphical techniques was developed in 1937 by Muskat, to
determine the reservoir pressure from build-up data (Ramey, 1975). The plot is the
difference between reservoir pressure and downhole pressure (logarithm) versus shut-
in time. The value assumed for the reservoir pressure is then adjusted by trial and error
until the data forms a straight line (Muskat, 1937).

A significant advance in mathematical theory was made in 1949 by van Everdingen
and Hurst with the application of the Laplace transform to transient flow problems in
reservoirs (van Everdingen and Hurst, 1949), which allowed the concept of wellbore
storage (Section 4.4.1) to be considered for the first time (Ramey, 1975).

It was recognised that during the main flow regime of interest [infinite-acting radial
flow (IARF) — Section 4.4.2], downhole pressures change linearly with the logarithm
of time, and that this relationship can be used to calculate reservoir permeability and
skin. This gave rise to a series of semilog graphical techniques, on which data mea-
sured during IARF should form a straight line. The slope of the straight line can be
used to calculate reservoir permeability k and skin factor s. The first of these in 1950
was the Miller—Dyes—Hutchinson (MDH) semilog plot (Miller et al., 1950;
Section 4.5.1) which is technically applicable only for well tests with a single flow-step
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(e.g. drawdown test). This was shortly followed by the Horner semilog plot in 1951
(Horner, 1951; Section 4.5.2) which was designed specifically to account for two flow
steps (e.g. build-up test after drawdown). The MDH and Horner plots were very sig-
nificant advances, considered to be the fundamental basis of analytical PTA (Ramey,
1975).

Soon afterwards in 1953, the concept of skin factor emerged to explain the appar-
ent displacement of semilog straight lines (Section 4.4.3; van Everdingen, 1953; Hurst,
1953). The displacement was hypothesised to be the result of resistance to flow in the
immediate vicinity of the well and could be accounted for by adding a dimensionless
pressure drop across a ‘skin’ at the well—reservoir interface (Ramey, 1975). This con-
cept has retained its relevance through time, appearing in books on modern PTA
(Horne, 1995; Houzé et al., 2012); it is widely used by the industry.

In practice both production and injection flow rates are often variable, precluding
the use of MDH and Horner plots. The simplest multirate case is a two-rate flow test,
for which the two-rate plot was developed in 1963 (Russell, 1963; Section 4.5.4).
The multirate superposition plot was developed in 1965, capable of handling an
unlimited number of flow rates (Odeh and Jones, 1965; Section 4.5.3). Both these
multirate plots are still semilog plots, producing a straight line during IARF from
which k and s can be calculated.

Modern use of a semilog method is via a ‘general’ semilog plot (Section 4.5.5)
which accounts for the entire flow history prior to a pressure transient by using the
principle of superposition in time (Section 4.4.4; Houzé et al., 2012).

Application of the original semilog techniques was only successful for dry steam
wells, for example at the Geysers, the United States, and Larderello, Italy (Barelli
et al., 1975; Economides and Fehlberg, 1979; Ramey, 1970), and there was difficulty
in locating the correct portion of the semilog straight line for some wells (Ramey,
1975). For dry steam wells at the Matsukawa Geothermal Field, Japan, semilog techni-
ques were applied to build-up data with mixed success (Hanano and Sakagawa, 1990).

4.3.2 Departures from early theory: new methods

Many data sets are too short for conventional semilog methods, never reaching
IARF and therefore not displaying a straight line. Attempts to utilise these short data
sets led to important work by Ramey (1970) on a process called type-curve match-
ing, which was a form of manual nonlinear regression (NLR) performed by sliding
tracing paper containing test data over preprinted log—log type curves. Type-curve
matching allowed for the estimation of wellbore storage and skin from the data set
(Ramey, 1970; Section 4.5.6). For years, type-curve matching was used in combina-
tion with other specialised plots, though it was affected by many issues including
poor resolution (Ramey, 1970; Bourdet et al., 1989), complexity and difficulty of
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use (Bourdet et al., 1989), and inapplicability to complex flow histories (Houzé et al.,
2012). Some specialised type curves were generated numerically (Home et al., 1983).

Another important issue with conventional semilog analysis was the identification
of the semilog straight line (Atkinson et al., 1978a). This led to the Bourdet pressure
derivative technique (Bourdet et al., 1983; Section 4.5.7) which was originally
intended to aid identification of the IARF regime (semilog straight line) and was
added to type curves to improve resolution (Bourdet, 1983). However, it was useful
far beyond this purpose, as not only does the IARF regime have a characteristic pres-
sure derivative response but so do many difterent flow regimes and reservoir, wellbore
and boundary behaviours (Horne, 1995; Houzé, 2012). The Bourdet derivative (or
‘derivative plot’) became the key diagnostic tool for PTA data sets and is referred to as
the most important advance in the history of PTA (Houzé et al., 2012).

The general technique of nonlinear regression (NLR) was a major advance relevant
to PTA (and elsewhere) as it allowed the fitting of models to field data sets to be easier
and more robust, less vulnerable to subjective judgement than graphical techniques
(Earlougher and Kersch, 1972; Section 5.6). As computers became more widespread
in the mid-1980s, software emerged for automated well test analysis, utilising NLR.
Most software could handle the entire pressure and flow rate history, with a range of
analytical and semianalytical models available (Section 5.6).

4.3.3 Departures from early theory: new models and theory

The early analytical models were based on various simplifying assumptions, including
that the reservoir was homogenous and infinite (Section 4.4.5). As PTA theory pro-
gressed some of these assumptions were able to be abandoned. The inclusion of reser-
voir boundaries in 1954 was an important departure from the assumption of an
infinite reservoir (Matthews et al., 1954; Section 5.1). Circular, square and rectangular
reservoir boundaries could be included with different locations of the well within the
boundary. This involved the important concept of superposition (Section 4.4.4), using
arrays of wells to represent linear boundaries.

The assumption of a homogeneous system was relaxed in order to model naturally
fractured reservoirs (Section 5.5), which occur commonly (Earlougher, 1977). Warren
and Root (1963) published one of the earliest models to represent a fractured reservoir
with distinct primary and secondary porosity, which was called the ‘dual-porosity’
model and is still used today. Representing fracture networks as fractals (using the
‘fractional dimension’ concept) was made possible in 1990 by modification of the dif-
fusivity equation (Chang and Yortsos, 1990), and shortly afterwards in 1995 it was
verified using numerical simulation (Acuna and Yortsos, 1995).

Relaxing the homogenous reservoir assumption also allows the fracture(s) in the
vicinity of the well resulting from hydraulic fracturing operations to be accounted for.
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Models to describe these were developed throughout the 1970s including the uniform
flux fracture model (Gringarten et al., 1972), infinite-conductivity fracture model
(Gringarten et al., 1974) and the finite-conductivity fracture model (Cinco-Ley et al.,
1978) (Section 5.4).

4.3.4 Major analytical pressure-transient analysis publications

By the early 1960s, it was considered that the fundamental work for PTA was com-
plete (Atkinson et al., 1978a), and so Matthews and Russell (1967) published the first
Society of Petroleum Engineers (SPE) monograph on this topic. After another decade
of advances in PTA theory, this was superseded by the Earlougher (1977) SPE mono-
graph, with less focus on mathematical derivation and more focus on application and
examples. Modern analytical PTA using software with nonlinear regression is covered
by books by Horne (1995) and Bourdet (2002), and another highly useful reference is
a handbook by Houzé (2012).

4.3.5 Overview of geothermal-specific analytical pressure-transient
analysis

The analytical PTA theory and methods described in this overview were developed
for the petroleum industry. Prior to the 1960s, PTA was rarely applied in geothermal
wells, due in part to the perception that geothermal reservoirs were primarily fracture
dominated and could not be represented adequately by simple porous medium models
(Atkinson et al., 1978a). In fact, there are a variety of limitations to the use of analyti-
cal models in geothermal fields (Section 5.7). So geothermal-specific PTA research
began in the late 1960s at Stanford University and Lawrence Berkeley Laboratory, the
United States, and later at the Department of Scientific and Industrial Research, New
Zealand.

Reviews of the application of early PTA methods to geothermal data sets was
published by Ramey (1975) and Atkinson et al. (1978a). Both papers were published
prior to the advent of computers and refer primarily to graphical analytical methods.
Ramey (1975) noted that PTA might not always be practical for geothermal reser-
voirs due to factors including the unknown thickness (height) of the production
interval and the lack of suitable analytical solutions to represent real geothermal sys-
tem geometry.

Ramey (1975) noted that matches between analytical models and geothermal field
data were only ‘reasonable’, and predicted that new models and downhole tools
would improve this. In the late 1970s and 1980s a major area of geothermal-specific
research was the derivation and validation (often numerically) of a new diftusivity
equation to describe radial two-phase water/steam flow, to enable the use of two-
phase PTA methods (Section 5.8.2). Another major area was the development of a
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parallelepiped model to reflect the geometry of vapour-dominated reservoirs
(Section 5.8.1). A third major area was research into methods to handle nonisothermal
cold water injection into a hot reservoir (Section 5.8.3). Other studies considered
adsorption in vapour-dominated reservoirs (Section 5.8.4) and geo-pressured reservoirs
(Section 5.8.5).

There 1s not a consensus on whether analytical PTA methods are really applicable
to geothermal wells. For example, Horne (2016) states that geothermal wells are fre-
quently like petroleum wells and can be interpreted using standard techniques, though
they are more often fractured, and the effects of two-phase fluid properties must be
taken into account. A similar statement is made by Grant and Bixley (2011). On the
other hand, some authors are clear that analytical models are theoretically inapplicable
(O’Sullivan et al., 2005; Guerra and O’Sullivan, 2018), while others state that analyti-
cal models often do not work in practice (Ramey, 1975; McLean and Zarrouk,
2017a).

4.3.6 Overview of geothermal-specific numerical pressure-transient
analysis

The limitations of analytical or semianalytical methods (Section 5.7) have led to
numerical simulation for PTA. Various numerical PTA studies relevant to geothermal
wells have been carried out from the 1980s onwards. Early work in the 1980s investi-
gated wellbore storage in two-phase wells (Section 8.8.1), a number of refinements to
the dual-porosity model (Section 8.8.2) and PTA in two-phase porous media and frac-
tured reservoirs (Section 8.8.4). In the 1990s, studies examined stress-sensitive reser-
voirs (Section 8.8.5) and permeability change during injection (Section 8.8.6). In the
2000s were studies on non-Darcy flow (Section 8.8.3) and a case study using the frac-
tional dimension model at Wairakei Geothermal Field (Section 8.8.7). Since 2010 the
frequency of geothermal PTA studies has increased markedly, including more research
on permeability change during injection (Section 8.8.6) and two-phase fractured reser-
voirs (Section 8.8.4), as well as research on the effect of mineral scaling (Section 8.8.8)
and utilising temperature data in addition to pressure data (Section 8.8.9).

The authors of most of the studies listed above have created customised numerical
models. The only software for numerical PTA, AWTAS (Section 8.3), was developed
in 2005, after which numerical PTA could be performed without developing numeri-
cal models or even much knowledge of numerical modelling in general. AWTAS is a
comprehensive automated well test analysis system for geothermal with model
responses generated numerically using TOUGH2 (O’Sullivan et al., 2005), though it
is not commercially available. In any case, AWTAS has been superseded by the power
of the PyTOUGH scripting library to control TOUGH?2. The utilisation of these
tools for numerical PTA is guided by a framework which is the subject of Chapter 8.
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4.4 Fundamental concepts
4.4.1 Wellbore storage

Though the objective of PTA is to obtain information about the reservoir, unfortu-
nately the fluid in the wellbore is the first to respond to changes in flow rate, followed
later by the fluid in the reservoir. The early-time pressure-transient response is there-
fore characteristic of the wellbore, and only later is characteristic of the reservoir
(Horne, 1995). The early-time wellbore response is referred to as wellbore storage,
which is shown schematically in Fig. 4.2.

The usual mechanism to control flow into and out of a well is the flow control
valve at the wellhead. However, the permeable reservoir is usually many hundreds of
metres down the well. The two are separated by a wellbore full of fluid, which means
that changes in flow rate at the permeable reservoir level are not the same as the
flow rate measured at the wellhead, there is a delay. For example, during a draw-
down test, production will be initially from expansion of the fluid volume in the
wellbore, with no element of reservoir fluid. As time progresses, the proportion of
reservoir fluid increases until the entire flow is from the reservoir. Unless the flow
rate is measured downhole, which is possible in the petroleum industry but not com-
monly done in geothermal wells, the early pressure-transient response will be domi-
nated by the wellbore. It is necessary to measure the pressure-transient response far
beyond the point when the wellbore effects become negligible in order to obtain the
actual reservoir response.

The wellbore storage coefticient (C) is used to quantify the effect and is defined as
the volume of fluid that the wellbore will produce per unit drop in pressure, see
Eq. (4.1) (Horne, 1995).

Zero flow at Wellbore
all depths storage Surface flow rate =

A (well shut-in) verlod reservoir flow rate

Flow rate at surface

Flow rate from reservoir

Within this region, when reservoir
flow rate < surface flow rate, the
balance of the flow reaching the
surface is coming from the wellbore

Flow rate

B
-~ >

Time
Well opened
Figure 4.2 Schematic of wellbore storage concept, for a drawdown test.
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C=—— (4.1)

where C is the wellbore storage coefficient (m’/Pa), ¥ is the volume of produced
fluid (m”) and p is the pressure (Pa).

During wellbore storage dominance, pressure is proportional to time and therefore
plots as a unit-slope on a log—log plot (Horne, 1995). The first work on the effect of
wellbore storage on well testing was as an example to demonstrate the usefulness of
the Laplace transform for solving well test problems (van Everdingen and Hurst,

1949).

4.4.2 Infinite-acting radial flow

Infinite-acting radial flow (IARF) is the main flow regime of interest, occurring after
the early wellbore-dominated response but before any boundary responses are seen in
late time. As IARF occurs before the effects of boundaries, the response during this
time behaves as if the reservoir is infinite; hence, the term infinite acting (Horne,
1995). During IARF the reservoir is effectively a flat circular disc, with horizontal
flow pathways converging on the well equally from all directions. Under this flow
regime the pressure response is proportional to the logarithm of time and will there-
fore form a straight line on a semilog plot. This fact forms the basis of various graphical
semilog methods including the MDH plot, Horner plot, multirate superposition plot,
two-rate plot and general semilog plot (Sections 4.5.1—4.5.5). When IARF can be
identified, the slope of the semilog line can yield the average reservoir permeability (k)
around the well (if the reservoir thickness is known) and the skin factor (s).

4.4.3 Skin

This terminology comes from the fact that a coating (a ‘skin’) can form at the interface
between the reservoir and the wellbore. This commonly occurs when a well is drilled
with mud, which inevitably penetrates some distance into the near-well reservoir
rocks, blocking up the permeability and effectively damaging the reservoir. This
decrease in permeability is referred to as positive skin and can also result from mineral
scaling in geothermal wells after production starts. Negative skin occurs when there is
a localised increase in permeability in the vicinity of the wellbore, which can occur as
the result of formation collapse or fracturing during drilling, or deliberate stimulation.
Early work on the skin concept was within the petroleum industry and focused on
positive skin (van Everdingen, 1953; Hurst, 1953).

Skin causes a difference in pressure Ap, between the pressure expected to be seen
at the well p,, under ideal conditions and the actual measured value of p,r (Fig. 4.3)
(Horne, 1995).

The skin factor is used to quantify this skin effect, defined in Eq. (4.2).
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Figure 4.3 Skin effect causing pressure at well face p,r to deviate from the value expected under
ideal conditions.

5= 2mkh Ap (4.2)
qBp
where s is the skin factor (dimensionless), k is the reservoir permeability (m?), & is the
reservoir thickness (m), ¢ is the flow rate (m’/s), B is the formation volume factor
(dimensionless),  is the dynamic viscosity (Pas) and p is the pressure (Pa).

The skin eftfect can be modelled in two ways, the fixed radius skin zone model
and the effective wellbore radius model (Horne, 1995). The fixed radius skin zone
model is a zone of radius 7, in the immediate vicinity of the wellbore (of radius r,)
with either a higher or lower permeability k, than the reservoir permeability k,
depending on whether there is stimulation or damage (Fig. 4.4). For the fixed radius
skin zone model the skin factor s is given by Eq. (4.3) (Horne, 1995).

k Y
o= (— - 1>1nL (4.3)
ks Ty
The effective wellbore radius model represents positive skin as simply the result of
a smaller wellbore and negative skin as the result of a larger wellbore (Fig. 4.5). The

skin factor is calculated from the actual well radius r,, and its effective radius r,, due to

skin effect by the following equation:

s=—1In <%> (4.4)
VLV
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Figure 4.5 Schematic of effective wellbore radius model.

4.4.4 Superposition

Basic PTA models represent only very simple systems, for example a single well in an
infinite reservoir (no boundary) and a single, constant flow rate. Complex systems
with multiple wells, complex boundary geometries and variable flow rates can be
represented by a combination of simple models by the principle of superposition
(Horne, 1995). By this principle, if a complex system can be represented by individual
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simple components, then the system response to each component can be added
together to obtain the overall system response. One useful application of superposition
is the ability to represent a linear boundary at some distance from a well by including
a second, identical well at twice the distance of the desired boundary, a concept called
an ‘image well’ (Horne, 1995; Houzé et al., 2012).

Superposition in time allows the addition of well responses at different start times.
The most common application of this is the representation of complex production or
injection histories as a series of flow steps each with their own simple pressure
response, starting at different times and with different weights, which can be added
together to give the overall system response (Houzé et al., 2012). ‘Convolution’ is the
term which refers to the combination of pressure transients resulting from a variable
flow rate, and ‘deconvolution’ is the extraction of a constant flow rate pressure
response from the variable flow rate response (Horne, 1995). It is the principle of
superposition in time which enables the graphical methods of the multirate superposi-
tion plot (Section 4.5.3) and general semilog plot (Section 4.5.5).

4.4.5 Diffusivity equation

The diftusivity equation (Eq. 4.5) is the mathematical equation governing radial flow
in a porous medium filled with single-phase fluid of small and constant compressibility.
Solutions to the diftusivity equation for a wide variety of reservoir and boundary sce-

narios are the foundation of analytical PTA. The derivation of this equation has been
published by the SPE (Matthews and Russell, 1967; Earlougher, 1977).

p n 10p _ Opedp

o ror kL ot

(4.5)

where p is the pressure (Pa), r is the radial distance from wellbore (m), © is the poros-
ity (dimensionless), g is the dynamic viscosity (Pas), ¢ is the total system compressibil-
ity (1/Pa), k is the reservoir permeability (m?) and ¢ is the time (second).
There are many assumptions required for the derivation of Eq. (4.5) (Matthews
and Russell, 1967; Earlougher, 1977; Horne, 1995), including the following:
* Horizontal and radial flow.
* Negligible gravity effects.
* Isothermal flow.
* Applicability of Darcy’s law.
*  Homogeneous and isotropic (uniform permeability in all directions) porous medium.
* Single-phase flow.
¢ Fluid compressibility is small and constant.
* Porosity, permeability, viscosity and compressibility are constant and therefore
independent of pressure.
* Pressure gradients in the reservoir are small.
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With these assumptions, Eq. (4.5) is linear in form and is easily solved for various
reservoir and boundary scenarios. These solutions are referred to in this study as ‘ana-
lytical models’. Relaxing any of the assumptions may result in a nonlinear diftusivity
equation requiring the use of numerical simulation to solve (Earlougher, 1977). The
basic diffusivity equation can be modified to describe multiphase flow (e.g. oil, gas and
water) with the inclusion of a pressure-dependent diffusivity coefficient (Matthews
and Russell, 1967).

4.4.6 Line-source solution

The development of PTA theory began with the work of Theis in the groundwater
industry (Theis, 1935). Prior to this, all mathematical theory was based on the equilib-
rium state of the well, a state in which water levels and therefore pressure are
unchanging. Theis was the first to consider time as a variable and to analyse the transi-
tion between equilibrium states (the ‘pressure transient’).

It was recognised that conceptually the mathematical theory of groundwater
hydrology is similar to that of heat transfer by conduction, heat sources being compa-
rable to recharging wells and heat sinks comparable to discharging wells (Theis, 1935).
The coefficient of thermal diffusivity is analogous to the permeability-thickness prod-
uct kh (transmissivity) of an aquifer (Theis, 1935). The Theis solution to the diffusivity
equation is the first analytical PTA model, commonly called the line-source solution
as it has a wellbore of zero radius (a ‘line source’). Various other assumptions of the
model include that the aquifer is homogeneous, of constant thickness, infinite in
extent, fully penetrated by the well, with constant and uniform transmissivity.

4.5 Analytical graphical methods
4.5.1 Miller—Dyes—Hutchinson semilog plot

The Miller-Dyes-Hutchinson (MDH) semilogarithmic plot is a plot of pressure versus
the logarithm of time (Fig. 4.6) and was originally designed for pressure build-up tests
(Miller et al., 1950). It was recognised that during the IARF flow regime
(Section 4.4.2), pressure change varies linearly with the logarithm of time. This linear
relationship is used to estimate various reservoir parameters (Miller et al., 1950).

Eq. (4.6) (from Horne, 1995, converted to SI units) is for pressure as a function of
time, the modern version using logarithm base 10 and including the effects of skin.

qBu k
wf = pi — 0.1832—— { logr +1
Puf =P kh <0g Ogg

2
pary,

+0.8686s + o.3514> (4.6)

where p,sis the flowing bottom-hole pressure (Pa) and p; is the initial pressure (Pa).
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Figure 4.6 MDH semilog plot example: linear fit through semilog straight line in fall-off data set.

Pressure

The gradient of the semilog straight-line m (Pa/cycle) can then be used to calculate
the permeability using Eq. (4.7) (from Miller et al., 1950, converted to SI units),
which has remained unchanged since the original MDH publication.

B
k=0.18322H (4.7)
m
The skin factor can then be estimated using the gradient m, the difference between
the initial pressure p; and the pressure at 1 hour py,, extrapolated on the semilog

straight line (Fig. 4.6), using Eq. (4.8) (from Horne, 1995; converted to SI units).

= 1.151(197" Pt _
m

gQHszf, O.3514> (4.8)

MDH is the simplest form of semilog analysis and is strictly only applicable to the
pressure transient resulting from the first flow step change (e.g. the drawdown for
production tests, or first build-up during injection tests). However, MDH was still
widely used for build-up analysis providing the production flow period was much lon-
ger than the pressure-transient period (Earlougher, 1977).

In practice, it is not always simple to identify the correct portion of data to use
(the semilog straight line), and the Bourdet pressure derivative was originally devel-
oped to assist with this issue (Section 4.5.7).

4.5.2 Horner semilog plot

Pressure build-up tests are actually a very simple multirate case with only two flow
steps: production then shut-in. MDH semilog plots theoretically only apply to well
tests with a single-flow step, and so are technically inapplicable for build-ups.
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The Horner semilog plot was designed specifically to account for the two flow steps
of pressure build-ups (Horner, 1951). In fact the Horner plot is the same as the earlier
Theis pressure recovery plot for groundwater hydrology, though it was developed
independently (Ramey, 1975).

The Horner plot did not in fact replace the MDH semilog plot for pressure build-
up analysis. MDH was still preferred due to ease of use; however, the Horner plot did
provide a useful alternative in the circumstance that production times prior to shut-in
were short (Earlougher, 1977).

The Horner plot (Horner, 1951) is pressure versus the logarithm of Horner time
(Eq. 4.9). It can be seen in Fig. 4.7 that while time increases from left to right, the
definition of Horner time means it increases in the opposite direction. Therefore if
only Horner time is plotted, increasing in the usual manner from left to right, then
the shape of the pressure-transient data set will appear to be reversed.

t, + At

< (4.9)

Horner time =
where t, is the producing time (seconds) and At is the time since shut-in (seconds).
Eq. (4.10) gives the pressure during shut-in (p,,) as a function of time in the IARF
period. This describes a straight line with slope —m and intercept p; from which the
permeability k can be calculated using Eq. (4.7) in the same manner as MDH semilog
analysis (Earlougher, 1977).

Time At
1 5 10 50 100 500
900 T T T T T
Pi s
p 4""‘
a AA—"‘
$ 800 [ -A- -
o A -
3 Py Lo Straight line
< \,a./’ I with gradient-m
E -
) A
3 700 A N
o Early-time data affected by
A wellbore storage and skin
A
A
104 103 10?2 10 1

Horner time (¢, + At)/At

Figure 4.7 Example Horner plot for a build-up test, showing both Horner time and normal time for
comparison. Data from Earlougher Jr, R.C, 1977. Advances in Well Test Analysis. Henry L. Doherty
Memorial Fund of AIME, New York.
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t, + At
Puws = pi — mlog( P ) (4.10)

At

The skin factor can be estimated in a similar manner to MDH semilog analysis pro-
vided the production time f, is > 1 hour using Eq. (4.11) (from Earlougher, 1977,
converted to SI units).

hr — Puw At:O k
o= 11513 (P~ Pul ) _log —0.3514 (4.11)
m Oper?

where: p,(At=0) is the downhole flowing pressure at the point of fluid flow shut-in.
If the production time ¢, is on the order of 1 hour (3600 seconds) then Eq. (4.12)
(from Earlougher, 1977, converted to SI units) is used to calculate skin factor.

o — pur(At =0 t, + 3600 k
g= 11513 (P pu ) {og (239 _joq —0.3514
m f Opcr?

P
(4.12)

4.5.3 Multirate superposition plot

The MDH and Horner semilog methods strictly apply only when flow rates are con-
stant (Earlougher, 1977). There are many practical reasons why flow rates may vary
during a test, and many circumstances in which a test will be designed to have variable
flow rates to avoid a halt in production. Variable flow rates are accounted for in a
method first developed by Odeh and Jones (1965), thus allowing almost any flow rate
change to be analysed as a well test (Earlougher, 1977).

A variable flow rate can be approximated by a series of flow steps (Fig. 4.8), and
there can be any number of pressure data points (including zero) measured during
each flow step. The pressure data are then displayed on a multirate superposition plot
(Fig. 4.9), which is another form of semilog plot [also known as a ‘rate-normalised
plot’ (Horne, 1995)]. It is defined by Eq. (4.13) and is not a plot of a single pressure
transient but incorporates data from a number of pressure transients resulting from a
number of flow steps.

pi — Pus(0) (4~ 41 .
Versusz log(t t]—l) (4.13)

qN =1 qN

A straight line is expected with slope m’ and intercept b' (Fig. 4.9) which can then
be used to calculate permeability k (Eq. 4.14) and skin factor s Eq. (4.15) (both from
Earlougher, 1977, converted to SI units).
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Figure 4.8 Step approximation of variable production flow rate. Data from Earlougher Jr, R.C,
1977. Advances in Well Test Analysis. Henry L. Doherty Memorial Fund of AIME, New York.
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Figure 4.9 Example multirate superposition plot. Data from Earlougher Jr, R.C, 1977. Advances in
Well Test Analysis. Henry L. Doherty Memorial Fund of AIME, New York.

B
k=0.1832-0 (4.14)
m
—1a513( 2 —1og( K ) — 03514 (4.15)
s=1. — ~log Opiar . .

Interpretation is not always straightforward, for example in Fig. 4.9, there are
two straight lines through the data. The first is interpreted as corresponding to the
general reservoir and the second as the result of some boundary condition
(Earlougher, 1977).
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4.5.4 Two-rate plot

A simple case of multirate analysis (Section 4.5.3) is the two-rate flow test developed
by Russell (1963). A well producing at a stable rate g; (usually for a few days) is chan-
ged to produce at a different rate ¢» (which can be higher or lower), and the resulting
transient is analysed (Matthews and Russell, 1967). The advantages of this method are
an improvement in wellbore problems and minimal disruption to production
(Matthews and Russell, 1967). There has been a misconception that wellbore storage
effects are eliminated by the two-rate test. In fact the duration of wellbore storage is
unaffected, but a change in wellbore storage during the transient is prevented, avoid-
ing this potential complication of the analysis (Earlougher, 1977).

A two-rate flow test plot (Fig. 4.10) is defined by Eq. (4.16) (Matthews and
Russell, 1967).

t+ A7
pressure versus | log A7

where At’ is the time after flow rate change (seconds).

+ @bgm/) (4.16)
q1

This will give a straight line from which the slope m) can be used to determine
reservoir permeability k using Eq. (4.17) and then skin factor s can be calculated using
Eq. (4.18) (both from Earlougher, 1977, converted to SI units).

B
k= —0.183212¢ (4.17)
m
3240
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w -
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at’

log + % jpg At

a3
Figure 4.10 Example two-rate plot for a step decrease in flow rate. Data from Matthews, C.S,
Russell, D.G., 1967. Pressure Buildup and Flow Tests in Wells, vol. 1. Society of Petroleum Engineers of
AIME, Dallas, TX.
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Oper?

At=0)— pi
5=1.1513( o (p“f( )~ P )—log

T~ my’

— 0.3514> (4.18)

Although two-rate flow analysis has a lot of potential, geothermal examples are
rare, most likely due to difficulties with flow control. However, two-rate analysis was
applied to field data from geothermal wells at Cerro Prieto, Mexico, reportedly with
mixed success (Rivera and Ramey, 1977; Rivera et al., 1980).

4.5.5 General semilog plot

Modem semilog plots use superposition time S, (Eq. 4.19) which accounts for the
entire flow history (production or injection) prior to a single pressure transient result-
ing from a single-flow step (Fig. 4.11) (Houzé et al., 2012). This ‘general’ semilog plot
(Fig. 4.12) is different to Homer plots or two-rate plots which only handle two flow
steps, or a multirate superposition plot which handles any number of flow steps but
does not plot a single transient.

n—1 _ .
S,(Af) = Z%bgm — 1+ A1) + logAt (4.19)
i=1 dn dn—

The gradient of the straight-line section is used to calculate the permeability as for
an MDH or Horner plot (Eq. 4.7). The skin factor is calculated by taking any point
(X, Y) from the straight-line section and using Eq. (4.20) (from Houzé et al., 2012,
converted to SI units).

Y — puy k ~ (4 — qi-1
=1.1513 - X—1 — E ——log(t,+1 — t;) | —0.3515
s ( m o8 (@ILLCJZ) =1 (Qn — qn—1 Og( o )
(4.20)
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e e transient of
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to zero

0

Figure 4.11 Schematic of complex injection flow history prior to a final flow step (to zero) and
resulting fall-off curve.
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Figure 4.12 Example of general semilog plot: pressure versus superposition time for a fall-off.

The calculation of superposition time (Eq. 4.19) and skin factor (Eq. 4.20) are
cumbersome to perform manually and fortunately have been enabled in modern times
by the development of PTA software (Section 5.6).

4.5.6 Type-curve matching: log—log plot

Type-curve matching is a form of manual nonlinear regression (NLR), developed
more than a decade before automated NLR became widespread. It is based on ‘type
curves’ (Fig. 4.13), which are log—log plots of dimensionless pressure (pp) versus
dimensionless time (fp). These were developed by Agarwal et al. (1970), demonstrat-
ing the importance of dimensionless wellbore storage (Cp) and skin (s) on the early-
time pressure response. Dimensionless pressure (pp) (Eq. 4.21), dimensionless time (fp)
(Eq. 4.22) and dimensionless wellbore storage coefficient (Cp) (Eq. 4.23) are linear
functions of actual pressure, time and wellbore storage coefficient [Eqs 4.21—4.23
from Horne (1995), Eq. 4.23 converted to SI units].

2mkh

pp=——24Ap (4.21)

qBp

where Ap = (p; — puy-

kt
tp = 4.22
o= Gz (4.22)

C
Ch= — 4.23
b 27Qc;hr? (4.23)

Ramey (1970) developed the procedure of matching field data to these type curves
to obtain reservoir parameters. The procedure was designed to make use of ‘short-time’
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Figure 4.13 Type-curve example: dimensionless pressure (pp) versus dimensionless time (tp), for
different values of dimensionless wellbore storage coefficient (Cp) and skin factor (s). Modified from
Ramey Jr., H.J,, 1970. Short-time well test data interpretation in the presence of skin effect and wellbore
storage. J. Petrol. Technol. 22 (01), 97—104.

data, which are data sets too short to reach IARF, and therefore cannot be used for semi-
log straight-line analysis (Ramey, 1970). Type-curve matching was recommended for use
only when conventional straight-line semilog methods were not possible (Earlougher,
1977). Beyond 1970, many specialised type curves were generated for different models.

Type-curve matching is well described and illustrated in the Earlougher (1977)
monograph. The basic method (Fig. 4.14) is to produce a log—log plot of actual mea-
sured pressure change versus time on tracing paper, using the same scale as a pre-
printed set of log—log type curves of dimensionless pressure and time. The field data
can then be moved around on top of the type curves until the best match is deter-
mined. Any match point between the two curves can be used to calculate reservoir
parameters, and the position of the match curve used to estimate skin factor.

As Eq. (4.21) is a linear function, it follows that the difference between the loga-
rithm of the actual pressure drop (log Ap) and the logarithm of the dimensionless pres-
sure drop (log pp) is constant (Eq. 4.24) from rearrangement of Eq. (4.21), and the
same is true for time (Eq. 4.25) from rearrangement of Eq. (4.22).

2mkh
log T =log pp —log Ap (4.24)
qB
1 =log tp —logt 4.25
O e 108 I~ log (4.25)

Hence the vertical offset between the field data plot and the type curves, which
can be assessed from any vertical match point (Fig. 4.14), can then be used with
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Figure 4.14 Schematic of type-curve matching procedure: (A) preprinted dimensionless type
curves pp versus tp; (B) field data on tracing paper Ap versus At and (C) match between field data
and type curves yielding vertical and horizontal match points. Modified from Ramey Jr., H.J,, 1970.
Short-time well test data interpretation in the presence of skin effect and wellbore storage. J. Petrol.
Technol. 22 (1), 97—104.

Eq. (4.24) to calculate the reservoir permeability k. Then the horizontal time offset,
assessed from any horizontal match point (Fig. 4.14), can be used with Eq. (4.25) to
calculate the porosity @, assuming all other constant parameters in the equations are

known (Horne, 1995).
One specialised type curve, described by Eq. (4.26), is used to analyse interference

tests. Interference testing has advantages over single-well testing, including the mini-
misation of wellbore storage and skin effects (as fluid is not actually moving at the
observation well) (Horne, 1995). This can also be viewed as a disadvantage, if estimat-
ing the skin factor (e.g. to evaluate the effectiveness of stimulation) is the objective.
Another advantage is that storativity ¢h can be estimated rather than just the trans-
missivity kh. The main disadvantage of interference testing is that the measured pres-
sure changes are very small (Earlougher, 1977).

t
pp versus —12) (4.26)
D

where rp is the dimensionless radial distance rp, = 1/7,,.
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The vertical match point (pp and Ap) is used to calculate the reservoir permeability
in the usual manner (as in Fig. 4.14 and Eq. 4.24). The horizontal match point (tp/r3,
and 1) is used to calculate the storativity using Eq. (4.27), where in this case r is the dis-
tance (m) between the two wells (Earlougher, 1977).

1kt

@Ct - 1’2 ;m (427)

4.5.7 Bourdet pressure derivative plot

The Bourdet pressure derivative was introduced by Bourdet (1983), around the time
of the advent of computers, originally to help identify the portion of data representing
the IARF flow regime (Section 4.4.2). The Bourdet pressure derivative (or just ‘pres-
sure derivative’) is defined as the slope of the semilog plot displayed on a log—log
plot, for example Fig. 4.15, which shows a simple example of a well with wellbore
storage and skin, which starts in the wellbore storage flow regime (unit-slope pressure
derivative) before transitioning to a period of IARF (zero slope pressure derivative).
The Bourdet pressure derivative is referred to as the most important advance in the
history of PTA (Houzé et al., 2012). It became useful far beyond the original scope as
there are characteristic derivative shapes (some examples in Fig. 4.16) for many differ-
ent flow regimes and well, reservoir and boundary behaviours (Horne, 1995; Houzé
et al., 2012).

The pressure derivative (p') is taken with respect to the natural logarithm of time
(Eq. 4.28) (Bourdet, 2002). As IARF is characterised by a semilog straight line, the
associated characteristic pressure derivative is therefore constant, with a value equal to
the slope of that straight line. Adding the Bourdet pressure derivative to type curves
(Section 4.5.0) greatly improved their resolution, as barely perceptible differences in
the shape of the pressure curves are greatly magnified in the pressure derivative
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Figure 4.15 Bourdet pressure derivative example demonstrating how (A) features of the slope of
the semilog plot correspond to (B) the derivative on the log—log plot.
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Figure 4.16 Examples of characteristic pressure derivatives: wellbore storage, bilinear and linear
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Figure 4.17 Addition of Bourdet pressure derivative to type curves: Dimensionless pressure type
curves (black) look similar; however, the corresponding pressure derivative type curves (red, grey in
print version) are easily distinguishable. Data from Bourdet, D., 2002. Well Test Analysis: The Use of
Advanced Interpretation Models, vol. 3, Cubitt, J. (Ed.), Elsevier.

(Fig. 4.17) (Bourdet, 2002). The pressure derivatives effectively put pressure-transient
data under the microscope to identify different wellbore and reservoir effects that are
difficult to see or quantify using the other analytical methods.

) dp dp
Ay = — AP 408
P = imAr . S (4.28)
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4.6 Summary

This chapter has covered the basics of pressure-transient well testing. The historical
overview describes the emergence of analytical PTA theory from the groundwater
industry and diversification into the petroleum industry. For a long time all PTA was
analytical, and then numerical methods were included in combination with the analyt-
ical methods to address more complex systems, and then fully numerical PTA became
possible.

This chapter has discussed the analytically-based early theory and fundamental con-
cepts, including wellbore storage and skin, IARF and superposition in time and space.
Several of the major analytical graphical methods are described in some detail, particu-
larly the various semilog straight-line methods and type-curve matching, and lastly,
the Bourdet pressure derivative, a hugely significant advance that is the cornerstone of
modern PTA with computers.

All the analytical theory and methods discussed in this chapter can theoretically
only be used to represent simple systems, for example radial flow in an infinite
homogenous reservoir. More complex systems, such as reservoirs with boundaries and
fractured reservoirs required more complex analytical models. The development of
these more complex models is described in the next chapter, including some which
were developed specifically for geothermal well test analysis.

Numerical methods played a role in the development of some of these more com-
plex analytical models. Fully numerical PTA is now possible and will be discussed in
Chapter 8, Numerical Pressure-Transient Analysis Modelling Framework.
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5.1 Introduction

All analytical models are solutions to the diffusivity equation, and many simplifying
assumptions are required. The earliest and simplest models and methods are described
in Chapter 4, Introduction to Pressure-Transient Analysis. In this chapter, more com-
plex analytical models are described, in which some of the assumptions are relaxed or
eliminated. Important examples are reservoir boundary models, fractured reservoir
models, single-fracture models, multiphase reservoir fluid, stress-sensitive reservoirs and
non-Darcy flow. These advances were made within the petroleum industry but are
relevant for the geothermal industry as these are also common features of geothermal
reservoirs.

Geothermal Well Test Analysis © 2019 Elsevier Inc.
DOIL: https://doi.org/10.1016/B978-0-12-814946-1.00005-0 All rights reserved.
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5.2 Reservoir boundaries

If there is no outer confining boundary, the reservoir would be effectively infinite.
While no reservoir is truly infinite in reality, the pressure response at the wellbore will
behave for some period of time as if it is infinite, hence the term ‘infinite-acting’ radial
flow (IARF) (Section 4.4.2). After a sufficiently long period of time, when the pres-
sure disturbance has spread far enough from the well, the effect of boundaries can be
observed. Two common types are impermeable boundaries and constant-pressure
boundaries (Horne, 1995), though other less common types are sometimes found such
as leaky or conductive boundaries (Houzé et al., 2012). Only the two most common
boundary types are described in this section, as these are the ones mostly likely to be
seen in geothermal data sets. More details regarding complex boundary types is avail-
able in Horne (1995) and Houzé et al. (2012).

5.2.1 Impermeable boundaries

The first major type of boundary is an impermeable boundary, also referred to as a
‘no-flow’ boundary, as fluid cannot flow across or along the boundary. A common
example of a real-life impermeable feature in a reservoir is a fault with a well-
developed impermeable fault core (gouge, cataclasite and mylonite) preventing fluid
flow across the fault plane, with no significant damage zone (fracturing adjacent to the
fault core) to allow fluid flow along the fault plane. A word of caution on faults —
depending on the size and geometry of the fault core and damage zone, faults can be
either impermeable barriers or conduits for fluid flow (Rowland and Sibson, 2004).
An impermeable boundary response can arise from a real impermeable feature in the
reservoir and also by interference with another well (Horne, 1995).

When a well is surrounded on all sides by impermeable boundaries, the reservoir is
referred to as ‘closed’. The simplest geometry for a closed reservoir is a central well
surrounded by a circular boundary (Fig. 5.1A), and a more complex example is a rect-
angular reservoir with the well off-centre (Fig. 5.1B). A significant early paper on
boundaries by Matthews et al. (1954) presents solutions for circular, square, rectangular
and triangular boundaries, with various positions of the well within the boundary. All
of these simple geometries can be used as an approximation for real-life reservoirs
bounded on all sides by impermeable features.

In a closed reservoir, when the well test has been running for long enough that all
boundaries have been detected, then the pressure everywhere in the reservoir will
decline at the same rate. This is called ‘pseudosteady state’, and the pressure drop dur-
ing this period can be used to estimate the reservoir volume (Horne, 1995). The char-
acteristic pressure derivative for pseudosteady-state flow is a unit-slope pressure
derivative in late time for a drawdown test (Fig. 5.1). For circular reservoirs with the
well in the centre the transition from IARF to pseudosteady-state flow is very rapid
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Figure 5.1 Examples of reservoirs with closed boundaries, and associated characteristic pressure
derivative response for drawdowns and build-ups: (A) circular boundary with well in centre and (B)
rectangular boundary with well off-centre. After Houzé, O., Viturat, D., Fjaere, O., 2012. Dynamic Data
Analysis: The Theory and Practice of Pressure Transient, Production Analysis, Well Performance Analysis,
Production Logging and the Use of Permanent Downhole Gauge Data. KAPPA Engineering.

(Fig. 5.1A) as all parts of the boundary are detected at the same time. For rectangular
reservoirs where there is a different distance from the well to each of the four sides of
the rectangle, this transition becomes uneven and is extended over a long period
(Fig. 5.1B) as each boundary is detected at different times. Therefore care must be
taken when identifying the pseudosteady-state straight line as it may not be obvious
until very late time for reservoirs with complex shapes and elongated reservoirs in par-
ticular (Horne, 1995). During build-up testing in closed reservoirs the pressure deriva-
tive will drop steeply down to zero (Fig. 5.1A), as the pressure stabilises at the average
reservoir pressure (Houzé et al., 2012). For more complex reservoirs such as the rect-
angular case, the pressure derivative can rise as the closer boundaries are detected,
before the steep drop to zero (Fig. 5.1B) (Houzé et al., 2012).

It is a common mistake with closed systems to expect the build-up response to
exhibit the same behaviour as a drawdown (unit-slope in late time). In the case of
most other models the drawdown and build-up responses are the same or similar.
However, the behaviour of a closed reservoir during the recovery from pseudosteady
state (the build-up) is fundamentally difterent: after all the boundaries are detected the
pressure stays constant, hence the pressure derivative drops to zero (Houzé et al.,
2012).

Not all reservoirs are closed, and also many closed ones will not appear to be so
over the usual duration of a well test, especially if the reservoir is large. In the case of a
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Figure 5.2 Examples of reservoirs with linear boundaries, and associated characteristic pressure
derivative response: (A) single linear impermeable boundary (drawdown/build-up response) and (B)
channel — two parallel linear impermeable boundaries with central well (drawdown response).
After Houzé, O., Viturat, D., Fjaere, O, 2012. Dynamic Data Analysis: The Theory and Practice of
Pressure Transient, Production Analysis, Well Performance Analysis, Production Logging and the Use of
Permanent Downhole Gauge Data. KAPPA Engineering.

single linear impermeable boundary such as an impermeable fault, the boundary is not
‘closed’ as the well is not enclosed on all sides (Fig. 5.2). The response to this type of
boundary is a doubling in slope of the IARF semilog straight line, which appears as an
increase, followed by a second flattening of the pressure derivative, at a value twice
that of IARF (Fig. 5.2A) (Horne, 1995). This behaviour is the same during drawdown
and build-up testing. The time at which the boundary is detected (the pressure deriva-
tive deviates from the IARF response) can be used to estimate the distance to the
boundary (Horne, 1995).

Two parallel linear impermeable boundaries form a channel, which gives a pressure
derivative of approximately 0.5 unit-slope for a drawdown test (Fig. 5.2B). Although
this is theoretically only applicable to drawdowns, in practice the buildup response is
frequently similar (Houzé et al., 2012). If the well is oft-centre in the channel then the
transition to the 0.5 unit-slope will be extended in a manner similar to that discussed
for the rectangular case (Fig. 5.1B). If the faults are intersecting (not parallel) then the
response is more complex, with the pressure derivative stabilising for the second time
at a level 27/ greater than the IARF line, where 0 is the angle between the faults
(Houzé et al., 2012).
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5.2.2 Constant-pressure boundaries

The other major boundary type is a constant-pressure boundary, which is a feature so
permeable that the pressure disturbance from the well test has no impact upon the
pressure at that feature (Horne, 1995). Rather, the long-term effect is that the well
will reach the same constant pressure as the boundary. A truly constant-pressure
boundary is unlikely in practice; however, scenarios such as a nearby aquifer or nearby
injection wells produce a response very similar to a constant-pressure boundary
(Horne, 1995). In vapour-dominated reservoirs the presence of a deep horizontal boil-
ing surface led to the concept of a constant-pressure boundary (Cinco-Ley et al.,
1979). Constant-pressure theory was included in the Society of Petroleum Engineers
(SPE) monograph of Matthews and Russell (1967) and later reviewed and expanded
by Ehlig-Economides (1979) and incorporated into the parallelepiped model for geo-
thermal vapour-dominated reservoirs (Kruger and Ramey, 1979) (Section 5.9.1). A
constant-pressure boundary model is still in common use today, useful in any scenario
in which the reservoir pressure is supported by fluid encroachment (Horne, 1995).

Constant-pressure boundaries can be circular or linear, and both will result in a
transition from the IARF flat pressure derivative to the pressure stabilising at a constant
value, hence a pressure derivative of zero (Fig. 5.3) (Horne, 1995). The pressure deriv-
ative response is the same for drawdowns and build-ups (Houzé et al., 2012).

5.2.3 Caution with boundary models

The pressure derivative responses of constant-pressure boundaries (Fig. 5.3) are very sim-
ilar to the build-up responses of closed reservoirs (Fig. 5.1), in both cases, the pressure
derivative drops to zero as the pressure stabilises at a constant value (Houzé et al., 2012).
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Figure 5.3 Characteristic pressure derivative response for two constant-pressure boundary exam-
ples: constant-pressure circle and single constant-pressure fault. After Houzé, O., Viturat, D., Fjaere,
0., 2012. Dynamic Data Analysis: The Theory and Practice of Pressure Transient, Production Analysis,
Well Performance Analysis, Production Logging and the Use of Permanent Downhole Gauge Data.
KAPPA Engineering.
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To avoid confusion between these two very different models, it can be desirable to
perform a drawdown test instead of a build-up test, for which the behaviour of the
two types of model are significantly different, though drawdown testing is not often
possible in geothermal wells (Section 4.2). The equivalent conclusion when injecting
cold water (rather than production testing) implies a preference for injection tests
instead of fall-off tests.

Underestimating or overestimating the production or injection history for a test (or
not including it at all) will result in a deviation from the IARF response, causing it to
drift above or below the expected flat derivative response. Increases in the derivative
can be indistinguishable from no-flow boundary responses, and decreases indistinguish-
able from constant-pressure boundary responses (Houzé et al., 2012). Therefore there
is need for caution: any feature in the pressure derivative that looks like a boundary
response could in fact be an artefact created by an incomplete flow history and occur
when no actual boundaries are present. It is vitally important to not only accurately
log the flow rate in the well but to include the entire flow history in the analysis.

Boundary responses typically appear in the pressure derivative during late time,
when the actual measured change in pressure is very small. This makes them vulnera-
ble to a variety of artefacts, which are too small to be significant earlier in the well
test, but can become significant in late time. These include drift in the downhole pres-
sure tool, large-scale reservoir trends and interference from other wells (Houzé et al.,
2012). Steps can be taken to detect and measure these effects and correct the data
accordingly. Some geothermal-specific artefacts affecting geothermal PTA datasets are
discussed in Chapter 7, Downhole Tools and Other Practical Considerations, some of
which are the direct result of the high-temperature fluid found in geothermal
reservoirs.

5.3 Multiphase reservoir fluid

Single-phase fluid is one of the assumptions required for the derivation of the diffusiv-
ity equation (Section 4.4.5) and hence the simplest analytical models; however, the
use of analytical techniques has been extended to certain types of multiphase petro-
leum systems. In this context, ‘multiphase’ refers to various combinations of oil, water
and gas. It does not refer to geothermal two-phase steam/water systems, discussed in
Section 5.9.2. It should be noted that even within the petroleum industry, most exist-
ing multiphase techniques are of limited applicability and accuracy, and it is recom-
mended that multiphase conditions be avoided if possible (Horne, 1995).

The approach of Perrine (1956) is the most straightforward, as total flow proper-
ties replace individual phase properties (Horne, 1995). These are the total mobility
and total compressibility and are calculated from the properties of the individual
phases. Assumptions required by this approach are significant, including small pressure
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and saturation gradients, negligible saturation changes during the test and negligible
capillary pressure (Homne, 1995). Various studies have demonstrated the limitations of
this approach (Horne, 1995), including unreliability for higher gas saturations
(Weller, 1966), underestimation of effective phase permeabilities (Chu et al., 1986)
and overestimation of skin effect when gas near the wellbore blocks flow (Ayan and
Lee, 1988).

Raghavan (1976) accounted for the pressure dependence of fluid properties and
effective permeability, using a specially defined pseudopressure function. There are
different pseudopressure functions for drawdown and build-up behaviour. A reservoir
has absolute permeability; however, each phase experiences a different (effective) per-
meability depending on the abundance of each phase. Relative permeability is the
ratio of the effective permeability of each phase to the absolute permeability, and
relative permeability curves describe how this varies with water (liquid) saturation. It is
necessary to know the relative permeability curves for the reservoir in order to apply
the pseudopressure function. This is the major limitation of this approach, as the rela-
tive permeability curves are difficult to obtain in practice, and the estimated reservoir
parameters are very sensitive to the relative permeability data (Horne, 1995). The rela-
tive permeability curves in two-phase and vapour-dominated geothermal reservoirs
can be estimated from history matching of production data using numerical reservoir
simulation.

The pressure-squared approach was developed by Al-Khalifah et al. (1987), using a
pseudosteady-state solution of the diffusivity equation in terms of pressure squared (p°)
rather than pressure. It is a more general approach, of which Perrine’s approach is a
special case (Al-Khalifah et al., 1987). The new diffusivity equation can be solved to
obtain new equations for pressure behaviour during IARF and skin factor, which
allow estimation of the oil phase permeability. This approach has the advantage that it
is not necessary to know the relative permeability curves in advance, and this approach
has been successful in high- and low-volatility oil systems (Horne, 1995).

5.4 Non-Darcy flow

Non-Darcy flow is turbulent flow in porous media, which occurs at high flow rates,
for example in natural gas wells and geothermal wells. It was examined in detail by
Wattenbarger and Ramey (1968) to determine its importance for gas wells. Non-
Darcy flow effects have the appearance of positive skin but are flow rate dependent
(Ramey, 1965). Total skin factor will be comprised of a constant component due to
actual well damage or stimulation (s5), and a flow rate variable component due to
non-Darcy skin (D) (Eq. 5.1) (Horne, 1995).

s=s'"+ Dq (5.1)
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Skin factor

/A/ Gradient of line is
s’ non-Darcy skin (D)

Flow rate
Figure 5.4 Skin factor versus flow rate graph to assess mechanical skin (s’) and non-Darcy skin (D).

Therefore if pressure-transient data sets are available for more than one flow rate
then the fraction of the overall effective skin factor due to non-Darcy flow can be cal-
culated (Ramey, 1965). A practical method to handle non-Darcy flow is a graph of
skin factor versus flow rate, which should be linear (Fig. 5.4). The y-intercept is the
constant skin factor s, and the slope D is the parameter describing non-Darcy skin
(Horne, 1995).

Non-Darcy effects in gas wells have an effect on the skin factor significant enough
to make a stimulated well appear damaged (Ramey, 1965). Benson (1982) applied this
concept to pressure build-ups in a geothermal well and found that very high values for
overall skin (mysterious in a fractured well drilled without mud) were explained by a
significant non-Darcy skin component. Non-Darcy flow effects on geothermal pres-
sure transients were also identified at Afyon Omer-Gecek Geothermal Field, Turkey
(Onur, 2010).

The downside to this method to assess non-Darcy skin is that it requires multiple
pressure-transient datasets to be collected, at least three datasets at different flow rates, to
allow the estimation of at least three total skin data points for the linear fit (Fig. 5.4).
This will not always be practical due to operational constraints, cost and time.

For numerical PTA a more rigorous approach is possible by integrating the
Forchheimer equation into the simulation, described in Section 8.8.3.

5.5 Single-fracture models

The objective of hydraulic fracturing is to improve the connection between the well
and the reservoir to increase the well productivity, and it is extremely common in oil
and gas wells (Horne, 1995). Hydraulic fracturing operations aim to produce a single
vertical fracture which fully penetrates the thickness of the productive formation, to
some significant distance from the well, described by the fracture half-length X
(Fig. 5.5A).
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Figure 5.5 Flow regimes of interest with a single-fracture model: (A) model schematic from the
perspective of looking along the vertical axis (down the wellbore); (B) bilinear flow; (C) linear flow
and (D) radial (IARF) flow. After Houzé, O., Viturat, D., Fjaere, O., 2012. Dynamic Data Analysis: The
Theory and Practice of Pressure Transient, Production Analysis, Well Performance Analysis, Production
Logging and the Use of Permanent Downhole Gauge Data. KAPPA Engineering; Horne, R.N. 1995.
Modern Well Test Analysis: A Computer-Aided Approach. Petroway Inc.

As the fracture will have much higher permeability than the formation, it will
dominate the early pressure-transient response with linear flow along the fracture
rather than radial flow in the reservoir. Throughout the 1970s, analytical models for
various types of single fracture were developed.

The uniform flux fracture model by Gringarten et al. (1972) was one of the first
solutions and requires the assumption that flow into the fracture is uniform along the
length of that fracture. This is not an assumption that holds in practice, as flow into
the fracture is known to be far from uniform (Horne, 1995).

The next development by Gringarten et al. (1974) was an infinite conductivity
fracture model, which is applicable only to highly conductive fractures (Horne, 1995).
An initial period of linear flow (Fig. 5.5C) will transition to radial flow (IARF)
(Fig. 5.5D). During the linear flow period the characteristic derivative plot response is
that the pressure and pressure derivative have a 0.5 unit-slope and are separated by a
factor of 2 (Fig. 5.6) (Horne, 1995).

The more general finite-conductivity fracture model developed by Cinco-Ley
et al. (1978) is initially a bilinear flow regime (Fig. 5.5B), followed by a linear flow
regime (Fig. 5.5C), followed by radial flow (Fig. 5.5D) (Horne, 1995). The character-
istic bilinear derivative plot response is that the pressure and pressure derivative have a
0.25 unit-slope and will be separated by a factor of 4 (Fig. 5.6) (Horne, 1995).
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Figure 5.6 Single-fracture model: characteristic pressure and pressure derivative during the pro-
gression through bilinear, linear and radial (IARF) flow regimes as expected for a finite-conductivity
fracture model. After Houzé, O., Viturat, D., Fjaere, O., 2012. Dynamic Data Analysis: The Theory and
Practice of Pressure Transient, Production Analysis, Well Performance Analysis, Production Logging and
the Use of Permanent Downhole Gauge Data. KAPPA Engineering; Horne, R.N., 1995. Modern Well Test
Analysis: A Computer-Aided Approach. Petroway Inc.

The transitional increase in slope towards the 0.5 unit-slope linear response often
begins but then transitions again into radial flow before the 0.5 unit-slope is reached;
hence, this characteristic linear response is often not seen (Horne, 1995).

Recent work by Luo and Tang (2015) has moved away from the single-fracture
model and allowed for patterns of multiple fractures ‘multiwing fractures’ at the well-
bore. A semianalytical solution was developed and the impact of complex fracture pat-
terns on the pressure derivative investigated, concluding that complex fracture patterns
can cause humps in the pressure derivative during the fracture-controlled bilinear and
linear flow periods (Fig. 5.7) (Luo and Tang, 2015).

5.6 Fractured reservoirs

Early analytical models are based on the assumption that the reservoir is a uniform
porous medium, with a single value for porosity, when in fact many reservoirs (and
most geothermal reservoirs) are extensively fractured. One of the earliest models to
represent fractured reservoirs is the analytical ‘dual-porosity’ (matrix-fracture) model of
Warren and Root (1963), requiring simplistic assumptions. A more modern represen-
tation of fractured reservoirs is the generalised radial flow (GRF) model of Barker
(1988) (also called ‘fractal’ or ‘fractional dimension’).
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Figure 5.7 Examples of pressure derivatives generated by multiwing fracture model with six
‘wings’ for a range of fracture conductivity, exhibiting humps in the bilinear and linear flow periods.
After Luo, W., Tang, C,, 2015. Pressure-transient analysis of multiwing fractures connected to a vertical
wellbore. SPE J. 20 (2), 360—367.
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Figure 5.8 Schematic of dual-porosity concept: (A) ‘actual’ reservoir showing matrix and fractures
and (B) dual-porosity model reservoir with matrix blocks and fractures. After Warren, J.E,, Root, P.J,
1963. The behavior of naturally fractured reservoirs. Soc. Pet. Eng. J. 3(03), 245—255.

5.6.1 Dual-porosity model

Some reservoirs have distinct primary and secondary porosity. Primary porosity is the
original porosity of the rock when it formed, and secondary porosity is the pore space
created by subsequent processes such as fracturing. Warren and Root (1963) developed
the dual-porosity (or ‘double-porosity’) model to represent this type of reservoir, in
which there are regions that contribute to the pore space but not the flow capacity.
This true in practice as not all pores are connected. A real-world reservoir cut by frac-
tures (Fig. 5.8A) is represented by regularly spaced matrix blocks, connected by
straight and evenly spaced fractures (Fig. 5.8B).
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This dual-porosity model is equally applicable to fractured or vugular reservoirs.
Vugular reservoirs contain many small cavities, which can either be primary, forming
at the same time as the host rock, or secondary, forming due to subsequent processes.
Assumptions of the dual-porosity model include pseudosteady-state matrix-fracture
flow, uniform block size and uniform fracture spacing (Fig. 5.8B).

The dual-porosity model has a characteristic pressure derivative response (Fig. 5.9).
The first reservoir response is from the fractures as they have greater transmissivity and
are connected directly to the wellbore. There is a flat derivative associated with this
(and semilog straight line). After some period the primary porosity in the matrix will
begin to respond, flowing into the fractures and causing the pressure derivative to dip,
though once established will return to the flat derivative (second semilog straight line)
(Horne, 1995).

Two parameters are specific to the dual-porosity model: the storativity ratio w

(Eq. 5.2) and transmissivity ratio A (Eq. 5.3 is the version for cubic or spherical matrix
blocks) (Horne, 1995).
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Figure 5.9 Characteristic pressure derivative for dual-porosity model: initial IARF flat derivative
(flow in fractures only), followed by transition (dip) then second IARF flat derivative (flow in frac-
tures and matrix). Tendency of first flat derivative to be masked by wellbore storage is shown. After
Houzé, O., Viturat, D., Fjaere, O., 2012. Dynamic Data Analysis: The Theory and Practice of Pressure
Transient, Production Analysis, Well Performance Analysis, Production Logging and the Use of
Permanent Downhole Gauge Data. KAPPA Engineering; Horne, R.N., 1995. Modern Well Test Analysis: A
Computer-Aided Approach. Petroway Inc.
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The Warren and Root (1963) model was expanded by Mavor and Cinco-Ley
(1979) to include the effect of wellbore storage and skin. In practice the earlier sec-
ondary porosity (fracture) response is often masked by wellbore storage and only the
later response including the primary porosity (matrix) is observed (Fig. 5.9) (Mavor
and Cinco-Ley, 1979). This makes it difficult to identify dual-porosity reservoirs.

The dual-porosity concept was later generalised for numerical simulation by Pruess
and Narasimhan (1985) with the multiple interacting continua (MINC) method. The
MINC method effectively takes a grid and divides each block into a group of blocks:
a ‘fracture block’ and within this a number of nested ‘matrix blocks’ (up to 5 nested
matrix blocks) (Fig. 5.10). The interface between block groups is by the fracture
blocks only. Connections with the matrix blocks are internal within the group; matrix
blocks do not connect directly with any part of a different block group. Matrix blocks
are connected only to the adjacent matrix blocks, or to the fracture block in the case
of the largest matrix block. Some numerical studies have used MINC to expand on
the Warren and Root (1963) model (Section 8.8.2).

An experimental study by Okandan et al. (1988) reproduced drawdown behaviour
of single-phase flow using three-dimensional (3D) arrangements of actual marble
blocks, which represent zero matrix permeability. Experimental results conformed to
dual-porosity theory (Okandan et al., 1988). However, more recently there is a con-
sensus that exponential fracture spacing is more descriptive of reality, and the shape of
the pressure derivative is significantly affected by this distribution (Spivey and Lee,
2000). In particular the classic V-shaped dip in the pressure derivative for the double-
porosity model (Fig. 5.9) may not be present.

More recently, Valdes-Perez et al. (2013) have developed a new analytical dual-
porosity model with a fractal fracture network, by incorporating the GRF concept

(A) Original cartesian blocks (B) MINC blocks
4
4 LV
/ \
Nested matrix

Fracture block blocks

Figure 5.10 Schematic of MINC grid showing the division of original cubic blocks into groups,
each containing a fracture block and a set of nested matrix blocks (more matrix blocks are possible
than the two shown). MINC, Multiple interacting continua. After Pruess, K, Narasimhan, T., 1985. A
practical method for modelling fluid and heat flow in fractured porous media. J. Soc. Pet. Eng. 25 (1),
14—26.
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discussed in the next section. This new model accounts for the transient behaviour of
flow between the matrix and fractures (Valdes-Perez et al., 2013).

5.6.2 Fractional dimension (fractal) model

The generalised radial flow (GRF) model of Barker (1988) was developed to account
for the fact that real-world networks of fractures cannot be adequately represented by
models which are strictly one-dimensional (1D), two-dimensional (2D) or three-
dimensional (3D) (linear, radial or spherical flow regimes). Rather than choosing one
of these integral dimensions, the fractional dimension # can take any value in the range
1—3, hence the term ‘fractional’.

The value of a fractional dimension model is clear when considering real geother-
mal wells, which are not uniformly permeable at all depths, but usually intersect a
number of permeable fractures ‘feed zones” which can be identified by a combination
of completion testing (see Chapter 6: Completion and Output Testing) and image
logs (McLean and McNamara, 2011; Massiot et al., 2017). It is possible to identify the
fractures which are permeable at the well face; however, deeper into the reservoir the
fracture network could become narrower and peter out altogether or expand greatly
and become much more extensive than is apparent at the well. A 1D network is eftec-
tively a ‘slot’ (though not necessarily a straight one) and hence the volume of the feed
zone increases linearly with radial distance from the well (O’Sullivan et al., 2005). A
2D network is effectively a ‘disc’, also known as penny- or pancake- shaped, where
the feed zone volume increases with the square of the radial distance. A 3D network
would occupy a spherical region where the feed zone volume increases with the cube
of the radial distance (O’Sullivan et al., 2005). A real fracture network, however, is
more likely to be something in between, and therefore is best represented by some
fractional dimension.

It was determined by Barker (1988) that for constant rate well testing in infinite-
acting porous media, when n is greater than two, the pressure will approach steady
state, which means the pressure derivative will approach zero. When n is less than or
equal to 2, the test will be transient (not steady-state), and the dimension is obtained
from the slope of the log—log plot (Barker, 1988).

The fractional dimension model can be used to represent fractal fracture networks.
Fractal patterns result from the repetition of a particular pattern over different length
scales. Networks of natural fractures in rock have fractal characteristics and therefore
cannot be fully described by random fracture networks, dual-porosity or MINC mod-
els (Acuna and Yortsos, 1995). A study of rock cores from the Kakkonda Geothermal
Field, Japan, concludes that there is indeed a fractal distribution of both the location of
the fractures and the fracture widths (Tateno et al., 1995).

Chang and Yortsos (1990) derived an analytical implementation of the fractional
dimension concept for single-phase flow by modification of the diftusivity equation.
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This was verified by Acuna and Yortsos (1995) using numerical simulation of both
fractal fracture networks and flow in those networks. An important characteristic of
the fractional dimension model is that the pressure derivative is linear on a log—log
plot, and the slope of this linear section depends on the value of the fractional dimen-
sion n. Pressure derivative slopes of —0.5, 0 and 0.5 correspond to conventional
spherical (3D), radial (2D) and linear (1D) flow, respectively. The pressure derivative
slope of the fractal model can take any value in that range —0.5 to 0.5 and thus be
any dimension between 3 and 1 (Acuna et al, 1992). Similar pressure derivative
behaviour is observed in the numerical version of the fractional dimension model, and
is shown in Section 8.5.3. The method for implementation of the fractional dimension
concept for numerical simulation is also described in Section 8.5.3.

The analytical fractional dimension model is applied to field data from the Geysers,
on pressure-transient data sets from a number of wells, yielding dimensions both less
than and greater than 2 (Acuna et al., 1992). Acuna et al. (1992) concluded that this is
a reasonable alternative model for interpretation of well tests, which is more consistent
with other field evidence, rather than simplistic single-fracture models.

5.7 Analytical automated well test analysis systems

Prior to the 1970s, PTA was restricted to graphical techniques (e.g. semilog plots or
type curves) which could only represent simple cases and were vulnerable to subjective
judgement (Earlougher and Kersch, 1972). The use of computers to match models to
well test data was inevitable. This process is a type of inverse modelling, where models
are matched to data to obtain estimates of the model parameters. Earlougher and
Kersch (1972) used regression techniques with more complicated models, including an
anisotropic reservoir and significant wellbore storage.

If the model is a nonlinear combination of the model parameters, the inverse
modelling process is called nonlinear regression (NLR). Rosa and Horne (1983) used
NLR to automate type-curve matching by transforming the model (type curves) to
Laplace space. Horne et al. (1983) used NLR to incorporate spinner measurements of
flow rate into geothermal PTA.

Since those early studies, a number of automated well test analysis systems (soft-
ware) have been developed, with a range of analytical or semianalytical models
(O’Sullivan et al., 2005). Computer-aided well test analysis was widespread by the
time of a survey paper by Horne (1994) on this topic, due to both the advent of per-
sonal computers and improvement in methodologies. Important advantages of NLR
over graphical methods include the ability to handle more unknown parameters, abil-
ity to calculate confidence intervals for those parameters and ability to handle variable
flow rates (Horne, 1994).
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Throughout the 1980s and 1990s, various software packages for automated well
test analysis were developed, including ANALYZE (McEdwards and Benson, 1981),
AUTOMATE (Horne, 1994) and DIAGNS (McLaughlin et al., 1995). Automated
well test analysis systems are usually capable of tasks such as field data handling (import
and processing), automatic graphical presentation of data in a variety of common plots,
and automated matching to a variety of available reservoir models, including estimated
parameters and confidence intervals (Home et al., 1980). An automated well test anal-
ysis system in widespread use in the geothermal industry is SAPHIR, developed by
KAPPA Engineering (Houzé et al., 2012).

One analytical automated well test analysis system was developed within the geo-
thermal industry, at the Iceland GeoSurvey (ISOR), called Well Tester (Juliusson
et al., 2007). This is based on the analytical models summarised by Horne (1995),
originally written in Matlab (though later converted to Python), with the objective of
simplifying the analysis and automating the report generation (E. Juliusson, personal
communication, 2018). Well Tester has a graphical user interface, aids data processing,
utilises the derivative plot and automates NLR.

5.8 Limitations of analytical methods in geothermal well test analysis

Uptake of PTA by the geothermal industry has been limited for a variety of reasons.
One reason noted by Ramey (1975) has been the mistaken impression that petroleum
reservoir engineering analytical methods could be applied only to closed systems, and
geothermal systems are known to be open systems. Another reason is the belief that
the simplifying assumptions at the root of the diffusivity equation (and therefore all
analytical models) are not applicable in the geothermal environment, in particular due
to fracturing (Ramey, 1975). This belief has persisted for decades (O’Sullivan et al.,
2005) despite some disagreement (Atkinson et al., 1978b; Grant and Bixley, 2011).

It is true that there has been some success with analytical PTA for dry steam wells
at the Geysers, California (Ramey, 1970) and the Larderello and Travale-Radicondoli
fields, Italy (Atkinson et al., 1978a; Barelli et al., 1975; Celati et al., 1975); however,
such vapour-dominated systems are rare. In two-phase systems such as Tongonan,
Philippines, the application of conventional PTA to geothermal wells was more lim-
ited due to the uncertainty of the reservoir rock and fluid properties (Menzies, 1979).
It is our experience that analytical PTA models usually do not fit geothermal data due
to a combination of practical issues and theoretical ones.

In terms of theoretical issues the assumptions of the diffusivity equation
(Section 4.4.5) include horizontal flow, negligible gravity eftects, Darcy flow, homo-
geneous and isotropic porous medium, a single fluid (an isothermal system), small and
constant compressibility, and that fluid and reservoir parameters are independent of
pressure (Earlougher, 1977). There are major deviations from these assumptions in
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geothermal wells/reservoirs. Geothermal reservoirs are not isothermal and so fluid
properties are not uniform throughout the reservoir (O’Sullivan et al., 2005). Those
fluid properties depend nonlinearly on thermodynamic conditions (pressure, tempera-
ture, saturation, composition). They are particularly variable when boiling and con-
densation are occurring (O’Sullivan et al., 2005). In terms of geometry and structure,
geothermal reservoirs are usually in volcanic rock where permeability is controlled by
faults/fractures in a 3D network that is connected to the wellbore only at limited
points (Grant and Bixley, 2011). Therefore flow can be in any direction through the
network not just the horizontal direction, and the system is anything but homogeneous.

Technically the linear diffusivity equation must therefore be replaced with a non-
linear form, which requires numerical models to solve (Earlougher, 1977; O’Sullivan
et al., 2005). However, not all assumptions are necessary, and many fracture systems
behave as if they were ideal homogeneous systems (Ramey, 1975). In addition, con-
siderable effort was made to extend analytical PTA methods specifically to some types
of geothermal reservoirs, with the relaxation of some assumptions and development of
new models (Section 5.9). Despite these efforts, numerical PTA is becoming more
widespread, and the transition from analytical PTA has already begun.

Aside from the issues with the theoretical applicability of analytical models to geo-
thermal PTA, there are common and major practical issues with gathering geothermal
well test data. These are discussed in Chapter 7, Downhole Tools and Other Practical
Considerations, and include slow closure of the control valve, two-stage pump shut-
down, thermal expansion of the wireline and expansion/contraction of the fluid col-
umn in the well due to changes in temperature.

5.9 Geothermal-specific analytical methods

Efforts were made to extend analytical methods specifically to some types of geother-
mal wells starting from the late 1960s (Atkinson et al., 1978a). Many issues required
attention, despite some success in the application of conventional semilog straight line
methods to dry steam wells. The major advances in geothermal-specific analytical
PTA models are summarised in this section.

5.9.1 Parallelepiped model for vapour-dominated reservoirs

The configuration of the rare vapour-dominated (dry steam) reservoirs such as The
Geysers, California, and Larderello, Italy, precludes the use of radial models and gave
rise to the parallelepiped model (Economides et al., 1982). These reservoirs are
bounded by faults and overlain by impermeable formation, also a constant-pressure
boundary is often observed, and large natural fractures of high conductivity can be
present (Cinco-Ley et al., 1979; Economides et al., 1982). This 3D configuration can
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Figure 5.11 Schematic of early parallelepiped model with five planar impermeable boundaries and
one constant-pressure boundary at the base. After Kruger, P, Ramey Jr.,, H.J,, 1979. Stimulation and
reservoir engineering of geothermal resources. In: Second Annual Report, July 1, 1978—September 30,
1979 (SGP-TR-35), Technical Report, Stanford University Geothermal Program.

be represented with a parallelepiped model, which is of use only for vapour-
dominated reservoirs (Economides et al., 1982).

An early general form of the parallelepiped model was closed in by impermeable
boundaries on five sides with a boiling surface on the bottom represented by a
constant-pressure boundary, and a well intersecting a fracture represented by a rectan-
gular source (Fig. 5.11) (Cinco-Ley et al., 1979). Type curves are generated and com-
pared to field data in a specialised form of type-curve matching. This model was used
successfully on data from Travale-Radicondoli, Italy, and The Geysers, California
(Economides et al., 1982). The model was later extended to include a condensation
surface at the top (Ramey et al., 1980).

5.9.2 Two-phase water/steam reservoirs

The presence of two phases (water and steam) in the reservoir is important because
the mobility and compressibility of two-phase mixtures are significantly different to
single-phase fluid (Cox and Bodvarsson, 1986). Hence, the pressure behaviour during
well tests will not conform to simple models derived for single-phase flow. The diffu-
sivity equation (Section 4.4.5) assumes single-phase flow and therefore research into
two-phase flow requires derivation of a new diftusivity equation.

Some of the earliest two-phase flow studies in the late 1970s and early 1980s
examined reservoirs that are already two-phase prior to production and derived a
new diffusivity equation for two-phase flow (Grant, 1978; Garg, 1980; Moench
and Atkinson, 1978). Grant (1980) applied these techniques for a two-phase well at
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Kawerau Geothermal Field, New Zealand, identifying the cause of poor production
as low permeability. As discussed by Grant and Sorey (1979), these methods are
valid only for small changes in pressure and saturation. It was found that the slope
of the semilog straight line was inversely proportional to the total kinematic mobil-
ity kh/v. The same is true for reservoirs which start as single-phase hot water close
to boiling point and evolve to become two-phase during pressure drawdown result-
ing from production (Garg and Pritchett, 1984). In this case a boiling front will
propagate away from the wellbore and can be represented by a moving constant-
pressure boundary (Garg and Pritchett, 1984).

The equation as described by Grant (1978) was later expanded by O’Sullivan and
Pruess (1980) and O’Sullivan (1981) to obtain analytical solutions for constant rate
drawdown and injection (O’Sullivan, 1985). It was shown that despite being based on
uniform fluid properties, analytical models can give a reasonable approximation of
geothermal drawdown behaviour (O’Sullivan et al., 2005). This is of limited practical
use as drawdown tests in high-temperature geothermal wells are rare (Section 4.2). In
addition, significant assumptions are still required: constant flow rate, line source and a
uniform horizontal reservoir (O’Sullivan, 1981).

Horne et al. (1980) investigated the effect of a phase boundary at a constant radial
distance from the well. This could represent boiling of a hot water reservoir during
production or injection of cold water into a steam or two-phase reservoir. It was
determined that an offset of the semilog straight lines and their relative slopes could be
used to determine the mobility ratio. It is noted that the presence of boundaries may
render the analysis impossible (Horne et al., 1980).

An important concept for two-phase flow is called “relative permeability” and
addresses the fact that the permeability is not the same for different phases. For
example, at high steam saturations the steam phase will flow (higher permeability)
but the water phase will be immobile (no permeability). Steam and water flow will
be controlled by a 'relative permeability', which is the ratio of the effective perme-
ability of that phase to the absolute permeability measured for single-phase flow.
Relative permeability curves are the relative permeabilities of steam and of water,
as a function of steam saturation (or water saturation). Relative permeability curves
are hard to obtain but technically can be generated from production field data
(Kruger and Ramey, 1979), and this has been done for Wairakei (Horne and
Ramey, 1978).

Garg and Pritchett (1984) used a numerical simulator to establish the validity of
earlier analytical two-phase solutions. The study considered drawdown-build-up
behaviour of initially two-phase systems and those that flash during drawdown, as
well as cold water injection into two-phase reservoirs. It was found that during pres-
sure build-up a condensation front propagates from the well outwards, eventually
engulfing the two-phase zone (Garg and Pritchett, 1984). It was concluded that
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drawdown/build-up data can be used to yield kinematic mobility regardless of
whether the reservoir was two-phase initially or evolved to be two-phase as a result of
production. Build-up data from reservoirs, which evolved to be two-phase, could also
be used to obtain reservoir permeability. Considering injection of cold water, it was
concluded that pressure build-ups from injection into a two-phase reservoir could be
used to obtain absolute reservoir permeability. Garg and Pritchett (1984) also con-
cluded that fall-off data is difficult to analyse in a two-phase scenario. Riney and Garg
(19852a) demonstrated the build-up techniques by application to field data from Baca
geothermal field, where all wells induce flashing during production.

Cox and Bodvarsson (1986) published a study with some realistic two-phase res-
ervoir configurations, recognising that a fully two-phase reservoir is rare, and two-
phase zones are usually spatially limited within the reservoir and usually located at
the top. Numerical simulation was employed to assess the validity of analytical solu-
tions. It was found that for an isolated steam zone a constant-pressure approxima-
tion is not valid, though the time of deviation from the line-source solution could
be used to determine the distance to the two-phase zone (Cox and Bodvarsson,
1986). This is contrary to an earlier study by Sageev and Horne (1983) who find
that the two-phase zone can be represented by a constant-pressure boundary. Cox
and Bodvarsson (1986) also found that for a fully two-phase reservoir the assump-
tions regarding relative permeability could result in values for transmissivity and
storativity that are incorrect by an order of magnitude. For a two-phase layer over-
lying a single-phase liquid layer, production from the liquid zone results in transi-
ents that resemble constant-pressure effects, and production from the two-phase
zone is affected by the low mobility of the two-phase mixture (Cox and
Bodvarsson, 1986).

A practical procedure was developed by Garg and Pritchett (1988) for analysing
interference tests in reservoirs which become two-phase as a result of production,
though it is noted that for an extensive two-phase zone the method will give only an
approximation of reservoir transmissivity (Garg and Pritchett, 1988). This method was
applied at Sumikawa Geothermal Field where it was used successfully in determining
the permeability structure of the reservoir (Garg et al., 1991).

A more general diftusivity equation for radial two-phase flow is proposed by
Burnell et al. (1991) and verified numerically, though this is still fundamentally based
on the Theis solution and associated assumptions. Many issues still remain regarding
analytical two-phase methods. While there has been some success, it is limited to par-
ticular two-phase scenarios or particular types of well testing.

5.9.3 Nonisothermal systems

Injection tests are common in geothermal wells, and there is a major problem: analyti-
cal methods assume an isothermal system, but cold water injection into a hot
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geothermal reservoir is strongly nonisothermal. This is significant as it results in a large
contrast in fluid viscosity, which has a major impact on fluid flow in the reservoir, and
hence PTA results.

Early injection tests were analysed by simply using the hot reservoir fluid properties
and ignoring the cold water, or by assuming a simple composite model with two res-
ervoir regions of different fluid properties separated by a stationary boundary, though
neither method 1s applicable to a real nonisothermal case (Benson and Bodvarsson,
1982). Research from the late 1970s to the early 1990s developed PTA theory to bet-
ter cope with nonisothermal scenarios.

Tsang and Tsang (1978) developed a semianalytical method applicable only to the
pressure build-up during injection (not the fall-oft), in single-phase porous media
reservoirs. The viscosity is allowed to be temperature dependent. The pressure tran-
sient thus calculated lies between the two Theis solutions calculated using cold injec-
tate and hot reservoir fluid properties (T'sang and Tsang, 1978).

O’Sullivan and Pruess (1980) developed a semianalytical method for cold water
injection into single-phase (hot water) or two-phase reservoirs, using a similarity vari-
able. Numerical simulation is employed to verify the semianalytical results, however it
is later concluded that the numerical simulator is in fact a more useful and flexible tool
than the semianalytical method (O’Sullivan and Pruess, 1980).

Analytical methods were too limited to adequately represent nonisothermal sce-
narios, and numerical simulation was employed to this end throughout the 1980s.
Benson and Bodvarsson (1982) numerically simulated nonisothermal pressure transi-
ents and then analysed them to develop methods of analysis capable of retrieving
the correct reservoir properties kh and s for single-phase hot water porous media
reservoirs. It was concluded that in the case of a moving thermal front the fluid
properties of the cold water would control the PTA response. However, in the
more common case of a well with a ‘cold spot’ (a region of cold water around the
well from extended injection during testing, workover or drilling), the reservoir
fluid properties control the response. In detail the slope of the semilog line will
theoretically correspond to the cold water properties at first (Fig. 5.12), transition
to the hot water properties when the pressure pulse moves beyond the cold spot
into the hot reservoir, then transition back to the cold properties when the thermal
front moves away from the well (Benson and Bodvarsson, 1982; Bodvarsson et al.,
1984). This concept in combination with a horizontal fracture is a good match to
field data from Krafla Geothermal Field, Iceland, with transmissivity of wells
reported to be 1.5—2.5 Dm (Bodvarsson et al., 1984). An important concept further
developed by Benson (1984) is the ‘fluid skin’, where cold viscous water near the
well produces a PTA response with the appearance of positive skin, which can be
corrected.

Garg and Pritchett (1984) investigated cold water injection into two-phase porous
medium reservoirs, also using a numerical simulator to devise techniques for analysis.
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Figure 5.12 Example of semilog pressure-transient response with a cold spot around the well:
injecting 100°C water into a 250°C reservoir. Data from Benson and Bodvarsson (1982). Non isother-
mal effects during injection and falloff tests. Technical report LBL-14270, Lawrence Berkeley Laboratory,
California.

It was concluded that build-up during injection can yield the formation permeability
k; however, the fall-oft data are not useful (Garg and Pritchett, 1984).

Cox and Bodvarsson (1985) investigated cold water injection into single-phase
fractured reservoirs, also using numerical simulation to derive techniques for analysis.
It was found that for horizontal fractures the early-time PTA data is reflective of the
reservoir fluid and later is reflective of an average temperature (Cox and Bodvarsson,
1985). For vertical fractures the PTA data is always reflective of the reservoir fluid
(Cox and Bodvarsson, 1985).

Garg and Pritchett (1990) derived an approximate analytical solution for cold water
injection into both single-phase and two-phase porous medium reservoirs. A numeri-
cal simulator is then used to verify this solution. The assumptions include a line-
source, porous medium and uniform initial temperature. It is concluded that during
injection, pressure build-up behaviour is controlled by the viscosity of the cold
injected fluid, regardless of whether the reservoir is single or two phase. During pres-
sure fall-off in a single-phase reservoir the response is controlled by the viscosity of the
hot reservoir fluid. However, pressure fall-off in a two-phase reservoir is too complex
to be described by this analytical model (Garg and Pritchett, 1990). It was noted by
the authors that the analytical solution cannot be applied to fractured reservoirs.

While there has been progress with analytical methods for nonisothermal systems,
they are still of limited applicability. Recent work by Guerra and O’Sullivan (2018)
showed that analytical PTA software vastly overestimated both the reservoir perme-
ability and skin. Numerical PTA can handle the nonisothermal injection of cold water
into hot reservoirs, and this is the subject of Section 8.6.
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5.9.4 Adsorption in vapour-dominated reservoirs

Adsorption is the process by which ions, atoms or molecules adhere to the surface of a
solid material. It differs from absorption which is when a fluid penetrates the entire
volume of a material. Zarrouk (2008) showed that there can be chemical adsorption
(chemisorption) which can be nonreversible and physical adsorption (physisorption)
which is reversible. Water adsorbed by physisorption may exist on rock surfaces in
a vapour-dominated zone, therefore adsorption effects were incorporated by
Economides and Miller (1985) into the Warren and Root dual-porosity model for
fractured reservoirs (Section 5.6.1). These new methods imply that adsorption has a
significant effect on the interpreted extent of a vapour-dominated zone and hence
reserve estimation for vapour-dominated reservoirs (Economides and Miller, 1985).

5.9.5 Geo-pressured geothermal systems

The term ‘geo-pressured’ refers to a zone in which formations are undercompacted
and so the pore fluid bears the majority of the overburden pressure (see Section 2.3.2).
The pressure of these pore fluids is usually far above the hydrostatic head of water,
and the fluids are also high temperature and contain dissolved methane (Garg et al.,
1978). Interest in the geo-pressured zone underlying the Gulf Coast, the United
States, led to drilling and well testing starting in 1978. Garg et al. (1978) assessed
whether typical PTA techniques could be applied to geo-pressured wells. A numerical
model was developed capable of simulating the important relevant mechanisms of irre-
versible formation compaction and methane saturation. This model was used to assess
the deviation from conventional analytical PTA solutions caused by these two
mechanisms. It was tentatively concluded that in general the permeability (or mobility)
can be obtained reliably using analytical methods despite both mechanisms. However,
estimates of storativity became unreliable due to significant error in values obtained for
compressibility (Garg et al., 1978).

5.10 Summary

Some of the simplifying assumptions required for analytical PTA models can be
relaxed to allow for models that are more complex. Some of the general concepts
from the petroleum industry are useful for geothermal reservoirs, such as reservoir
boundaries, non-Darcy flow and fractured reservoirs, though the applicability of ana-
lytical PTA is still limited. Most of the geothermal-specific concepts described in this
chapter are only applicable to rare geothermal reservoir types: vapour-dominated or
geo-pressured systems. Numerical simulation was employed to verify analytical solu-
tions for two-phase water/steam reservoirs and nonisothermal reservoirs; however,
numerical simulation emerges as the more powerful tool for PTA in these complex
systems.

11






CHAPTER 6
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6.1 Introduction

In this Chapter the various stages of well testing are described, including testing during
drilling, testing immediately after drilling (completion testing), testing as the well heats
up once injection stops (heat-up surveys) and discharge after the well is fully heated
(output testing). The term “well testing” is used in its broad sense to refer to all these
activities. The particular type of well testing called pressure transient analysis (PTA) as
discussed in Chapters 4 and 5 is a part of these activities, and is possible by step
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changes in flow rate during completion or stage testing (injection of cold water) or
output testing (production of reservoir fluid). Data gathering for any well normally
starts during the drilling stage, with a host of measurements and rock samples (cuttings
or core) collected. Sometimes dedicated testing is undertaken during drilling, such as
stage testing, static formation temperature testing and borehole imaging. However,
most quantitative data is collected once the drilling of a geothermal well is complete.
At this time a host of well tests are undertaken to identify the main feed zone (loss
zone) the well is going to produce from, the injectivity (water take) of the well and to
measure the transmissivity of the producing formations. After this is the heat-up stage
where profiles of the static temperature and pressure are measured to identify the pres-
sure control point (PCP) which helps in identification of the major feed zone(s), and
the final temperature profile of the well. After heat-up but before discharge,
discharge-prediction methods are used to assess whether the well will self-discharge
and to help plan intervention if required. After this several methods for output testing
could be implemented to assess the productivity of the well, the selection of which
will be based on availability and cost. Flowing surveys are carried out during output
testing, and are useful to confirm the location of the major feed zone, and the flash
point in the well.

6.2 Well testing during drilling

The drilling programme for any well will include logging of rock cuttings, which cir-
culate to the surface with the drilling fluid, and possibly core sampling at important
intervals. This information is used to update the geological model and also helps the
drilling engineer in finding the permeable drilling targets, which are often a particular
rock type. This information is also important when choosing good competent forma-
tions for setting casings (avoiding heaving or sloughing formations).

The drilling engineers also have an extensive measurement while drilling (MWD)
programme to make sure that the well is on target, and for problem solving when
needed. These parameters mainly include the drilling torque (TQ), rate of penetration
(ROP), weight on bit (WOB), losses in mud circulation and many other parameters that
can be used to guide the reservoir/well test engineers when planning and fine-tuning the
completion/well testing programme for a given well.

Fig. 6.1 shows the ROP profile for a deep well in Tauhara Geothermal field,
New Zealand. Generally, the ROP reduces with depth, as the rock is harder and
more compacted under the lithostatic (overburden) pressure. However, there are
depths with a sudden increase in ROP, which is an indicator of permeable/fractured
formations. These depths are likely to befeed/loss zones during the completion test.

There are also dedicated well tests carried out during drilling to capture important
reservoir parameters for reservoir categorisation and critical decision-making



Completion and output testing

ROP (m/h)
0 100 200 300 400 500 600

500 1 -

1000

Depth (m)

-

)]

o

o
'

2000

2500

Figure 6.1 ROP of a deep well at Tauhara Geothermal field, arrows indicate sudden spikes in ROP.
ROP, Rate of penetration. From Contact Energy Ltd., with kind permission.

while drlling. These tests and down-hole measurements require the temporary
interruption/cessation of drilling operations, putting the rig on standby. These tests
include stage testing to assess the injectivity index, static formation temperature testing
to assess the reservoir temperature, and borehole imaging (BHI).

6.2.1 Stage testing

In some exploration programmes in new fields or in a new area/sector of an existing
field, it is possible to include stage testing of the shallower parts of the reservoir before
they are blocked off from the well by running/cementing the next planned casing
size. Stage testing can also be carried out at different drilled depths before arriving at
the final targeted depth, to evaluate the necessity of drilling deeper. This test involves
measuring the injectivity of the well, which can be related to production flow rates
(Grant and Bixley, 2011).

[t is not common to carry out pressure-transient testing during stage testing
while drilling the well, due to the high cost associated with downtime in drilling
activities. There is also the risk of hole collapse since the test takes place while the
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hole is open before the installation of the permanent perforated liner. For the
same reason, it is not common to run a down-hole tool in the open hole, beyond
the production casing shoe. The injectivity is assessed in the usual manner as for a
completion test, except with the down-hole tool at the casing shoe instead of the
major feed zone, from the change in pressure with change in flow rate
(Section 6.2.3). The injectivity index (II) can be reported as a function of the
wellhead pressure (WHP) in impermeable wells (which have positive WHP dur-
ing injection), or for permeable wells (where WHP is always negative during
injection) as a function of the down-hole pressure measured at the casing shoe.

6.2.2 Static formation temperature test

During the drilling in new geothermal fields, there can be conflicting results from the
alteration mineralogy (geo-indicators) on whether the drilling target has high tempera-
ture or not. Since the circulating drilling fluids cool the wellbore, it takes several
weeks or months for the well to heat up and reach undisturbed temperature condi-
tions, which is too long to wait during drilling operations. This issue can be resolved
by carrying out a static formation temperature test (SFTT), also known as temperature
build-up test or temperature transient. Cold water is circulated for 15—20 hours, the
drilling pipes are pulled up 50 m from the bottom of the hole, circulation stops, the
well is allowed to heat-up, and the temperature versus time is recorded and analysed
(Grant and Bixley, 2011). The SFTT is also sometimes carried out before setting the
production casing (Sarmiento, 2011) to make sure that the resource has a high temper-
ature in conventional two-phase systems. The test is not commonly used after
completing the drilling of two-phase geothermal wells, but it is a standard part of
enhanced geothermal systems (EGS) wells completion programme.

The temperature measurements made in a well are used to infer details about the
reservoir as a whole and can substantially reduce uncertainty about the heat content,
which can affect the commercial viability of a project (Sarmiento, 2011). A number of
factors introduced in the drilling process affect the SFTT, including but not limited to
the following (Chiang and Chang, 1979; Roux et al., 1979; Kutasov and Eppelbaum,
2005):

* The thermal properties of the drilling fluids.

* The thermal diffusivity of the reservoir.

* The difference between reservoir and drilling fluid temperatures.
* The drilling technology used.

* The amount of time drilling fluids have been circulated in a well.

Several methods have been developed over the years to analyse the temperature
transient data to estimate the final formation temperature, including:
1. Horner method (Dowdle and Cobb, 1975)

2. Improved Horner method (Roux et al., 1979)
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3. Brennand method (Brennand, 1984)
Curve-fitting method (Hyodo and Takasugi, 1995)
5. Improved Horner method (Kutasov and Eppelbaum, 2005)

e

All the earlier methods are based on solving the one-dimensional thermal diffusion
equation in radial coordinates. When comparing these five methods using multiple
field data sets, it is our recommendation that the Brennand (1984) method is the most
reliable (Forsyth and Zarrouk, 2018). This is in agreement with the conclusions of
Sarmiento (2011) and Horne (2016).

Brennand (1984) imposed a number of conditions when solving the diffusion
equation, which is transformed into the Laplace space and linear approximation to
yield the following equation:

T(ry, 1) = Ty — mlog <At —1|-pt(> 6.1)
where Tj is the final formation temperature, f. is the water circulation time, At is the
time from when circulation stops (shut-in) and p=10.785 is a constant empirically
derived from field test data (Brennand, 1984).

Using the gradient over one log cycle (m), and the difference between circulation
temperature and formation temperature (Ty — T;), the thermal diftusivity (a) can be
calculated using the following equations:

m=)\(7}— T[)n (6.2)
2 2
p= 2w _lu (6.3)

k o

where A =6.28 is a constant empirically derived from matching field test data, T, is
circulation temperature (temperature of the returning fluids), r,, is the well radius (m),
a=k/(pg,) is the thermal diffusivity (m?/s), k is thermal conductivity (W/m K)
of the rock, p is rock density (kg/m’) and ¢, 1s the specific heat capacity of the rock
(kJ/kg K).

The evaluation of Ty is made as follows:

Temperatures are recorded at time intervals after shut-in.

Plot measured temperature versus Brennand time 1/(At + pt.).

Use a linear fit for ‘all’ data points.

The intersection of the linear fit and zero Brennand time represents the SFTT (T ).

Ul A RN =

If the circulation temperature (7;) is known, then the thermal diftusivity (o) can
be calculated using Eqs (6.2) and (6.3) as a check to ensure the result is realistic.
The accuracy of the Brennand method is # 5°C and has the advantage of requir-
ing a shorter water circulation time than the other methods, which will reduce the
test and drilling rig time.
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Example: For the SFTT data given by Brennand (1984) in Table 6.1. The
circulation time ¢ is 15 hours, r, =0.108 m and the circulation temperature
T, = 65°C. Fig. 6.2 shows the fitting of the Brennand (1984) data and estimation
of SFTT.

Using Eqgs (6.2) and (6.3), the calculated thermal diffusivity of the reservoir rock
a=1.6X10"°m?/s, which is reasonable, being within the range of (0.4 X 10 ° to
1.6 X 10" °m?/s) given by Vosteen and Schellschmidt (2003) for most rock types
(magmatic, metamorphic and sedimentary) between 0°C and 300°C.

Table 6.1 Brennand (1984) SFTT data showing the calculated Brennand time.

Time (h) Brennand time (1/s) 1/(At + pt,) Temperature (°C)
2.58 1.93X 107> 93
3.58 1.81%107° 88
458 1.70 X 107> 99
5.58 1.6X107° 108
6.58 151X 107> 112
7.58 1.43X107° 117
8.58 1.36 X 107> 120
9.58 130 X 107> 126
10.58 1.24 X 107> 133
11.48 119X 107> 133
12.58 114X 107> 134
13.58 110X 107> 137
14.58 1.05X 107> 141
15.58 1.02X 107> 146
240
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Figure 6.2 SFTT result using the Brennand method, giving a final formation temperature of
206.7°C. SFTT, Static formation temperature test.
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Figure 6.3 Comparison between FMI logs and drilling conditions in the production part of the
well. FMI, Formation microimager. From Shanti Sugiono, Star Energy Ltd., with kind permission.
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6.2.3 Borehole imaging

Borehole imaging (BHI), also called "borehole televiewer (BHTV)" logging returns an
image of the cylindrical wall of the open section of the borehole, either by reflection
of acoustic signals, known as acoustic formation imaging technology (AFIT), or by
direct contact measurement of the resistivity of the formation, known as a formation
microimager (FMI). The image of the borehole can be used to identify natural struc-
tural features and their orientation, such as fractures and faults, which are potential
feed zones. Drilling-induced features, such as tensile fractures and borehole breakouts,
can be used to assess the orientation of the stress field around the borehole. This tech-
nique has been used in the petroleum industry for more than 30 years and has been
making some traction in the geothermal industry but is still not widely used.

Massiot et al. (2017) showed that integrating BHI data into the interpretation of
completion test data increases the robustness of the feed zone interpretation (location,
extent, fracture or matrix permeability components) in geothermal wells. It can iden-
tify if the well has matrix- or fracture-controlled permeability, which is valuable to
know during pressure transient analysis.

Fig. 6.3 shows the BHI (FMI) of an extensive permeable fracture zone in a geo-
thermal well, which directly correlates with an increase in the ROP in m/h and also
the drop of the WOB during drilling.

Fig. 6.4 shows a small subvertical fracture captured by coring and the same fracture
shown in the BHI (FMI) of the open hole.
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Figure 6.4 BHI of a subvertical fracture captured by core sample. BHI, Borehole imaging. From

Shanti Sugiono, Star Energy Ltd., with kind permission.
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Figure 6.5 Comparison between BHI and drilling conditions in the production part of the well. BHI,

Borehole imaging. From Shanti Sugiono, Star Energy Ltd., with kind permission.

Fig. 6.5 is another good example of changes in drilling parameters (reduction in TQ
and WOB) when encountering permeable formations as demonstrated by the BHI.

The main risk associated with BHI logs is that the valuable tool must be run in the
open hole before the installation of the perforated liner. The open hole could collapse
and the tool and the entire well could be lost; normally drilling engineers would
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prefer running the perforated liner as soon as the drilling of the production part of the
well is complete to ensure the stability of the well. There is also the cost associated
with the rental of the BHI tool and the drilling rig standby time, since the BHI tool is
run before running (installing) the steel liner.

6.3 Completion testing

Once the drlling operations are completed by running the liner and installing the per-
manent master valve on the wellhead, a completion-testing programme will immedi-
ately commence. The completion testing programme includes several steps or tests
that help identify the main feed zones in the well, assess the need for intervention, and
estimate the future well performance from the injectivity. Predictions of productivity
from the injectivity are less reliable than the results of output testing, however they
are usually available several months earlier.

6.3.1 Typical test design

A typical completion test is best illustrated with a graph showing both tool depth and
injection rate with time (Fig. 6.6). There are typically three injection rates, before a
fall-off to either a fourth injection rate, or zero flow, followed by the first heating run.
Profiles are measured at each injection rate, to yield temperature and pressure profiles,
and usually multiple profiles at each rate to yield enough spinner data to allow calcula-
tion of the fluid velocity, as will be described in the following sections. The choice of
injection rates, the order of these and the number/speed of the profiles measured at
each rate are at the discretion of the reservoir engineer designing the test.

0 Surface
2 ¢ 9 Heating
£ Profiles Profiles Profiles run] - Casing.shoe
% Transient Transient i
E i Transient Major feed
S
=
™ Total depth
Rate 3
L
S =
g S Rate 2
8 = Falloff to rate 4
= 9 patetilly @090 3000000000 preeeseasSSnsSN :
- :
5 Falloff to zero I Zeroflow
Time

Figure 6.6 Schematic of typical completion test design: tool depth and injection flow rate
versus time.
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Unfortunately in reality the test design is often modified or shortened due to restricted
time or other operational constraints.

If pressure-transient analysis (PTA) is a priority, and we argue that it should be a
priority for all injection tests and especially the completion test, then having the tool
stationary for a long time after flow changes is critical. Experience has shown that
measuring profiles in the middle of a data set destined for PTA and simply returning
the tool to approximately the same depth is not possible. The pressure change being
measured is small and therefore sensitive to any difference in tool depth, however
small, including changes in the length of the wireline which occur when it is exposed
to different temperatures (Section 7.9). It is therefore recommended that for each
injection rate the measurement of any pressure-transient data sets is completed first,
followed by profiles (Fig. 6.6).

Ideally, the flow changes will happen and associated pressure-transient data sets
will be measured with the tool located at the major feed zone. In some cases there is
a clear major feed zone in the well, and this depth can be identified from the data
captured during the first flow rate, allowing the tool to be positioned correctly for
subsequent flow changes. In some cases the major feed zone depth is less clear and
may not become apparent until more data is captured, and possibly not until the full
set of heating runs reveals the pressure control point (PCP). Some wells have two
strong feed zones of approximately the same permeability, complicating analysis.
The positioning of the tool for the pressure-transient data set is not always certain;
however, in practice it is often possible to estimate the major feed zone depth with
reasonable accuracy early in the test. For impermeable wells, which remain full to
the wellhead during all injection rates, the depth of the tool is not important and
the pressure can even be measured at the wellhead; however, this is rare and most
geothermal wells are more permeable than this.

6.3.2 Water loss surveys

The first part of the test is a water loss survey, where cold water is injected down the
well commonly at three difterent rates (Fig. 6.6). Injection is usually via the drilling rig
pumps and water supply system, while the drilling rig is demobilising from site. A
pressure—temperature—spinner (PTS) tool 1s run up and down the well to measure
various profiles during each of the three injection rates to help identify the main water
loss zone(s) in the well. The main loss zone that is taking most of the injected cold
water is likely to be the most permeable zone (major feed zone), where most of the
hot geothermal fluid will enter the well during production. Having access to the
MWD data (ROP, WOB and TQ) and possibly BHI data to consider in conjunction
with the water loss survey and fluid velocity profiles will help the well test engineers
to better identify the main loss zones. Final confirmation of the location of the major
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Figure 6.7 Temperature profiles of a Wairakei well during water loss surveys. Data from Contact
Energy Ltd., with kind permission.

feed zone comes from the identification of the PCP, if present, from heat-up surveys
(Section 6.3), though these are not available until many weeks after the completion
test and a preliminary assessment is always required.

Fig. 6.7 shows the temperature profile of a Wairakei well for three cold water injec-
tion rates. The higher the injection rate, the lower the temperature profile during
injection due to more fluid flow and more cooling. Eight loss zones are identified from
sudden increases in the temperature gradient (Fig. 6.7), and it is not clear from this data
alone which of the feed zones is the major one. It should be noted that the increase in
injection rate and hence the injection pressure will tend suppress the lower feed zones.

Raw spinner data are profiles of the frequency at which an impeller spins as the
tool travels at a given velocity up or down the well. For each flow rate, ideally a set of
profiles will be measured with multiple up- and down- velocities (Fig. 6.6), which are
then used to calculate a single fluid velocity profile for that injection rate. The calcula-
tion of the fluid velocity at each depth can be visualised using a ‘cross plot’ which is a
plot of tool velocity versus spinner frequency (Fig. 6.8). Data are effectively extrapo-
lated either with a linear or bilinear trend line to identify the tool velocity at which
the frequency would be zero. Zero frequency means the spinner (impeller) is not
turning, which only occurs when the tool is moving at the same velocity at the
injected water (no relative velocity). Therefore in this circumstance the tool velocity

123



124

Geothermal Well Test Analysis

2.0
0 Tool moving
E downhole at 3 e
T 15 different speeds /,/"
2 e
L L4
Bilinear fit g 1.0 P ’///
intercepts give i o
. . s 7
fluid velocity of osep 7 Linear fit intercept
0.4-0.5m/s - ¥, gives fluid velocity
average 0.45m/s ss[® of 0.25 m/s
&%
77
-800 -600 -400 - 200 400 600 800
7”7
A 05 Frequency (Hz)
”
P A -1.0
7
& Tool moving 15
uphole at 3
different speeds
-2.0

Figure 6.8 Cross plot of spinner data: tool speed versus frequency at a particular depth, showing
linear and bilinear fit to data. Data from Contact Energy Ltd., with kind permission.

equals the fluid velocity. Each cross plot yields one data point for fluid velocity at one
particular depth, and it would be impractical to process the entire data set visually in
this manner. Processing can be achieved using standard functions in Excel or by using
customised programmes to automate the generation of the entire fluid velocity profile.

The fluid velocity profiles for the same Wairakei well in Fig. 6.7 are given in
Fig. 6.9. In theory, feed zones are identified from decreases in the fluid velocity, as
fluid exits the wellbore. However, the fluid velocity is also affected by changes in
borehole diameter (even in the annulus outside the perforated liner), and so there are
many apparent decreases (and increases) which do not relate to feed zones. Fig. 6.9
shows data from a well with highly variable borehole diameter, and two examples are
indicated of fluid velocity anomalies which do not relate to feed zones. It is possible to
remove the impact of the variable borehole diameter by dividing one profile by
another, by the ‘spinner ratio’ method (Grant et al., 2006), and for this purpose it is
desirable to have at least two high quality fluid velocity profiles. The spinner ratio pro-
file in Fig. 6.9 reveals two permeable feed zones in the well.

It would usually be expected that the fluid velocity would be zero at the base of
the well, as there will be no fluid movement beyond all the permeable zones.
However, in the example well in Fig. 6.9 this is not the case: there is clearly a perme-
able zone at the very bottom of the well, which is also apparent in the nonconver-
gence of the temperature profiles in Fig. 6.7.
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Figure 6.9 Fluid velocity profiles of a Wairakei well for three different injection rates during the
water loss survey, and the ratio of two of the profiles. Data from Contact Energy Ltd., with kind
permission.

It can be seen in Figs 6.7 and 6.9 that the feed zones apparent in the injection tem-
perature profiles are not necessarily the same as those apparent in the spinner ratio. A
robust interpretation is only possible by integrating as many data types as possible,
including heatup profiles (Section 6.3), drlling data (Section 6.1) and BHI
(Section 6.1.3) if available. An example of an integrated feed zone interpretation is
shown in Fig. 6.10, incorporating data from the water loss survey, heatup and BHI.

6.3.3 Injectivity index

The injectivity index is a measure of the well fluid take at a given WHP or reservoir
pressure. It is normally measured in tonne/h/bar or kg/s/kPa or kg/s/bar (Grant and
Bixley, 2011).

I=— (6.4)
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Figure 6.10 Integrated interpretation of feed zone location, for the same Wairakei well as Figs 6.7
and 6.9 including (A) fluid velocity profiles and spinner ratio; (B) temperature profiles during
injection and heatup and PCP; (C) temperature gradient to highlight rapid change; (D) interpreted
location of feed zones and (E) BHI fracture data. PCP, Pressure control point; BHI, borehole imaging.
From Massiot, C.,, McLean, K., McNamara, D., Sepulveda, F., Milicich, S., 2017. Discussion between a res-
ervoir engineer and a geologist: permeability identification from completion test data and borehole
image logs integration. In: Proceedings of the 39th New Zealand Geothermal Workshop. Rotorua, New
Zealand, with kind permission.

where II is the injectivity index (tonne/h/bar), Asm is the change in mass flow rate
(tonne/h) and AP is the change in pressure (bar). If the injectivity is measured using
the WHP, then the well take is as follows:

m =1 X PWHP (65)
While if the reservoir pressure is used as the reference then the well take is:
= II(PRes - PWCII) (66)

Table 6.2 gives a qualitative indication of the relationship between measured injec-
tivity and two-phase well production potential.
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Table 6.2 The relation between measured injectivity and the potential for fluid
production for two-phase systems.

Injectivity (tonne/h/bar) Description of production capacity
<5 Poor producer (not useful)
10—-20 Small producer
>50 Good producer
(A) (B)
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Figure 6.11 WHP response during a completion test (injection fall-off): (A) injection flow rate and
pressure, showing ‘stable’ points for linear fitting [red circles (grey in print version)] and (B) linear fit
through flow rate versus pressure chart of data from (A). WHP, Wellhead pressure.

Note that high injectivity does not always mean good productivity; the well also
needs to have a high feed zone temperature and this might not be known at this stage
of the completion testing, only becoming apparent after an extended period of heating
(Section 6.3).

The fitting of the well injectivity is normally one straight line to get the average
well injectivity (see Fig. 6.11 for example). Fig. 6.11 was created artificially using a
simulator to show a smooth injection pressure response, which is not common in
practice. It uses unrealistic injection flow rates, which are not possible to achieve in
practice through a standard size production casing. The high injectivity index of
160.6 tonne/h/bar with a positive WHP at zero flow rate is also unusual. The pressure
fall-off is also relatively quick to reach initial level (final reservoir pressure).

Fig. 6.12 shows an actual injection fall-off test (measured with the reservoir pres-
sure as the reference) of a relatively low/medium injectivity well (9.3 tonne/h/bar)
and a slow pressure fall-off. Note that the injectivity in Fig. 6.12 is referenced to the
reservoir pressure rather than the WHP.

Many conventional wells have a pressure-dependent injectivity or what is some-
times called skin-dependent injectivity (in damaged wells), where the high positive
skin controls/limits the well take. An example of pressure-dependent injectivity is a
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Figure 6.12 Reservoir pressure response during a completion test (injection fall-off): (A) injection
flow rate and pressure and (B) linear fit through flow rate versus pressure. Data from Contact
Energy, with kind permission.
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Figure 6.13 Injectivity of a hot water well showing a pressure-dependent injectivity and the frac-
ture pressure. Data measured by authors.

well with an existing fracture or fracture network that opens further during high-
pressure injection (Wibowo et al., 2010) or the injection of high-pressure water initi-
ates a new fracture by exceeding the rock fracturing pressure (Fig. 6.12). This is also
known as hydrofracturing or water enhancement and is used in some conventional
(Aqui and Zarrouk, 2011) and EGS (Bendall et al., 2014) fields to improve the
permeability of the well. It is different from hydraulic-fracturing (fracking) used in the
petroleum industry and will be discussed further in Section 9.3.2.

It is our preference that the injectivity is fitted with a piece-wise linear fit
(Fig. 6.13) rather than a single straight line, which will not be representative if the data
points do not line up.
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Figure 6.14 ‘Infinite’ injectivity/permeability well. Data provided by Mr Julian Lopez.

It is also common to use the reservoir pressure as a reference rather than the
WHP, if the reservoir is very permeable and the well cannot sustain a positive WHP
during injection, which means the water level inside the well does not reach the well-
head. Experience in some unique shallow and highly permeable (highly fractured)
wells have shown that increasing the injection rate results in no increase in the water
level in the well and so is not felt by the sensitive down-hole pressure tool, hence
these wells are sometimes known as ‘infinite injectivity or infinite permeability
wells’ (Fig. 6.14). This is because it is not possible to measure the reservoir injectivity,
which will be infinity (using Eq. 6.4) when there are no changes in reservoir pressure
during injection.

Fig. 6.14 shows an infinite injectivity/permeability well during injection fall-off
testing in a shallow <400 m hot water system well. The down-hole reservoir pressure
remains constant before and after cold water injection of up to 143 tonne/h. The
down-hole transient temperature data shows the cooling effect of cold water pumped
during the injection, which then heats up when the injection stops. The tool was then
lowered below the test target to tag the bottom of the well (total depth) hence the
slight increase in temperature and pressure before the tool was retrieved (Fig. 6.14).
This well was not self-discharging and was installed with a down-hole pump, which is
the only limit to productivity from such a permeable well.

The injectivity is normally estimated using cold water. However, wells that are
used for hot brine reinjection will have different effective injectivity when hot water is
used. Experience in many fields showed that the injectivity reduces with increase in
the injection fluid temperature. This will have significant negative implications if the
injectivity measured with cold water is used to design the hot brine reinjection system
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(pumps etc.). For this reason, Siega et al. (2014) developed an empirical method based
on field observations to correct the injectivity index for the injection fluid tempera-
ture, which is presented in Section 9.3.3. Cold fluid stimulation (thermal effects).

In very deep (e.g. EGS) wells, the friction between the injected fluid and the long
well casing can result in quadratic-shaped injectivity when using the WHP. In this
circumstance, it is recommended to use the reservoir pressure as the reference for the
well injectivity index(II).

6.3.4 Injection pressure transient: build-up/fall-off

PTA is an extensive subject, covered in detail in Chapter 4, Introduction to Pressure-
Transient Analysis, and Chapter 5, Advanced Analytical Pressure-Transient Analysis
Relevant to Geothermal Wells and Chapter 8, Numerical Pressure-Transient Analysis
Modelling Framework. In this section the analysis will not be discussed, only the man-
ner in which the data collection fits into the completion test design (Section 6.2.1).

It is possible to measure pressure transients at various times throughout the comple-
tion test, whenever there is a change in flow rate. When injection rates increase,
“build-ups” can be measured (not the same as a build-up after production), and when
rates decrease, “fall-offs” can be measured. Ideally, both a build-up and fall-oft will be
measured, to yield two different types of PTA data set for comparison, and without
moving the tool (as discussed in Section 6.2.1).

Unfortunately, pressure fall-offs are commonly measured as an afterthought, to
zero flow, when the well is shut in and the tool is still in the well waiting for the first
heatup run (often 1-hour heating). From a PTA point of view, a fall-oft to zero flow
should be avoided due to a range of issues that can arise when injection ceases and the
temperature profile in the well changes rapidly as the well heats up. These include
expansion of the fluid column (Section 7.10), expansion of the wireline (Section 7.9)
and also downflows which were suppressed by injection but start again when injection
stops (Section 7.8). A fall-oft to a lower flow rate rather than zero flow (these two
options are shown in Fig. 6.6) is strongly recommended as it avoids those issues as
much as possible, by minimising the change in temperature profile of the well over
the duration of the pressure transient.

6.4 Heat-up (warm-up) surveys

A typical completion test finishes with a period when injection stops and the well is
allowed to heat up for some time (often 1 hour) and then the first heat-up PTS profile
is measured (Fig. 6.6). The well then remains shut (no injection or production) for
several weeks and a number of PTS profiles are measured at increasing time intervals.
A typical set of heat-up profiles are measured at 1 hour, 1 day, 2 days, 7 days, 14 days
and 28 days, though this varies due to operational constraints or if the well heats up
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Figure 6.15 Temperature profiles of a Tauhara well during cold water injection and heat-up.
Data from Contact Energy Ltd., with kind permission.

very slowly or very rapidly. These heat-up surveys help identify the main feed zone
through (1) temperature profiles revealing locations of rapid heating (Fig. 6.15) and (2)
pressure profiles revealing the location of the PCP (Fig. 6.16).

The PCP is a very strong indication of the major feed zone in the well.
Geothermal wells typically have multiple feed zones; and the PCP will generally be
near the major feed zone. However, it is not always this simple and in wells with two
dominant feed zones, the PCP will lie between these feed zones. The PCP is also
called the ‘pivot point’ as the set of pressure profiles appears to pivot (clockwise) at
this depth as the well heats up (Fig. 6.16). This indicates a strong connection to the
reservoir at this depth, which keeps the pressure constant at this depth, while it
changes above and below due to changes in density of the fluid column as the temper-
ature increases in the well.

The drawback is that the PCP does not become clear until several weeks after the
completion test, and not all wells have a PCP. If the well is impermeable and has no
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Figure 6.16 Pressure profiles of a Tauhara well during cold water injection and heatup showing a
clear PCP. Data from Contact Energy Ltd., with kind permission.

strong connection to the reservoir, then there will be no PCP, and the pressure profiles
will be parallel to each other. In addition, if the reservoir is not very hot, it will be difficult
to observe pivoting (even if the well has a good permeable connection to the reservoir) as
there will be little temperature change to alter the density of the fluid column. If the
PCP shows up inside the cased part of the well and the well has high (commercial level)
temperatures, it will be an indication that the well has some formation damage (+ skin).

Fig. 6.15 shows the heatup temperature profiles of a well at Tauhara Geothermal
field, New Zealand. The temperature profile after 1 hour of heatup shows a major
reversal below 1300 m, most of the injected water exited the wellbore above this
depth and resulted in significant cooling of this upper zone with temperatures
<100°C. The same upper zone heated to 270°C in 1.5 days and kept on increasing.
This is a clear indication of the major (permeable) feed zone of this well, expected to
be the source of production. This conclusion is consistent with the location of the
PCP, also located at approximately 1300 m depth (Fig. 6.16).

The Tauhara well of Figs 6.15 and 6.16 is a typical two-phase well in a medium-
enthalpy system with temperatures near boiling point, anticipated to produce
>20 MWe. It is important to note that not all heat-up surveys are as simple or
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straightforward to analyse as in this Tauhara example. It is common to have wells with
internal flow which masks the actual well behaviour (Horne, 2016), especially in
reservoirs where production and drawdown in the deep reservoir initiate recharge
(downflow) from shallower aquifers.

Geothermal well test analysis in general and down-hole heat-up surveys in
particular are subjective. The interpretation of the surveys must consider the laws of
thermodynamics, fluid mechanics and heat transfer. It is common to have more than
one possible or logical interpretation of the data; this is when experience is valuable.

6.5 Output (discharge) testing

Once the well is fully heated up, it will be kept on bleed for a few days using the 1”
bleed line to slowly heat up the casing before the output test (it is not advised to ther-
mally shock the casing as this can result in casing damage).

The output test is the final and most important test carried out on the well after
completion, as it will help determine to power output of the well in MWe. The test
also provides the output curve of the well, which is used to estimate the well flow
rate and enthalpy by knowing the WHP during the operation of the well. The
measurement should be carried out from the lowest WHP (valve fully open) to the
maximum discharge pressure (MDP) which is the maximum pressure that still allows
the fluid to discharge to the wellhead (Fig. 6.17).

Fig. 6.17 shows that the enthalpy drops by 100 kJ/kg with the drop in mass flow
rate as the well is throttled during an output test. A further loss of enthalpy of about
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Figure 6.17 Output curve (deliverability curve) of a two-phase medium-enthalpy well. Throttling of
the well increases to the right of the chart (as WHP increases). WHP, Wellhead pressure. Data from
Contact Energy Ltd., with kind permission.
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50—100 kJ/kg also takes place between the reservoir and the wellhead as the geother-
mal fluid needs to overcome the different pressure drop components (acceleration,
friction and gravity) and also due to some thermal loss through the casing
(Zarrouk and Moon, 2014). The output curves (mass flow rate vs WHP) of all wells
will change (decline) with time and this can be modelled with the elliptical
curve equation: this is presented in Section 9.2.1 Decline analysis from discharging
wells. The enthalpy of the produced geothermal fluid can also change (likely to
increase) with time, but this depends on the type of geothermal system. For warm
and hot water systems, the enthalpy is unlikely to increase much as there is no
flashing taking place in the reservoir. In two-phase systems, high enthalpy wells will
experience an increase in enthalpy with time as more fluid is withdrawn from the
reservoir and the pressure draws down more rapidly than low and medium-enthalpy
systems due to the lower permeability. Vapour-dominated systems on the other
hand can start their production life with wet steam then produce dry and later
superheated steam. If the produced enthalpy of the well reduces with time, this
can be related to cold water intrusion from shallow formations or reinjection
returns (thermal breakthrough). Monitoring the production fluid chemistry will help
identify the exact cause.

Output curves can also be generated/predicted using wellbore simulators prior to
testing the well based on the well design and reservoir conditions. Wellbore simulators
(e.g. WellSim) are also used to match the measured output curves to estimate reservoir
(bottom-hole) conditions.

Fig. 6.17 also shows the MDP point of the well, James (1980) related the MDP
with the liquid feed zone temperature using the following equation:

T =99.75 X Pyis (6.7)

where T is the feed zone temperature (°C) and Pypp is the MDP (bara).

Example: For the data in Fig. 6.17, the MDP is 36.6 bara, using Eq. (6.7) gives
a feed zone temperature of 276.3°C with a liquid enthalpy of 1217.4 kJ/kg which
is very close to the measured enthalpy (well fully open) of 1220 kJ/kg in
Fig. 6.17.

Eq. (6.7) can be used to estimate the feed zone temperature from output testing
data when it is not possible to run a temperature tool down the well.

One of the practical challenges with output testing is the limited water storage
volume for the fluid produced by the well. This should not be a problem for vertical
discharge, but more of a problem in horizontal discharge testing, when the produced
fluid is stored on site in the drilling pond. The various flow measurement methods are
discussed in Section 6.5.
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6.6 Flow measurement methods

There are several methods used for measuring well output used by the geothermal
industry, which may be suitable depending on the likely size (strength) of the well,
and other operational constraints. These include the measurement of the mass flow
rate and enthalpy.

Note that the geothermal fluid flow is measured as mass flow rate rather than vol-
ume flow rate (e.g. m>/s or L/min) since the volume of fluid (steam and water)
expand with temperature. The mass flow rate is commonly reported in tonne/h for
simplicity; however, all calculations are done in kg/s (1 kg/s = 3.6 tonne/h). The (spe-
cific) enthalpy is measured and reported in kJ/kg.

6.6.1 Vertical discharge with lip pressure

Newly drilled geothermal wells are commonly discharged vertically after completion
to allow the well to clear any rock cuttings, mud and other drilling effluents. Installing
a lip pressure pipe during the vertical discharge (Fig. 6.18) can also be used to measure
the mass flow rate to calculate the power output of the well. The lip pressure method
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Figure 6.18 (A) Geothermal well with lip pressure pipe during vertical discharge test and (B) the
shape of the discharged plume: (i) super heat steam, (ii) saturated steam, (iii) two-phase fluid with
low flow rate, (iv) two-phase fluid with medium flow rate and (v) two-phase fluid with high
flow rate.
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was developed by James (1962), where the geothermal fluid is discharged to the atmo-
sphere through a pipe and the pressure at the pipe-lip is measured. The empirically
derived James correlation is used to calculate the two-phase mass flow rate (Eq. 6.8).
This method is useful for well production testing, with good accuracy over a short
period.

. 184X AX P
where n; is the total mass flow rate (kg/s); Py, is a lip pressure (bara); A is the cross-
sectional area of lip pressure pipe (cm?) and h is the enthalpy (kJ/kg) of liquid at the
feed zone temperature, known from the heated-up down-hole temperature profile of
the well.

[t is important to note that vertical discharge is only suitable for measuring geo-
thermal wells with liquid feeds. However, experience has shown that most wells have
higher enthalpy than that of saturated fluid at the feed zone temperature (Mubarok
and Zarrouk, 2017), so some level of excess enthalpy is present in most two-phase
wells.

Another important point to note is that Eq. (6.8) is not very sensitive to changes to
the enthalpy, which is good since the enthalpy is estimated.

The major limitation of the vertical discharge method is the very high level of
noise as the fluid is discharged to the atmosphere, which can be around 140—160 dB.
In addition, the vertically discharged fluids spray the ground around the well with
geothermal fluid rich in silica and heavy metals. For this reason, the vertical discharge
method is limited in populated areas and may be subject to local environmental
regulations. The major benefits of the vertical discharge method are reliability and
low cost.

The shape of the fluid plume as it emerges from the lip pressure pipe visually indi-
cates if the well is high or low enthalpy (Fig. 6.18B). Wells discharging dry steam will
have a transparent zone as the steam leaves the lip pressure pipe (Armstead, 1978).
High enthalpy wells will have a lower mass flow rate and a more conical shape, while
lower enthalpy wells with higher mass flow rates will have a much wider base.

6.6.2 Horizontal discharge with lip pressure

In this method the geothermal two-phase fluid is discharged into a silencer (atmo-
spheric flash vessel) through a horizontal lip pressure pipe where the water flow rate is
measured using a weir box at the back of the silencer (Fig. 6.19).

The discharge enthalpy and mass flow rate for the horizontal lip pressure
method can be calculated using Eqs (6.9)—(6.11) (Grant and Bixley, 2011; Mubarok
et al., 2015).
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Figure 6.19 Output testing using a horizontal discharge into a silencer. Modified from Mubarok, M.
H., Zarrouk S.J., Cater, J.E., 2019. Two-phase flow measurement of geothermal fluid using orifice plate:
field testing and CFD validation. Renew. Energy 134, 927—946.

_ mw(atm) hﬁg(atm)

my = 6.9
’ hg(atm) —h ( )

where #i1,am) 15 the liquid mass flow rate (kg/s) at atmospheric pressure through a
weir box (Fig. 6.19); hy(aum) is the steam enthalpy at atmospheric pressure (kJ/kg); and
hgy(aem) 1s the latent heat at atmospheric pressure (kJ/kg).

The enthalpy h (kJ/kg) can be calculated using the following equation after Grant
and Bixley (2011):

hy(atm) + 3329Y

h= (6.10)
1+28.3Y
where
_ ’;”w(atm)
= —— 6.11
A o

where Py, is the lip pressure (bara), A is the lip pressure pipe cross-sectional area (cm?)
and ity ) 15 the mass flow rate (kg/s) in the weir box at atmospheric pressure
(1 bara).

Eq. (6.10) is limited to an enthalpy range between 800 and 2200 kJ/kg (Grant and
Bixley, 2011).

The horizontal discharge is more accurate for the measured mass flow rate than
vertical discharge, as it measures the actual enthalpy of the well and can be used to
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Figure 6.20 Horizontal atmospheric discharge of a direct use well without a lip pressure pipe
(Rotorua, New Zealand). Picture by authors.

measure wells with two-phase feed zones (not only liquid feeds). However, the
method is more expensive when compared to vertical discharge due to the additional
equipment requirements and setup time.

Some geothermal field operators carry out horizontal discharge testing into the
silencer without the use of a lip pressure pipe. In this case, the enthalpy is estimated
based on the feed zone temperature, similar to vertical discharge testing. In this
case, only Eq. (6.9) will be required to calculate the mass flow rate, and the result
generally matches vertical discharge testing. However, the added cost for having a
lip pressure pipe is relatively small compared with the cost of mobilising and instal-
ling a silencer. It will allow the measurement of enthalpy during the output test,
which is important. Therefore horizontal discharge testing without a lip pressure
pipe is not recommended.

Some low-enthalpy direct use wells producing from lateral outflows are discharged
horizontally without a lip pressure pipe or a silencer (Fig. 6.20). This serves to clear
the well of any build-up of silt or debris around the feed zone. It also gives the well
operators a qualitative visual estimation of changes in the well output; however, it
cannot quantify the output.

The main health and safety consideration during atmospheric discharge of
geothermal fluids is noncondensable gas (NCG) (CO, and H,S) poisoning.
Normally the gas discharges in higher concentration at the start (as it accumu-
lates in the well casing on top of the water level) and later declines depending
on the NCG content in the geothermal fluid. Gases can build-up/settle in loca-
lised depressions (e.g. well cellar). Large fans could be used to disperse the gas
when there is no wind and gas detectors with alarms should be carried by all
personnel. Some of the symptoms of gas poisoning are headache, dizziness, nau-
sea, eye and throat irritation, fatigue and breathing problems. Exposure to high
gas concentrations may cause unconsciousness or death.
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6.6.3 Separator method

The two-phase geothermal fluid is separated into steam and liquid brine in a separator
vessel at a pressure higher than atmospheric pressure.

The efficiency of separation can be as high as 99.99% (Zarrouk and Purnanto,
2015). The separated steam flow can be measured using an orifice plate, while the sep-
arated liquid flow is commonly measured using a silencer with a weir box and more
recently ultrasonic meters are used to measure the liquid flow rate.

Note that using a simple orifice plate for the liquid phase can induce flashing of
the saturated brine leading to water hammering problems (Watson, 2013). Therefore
the separated liquid is commonly measured using a silencer with a weir box
(Fig. 6.21).

When the flow of separated steam and liquid has been measured, the two-phase
flow rate and total enthalpy of the well can be calculated using Eqs (6.12)—(6.14).

it = 1y, + g (6.12)

where 1, is the mass flow rate of water (brine) (kg/s) and #i, is the steam flow rate
(kg/s). The dryness (x) and total enthalpy (h) of the fluid are given in the following
equations:

x=— (6.13)

h=hy + xh (6.14)
y + xhy

where hy is the liquid enthalpy (kJ/kg) and hy, is the latent enthalpy (kJ/kg) at the
separator pressure.
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Figure 6.21 The separator method for measuring well output. Modified from Mubarok, M.H.,
Zarrouk S.J,, Cater, J.E,, 2019. Two-phase flow measurement of geothermal fluid using orifice plate: field
testing and CFD validation. Renew. Energy 134, 927—946.
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Figure 6.22 Horizontal discharge into an atmospheric separator. Modified after Khasani, I.R., Itoi, R.,
Zarrouk, S.J,, 2015. The utilization of transient output measurement to characterize geothermal reser-
voir properties using AWTAS for well 2H-21 at Hatchobaru geothermal field, Japan. In: Proceeding of
the World Geothermal Congress. Melbourne, Australia.

The separator method is the most accurate method for measuring both mass flow
rate and enthalpy (Helbig and Zarrouk, 2012: Mubarok et al., 2019). However, the
associated cost is high due to capital costs including separator, silencer and rock muf-
fler, as well as transportation and installation costs.

In some Japanese fields (e.g. Hatchobaru) and the geothermal fields in Iceland, the
common practice is to use an atmospheric separator (Fig. 6.22), which is a modified
silencer without a lip pressure pipe, but having the steam flow leaving the silencer
measured using a single-phase sharp edge orifice plate (Khasani et al., 2015). This will
allow accurate measurement of the total mass flow rate and enthalpy from each well
using Eqs (6.12)—(6.14).

6.6.4 Total flow calorimeter

The total flow calorimeter is a simple and practical method to measure mass flow rate
and flowing enthalpy from geothermal wells (Bixley et al., 1998). Geothermal fluid is
discharged into a tank (at atmospheric pressure) about half full of cold water of known
volume and temperature (Fig. 6.23). The concept of this method is to measure the
initial and final conditions for volume and temperature of the fluid inside the tank and
convert these to a mass flow rate and flowing enthalpy. The mass flow rate and
enthalpy are given by the following equations (Grant and Bixley, 2011):

(pw2 VZ) - (pwl VI)
At

(6.15)
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Figure 6.23 Schematic of output testing using a calorimeter. Modified from Mubarok, M.H., Zarrouk

S.J., Cater, J.E, 2019. Two-phase flow measurement of geothermal fluid using orifice plate: field
testing and CFD validation. Renew. Energy 134, 927—946.
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(6.16)

where ni, is the total mass flow rate (kg/s), p,, is the density of the cold fresh
water (kg/m’), V; is the volume (m’) of the cold water, p,, is the density of the
water—geothermal fluid mixture (kg/m’), V5 is the volume of cold water—geothermal
fluid mixture (m?), At is the time (in seconds) taken for the water volume in the
tank to increase from 1, to 17, Q is the well thermal power output (kWy,), /1,1 is the
specific enthalpy of the cold water (kJ/kg) at T; (°C), h,» is the specific enthalpy of
the mixture (kJ/kg) (at T (°C)) and h is the measured flowing enthalpy of the well
kJ/kg).

Bixley et al. (1998) showed that the calorimeter is only practical for geothermal
wells with a limited output of approximately 25 kg/s (90 tonne/h) because of the
limited tank capacity. This flow rate is small for commercial electrical power produc-
tion wells. In theory it is possible to increase the tank capacity in order to accommo-
date a larger mass flow rate; however, the tank size and increased cold water needed
would make it difficult to transport the calorimeter to remote well test sites.
Therefore this method is only suitable for geothermal wells with low flow rates.
Calorimeters are normally used for testing small size investigation wells (slim holes)
and direct use wells.

Some of the challenges include the loss of steam and water from the top of the
tank, heat loss through the tank walls and the restriction in the surface pipeline con-
necting the well to the calorimeter, which can mask the actual well production capac-
ity. This is a common problem that results in a quadratic-shaped well output and an
enthalpy that increases with the increase in WHP (Fig. 6.24), which is unrealistic.
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Figure 6.24 Output test of well RR778 (154 mm diameter production casing), Rotorua, through a
76 mm diameter pipeline into a calorimeter. Data from Killip, M., 1984. Report on the output test for
bore 778. In: Ministry of Energy—Rotorua Geothermal Task Force, Tests 5&6 (Killip, 1984).

6.6.5 Tracer dilution method

Also known as tracer flow testing (TFT), the tracer dilution method is a chemical
method where the mass flow rate and total enthalpy are calculated by injecting
chemical tracers of known concentration into the two-phase pipeline (Lovelock,
2001). Steam and water samples are collected downstream then sent to the lab
for analysis.

A host of chemical tracers are used in the geothermal industry. Different
tracers are used for liquid and steam phases. The tracers for measuring the
liquid phase include potassium fluoride (KF), sodium bromide (NaBr), fluorescein
dye, sodium benzoate, rhodamine WT dye, 1,5-naphthalene disulphonate and 2,7-
naphthalene disulphonate (Hirtz et al.,, 2001). Tracers used for the vapour phase
include propane, sulphur hexafluoride (SFg), freon-12, helium and isopropanol
(Hirtz et al., 2001).

The equipment for this method consists of two parts: an injection pump setup
(Fig. 6.25A) and sampling setup (Fig. 6.25B). The chemical tracers, in a tracer feed
bottle, are injected at a known rate into the upstream side of a two-phase pipeline
using a positive-displacement dosing pump. Then samples of the liquid and steam
phases are collected at a downstream sampling point, ideally one at the top of the pipe
for the steam sample and one at a 45° angle from the bottom for the liquid sample.
The location of the downstream sampling point has to be far enough (100 X pipe
diameter) away from the injection point to ensure that the tracers are completely
mixed with the geothermal fluid.
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Figure 6.25 (A) Tracer injection setup and (B) downstream brine and steam sampling setup.
Modified from Mubarok, M.H., Zarrouk S.J., Cater, J.E., 2019. Two-phase flow measurement of geother-
mal fluid using orifice plate: field testing and CFD validation. Renew. Energy 134, 927—946.

When lab results are available, the steam and liquid flow rate can be calculated
using the following equations (Grant and Bixley, 2011; Lovelock, 2001):

. mwt

My, = = 6.17
e (6.17)

. mst

My = —. 6.18
z. (6.18)

where 71, is the water tracer injection flow rate (mg/kg); C,, is the tracer concentration
in water minus background concentration (mg/kg); iy, is the steam tracer injection flow
rate (kg/s); and Cy is the tracer concentration in steam minus background concentration
(mg/kg). The steam mass flow (ii1;) in Eq. (6.17) has to be corrected for the amount
of steam tracer dissolved in the water (Lovelock, 2001) using the following equation:

— (’./nngS) - (’;nwcw)

c (6.19)

S

where C,, and C; are the alcohol (steam tracer) concentrations in the liquid and steam
(mg/kg). The steam (i1;) and liquid (rn,,) mass flow rate (kg/s) are calculated at the
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pipeline pressure. The total enthalpy (h) can be calculated from measured i, and i,
values at the pipeline pressure using the following equation:

_ it + iy

h (6.20)

g + iy,

The results from the TFT method will not be available until a few days after the
test, when the results of analysis of the tracer samples return from the laboratory.
Helbig and Zarrouk (2012) showed that the TFT method is the least accurate method
of output testing and requires relatively high ongoing running cost.

A study by Broaddus et al. (2010) shows that the TFT method can be used for
online flow rate and enthalpy measurement using automated analysis. The challenge
of this method is that it is difficult to find appropriate instrumentation for chemical
tracer analysis with the required sensitivity and accuracy due to the limitations of cur-
rent sensor technology.

The total flow calorimeter and lip pressure pipe methods both require the geother-
mal well to be taken out of production during testing. The separator and TFT meth-
ods have the benefit that they can be used while the well is online (in production);
however, the separator method requires significant capital cost for infrastructure, and
TFT does not provide real-time results. Real-time mass flow rate and enthalpy mea-
surement during production is very desirable in order to minimise prediction error,
loss of generation and ongoing measurement expenses.

6.6.6 Two-phase sharp edge orifice plate

This method is a simple modification of the single-phase orifice plate method, to allow
the measurement of two-phase mass flow rate. The single-phase orifice plate method
is widely used by the geothermal industry for measuring steam from dry wells or main
headers, or water/brine.

The two-phase orifice plate (Fig. 6.26) has been reported in use in many fields
around the world (Helbig and Zarrouk, 2012). Helbig and Zarrouk (2012) and
Mubarok et al. (2019) tested a host of correlations for the use of the orifice plate in
two-phase flow measurement. Mubarok et al. (2019) gave a simple and accurate corre-
lation for the measurement of two-phase mass flow rate (Eq. 6.21).

/BB ) p—
i, = 970,000 X h~ 17?2 X ("f) X % (6.21)
V1=p

where p; is the pressure of the orifice plate (bar), p, is the pressure downstream of the

2

orifice plate (bar), D is the inside pipe diameter (m), d is the orifice diameter (m)
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Figure 6.26 Measuring two-phase flow using the sharp edge orifice plate. Modified from Mubarok, M.
H., Zarrouk S.J., Cater, J.E., 2019. Two-phase flow measurement of geothermal fluid using orifice plate:
field testing and CFD validation. Renew. Energy 134, 927—946.

(ﬂ Zd/D), h is the enthalpy of the two-phase fluid (kJ/kg) and Ap=(p; — p2)
(Fig. 6.26).

Eq. (6.21) requires an estimate of the enthalpy, which is considered constant.
Alternatively the output curve of the well (e.g. Fig. 6.17) is used to estimate the
enthalpy as a function of WHP, which will make Eq. (6.21) a function of WHP.
However, this is not very accurate as the output curve of the well changes with time
due to reservoir pressure drawdown. This will require remeasuring the well output
using one of the methods discussed above, which may include taking the well out of
production and the associated costs.

There is ongoing work to modify and improve the operation of the two-phase ori-
fice plate method to measure enthalpy as well as mass flow rate.

6.6.7 Comparison between the different two-phase
measurement techniques
Helbig and Zarrouk (2012) provided a comparison between the accuracy of some of
the different two-phase measurement techniques (Table 6.3).

Several other two-phase measurement methods have been investigated using labo-
ratory and field-testing techniques by many authors (Mubarok et al., 2019). However,
none of these methods has made it to commercial or industrial use. This is due to

unknown accuracy, lack of measurement repeatability, complicated setups and high
costs (Mubarok et al., 2019).

6.7 Discharge prediction

As discussed earlier in Chapter 2, Geothermal Systems, conventional wells drilled in
warm and hot water systems are unlikely to self-discharge unless the reservoir pressure
is higher than the hydrostatic head of water. Most two-phase and dry steam wells are
self~discharging; however, some geothermal two-phase wells can be left open, and
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Table 6.3 Accuracy of different measurement techniques.

Method Good (careful) test control Average (normal) test control
Separator h=10kJ/kg h£30k]J/kg
i+ 2% m 4%
Lip pressure pipe h=20kJ/kg h =50 kJ/kg
m * 4% m £ 8%
Sharp edge weir m* 2% m * 4%
Tracer dilution h=*20kJ/kg h =50 kJ/kg
mx 7% i+ 10%
Single-phase orifice plate h*10kJ/kg h =30 kJ/kg
i x 2% m =+ 4%
Two-phase orifice plate h=20kJ/kg h =50 kJ/kg
m * 5% m £ 8%

Source: After Helbig, S., Zarrouk, S.J., 2012. Measuring two-phase flow in geothermal pipelines using sharp edge
orifice plates. Geothermics 44, 52—64.

even though the reservoir is hot and permeable, they will not spontaneously discharge
by themselves. Mubarok and Zarrouk (2017) reported that this problem affects 15%—
20% of the conventional two-phase wells and is more common in low and moderate
enthalpy geothermal systems.

The causes of the wells not self-discharging are as follows (Sarmiento, 2011; Grant
and Bixley, 2011; Mubarok and Zarrouk, 2017):

*  Deep water levels (> 500 m) from the wellhead.

» Temperature recovery is very slow and WHP does not develop by itself.

* Cold water column (due to cold ground) on top of the hot reservoir fluid.
*  Well damage (skin) during drilling.

* Poor reservoir permeability.

* High elevation terrain (lower water level).

*  Small production casing size (higher pressure drop).

Another cause can be a very long workover time, during which a large volume
of cold water is pumped down the well. In this case it is possible that the well
would discharge by itself if it was left to heat up long enough, but this could take
several years, much too long for a commercial development to wait (Watson, 2013).
These wells have to be jump-started. This is called ‘discharge stimulation’, noting
that the term ‘stimulation’ is also used to refer to the unrelated process of improving
the permeability of the near wellbore and reservoir (discussed in Section 9.3).

Predicting if the geothermal well will self-discharge or not is very important during
the planning of output testing and later during the ongoing operation of these wells.
Mubarok and Zarrouk (2017) summarised five different discharging predicting
methods including:

«  Ays/A, ratio method,
* liquid hold-up method,



 analytical radial flow simulation method,

* numerical simulation radial modelling and
» distance between the water level and the feed zone depth method.

The most widely used and reliable method is the A;/A. method developed by Sta
Ana (1985) (Mubarok and Zarrouk, 2017). This method uses available data from the
completion testing (Section 6.2) to predict the likelihood of self-discharge. Ay is the
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area between the temperature profile of the well and the BPD (boiling point for

depth) curve plotted from the eftective water level of the well (deep pressure profile
extrapolated to p = 1 bara) (Fig. 6.27). A, is the area between the 100°C line and the
measured temperature profile (Fig. 6.27). The criteria for whether the well will self-
discharge or not are given in Table 6.4. Fig. 6.27 shows a well with As/A, =0.76 for
which self-discharge is uncertain.
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Figure 6.27 A low-enthalpy well with A¢/Ac =0.76. Data from Mr. Mohamad Husni Mubarok

with permission.
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Table 6.4 The range of Af/A. ratio criteria (Sta Ana, 1985).

A¢ /A ratio Discharge prediction

<0.70 Little or no chance for successful self-discharge
0.70—0.85 Uncertain discharge

>0.85 Excellent chance for successful self-discharge

Another simple method is measuring the distance between the water level and the

feed zone depth in the shut-in and heated up well (Mubarok and Zarrouk, 2017). For
two-phase systems with feed zone temperatures >200°C, the well will self-discharge
if the distance is <600 m, while if the distance is >650 m, then the well is unlikely
to self-discharge (Mubarok and Zarrouk, 2017).

6.7.1 Discharge stimulation

If the geothermal well is not predicted to self-discharge, then discharge stimulation

techniques can be applied to make the well flow. Several methods can be applied to
get the well discharging (Mubarok and Zarrouk, 2017):

Soap sticks [for water level <100 m from casing head flange (CHF)]. Soap sticks
contain surfactant in a solid stick, which reduces the surface tension and foams the
wellbore fluid to reduce the water head and allow the well to flow. It is commonly
used in oil and gas wells for the same reason.

Air compression. The well is connected to an air compressor through the side
valve. The compressed air pushes the fluid in the wellbore deep into the forma-
tions to be heated by the reservoir rock, then the well is discharged.

Airlifting. The cold water column in the well is removed by pumping compressed
air into the wellbore via a coil tubing unit. Hot water from the near wellbore will
flow into the well to replace the removed water and hopefully flow to the surface.
Well-to-well injection. Produced hot fluid from a nearby well is injected into
the nondischarging well to heat the casing and the fluid in the well, to promote
self~discharge.

Injection of steam from a portable boiler. A portable boiler is transported to site
and steam is injected into the well to heat the casing and fluid and promote the
well to self-discharge.

Nitrogen injection. Similar to airlifting but liquid nitrogen is used which expands
when heated and pushes all the fluid inside the casing into the deep formation to
heat. This is the most expensive method of discharge stimulation and the last
resort. If nitrogen injection is not successful, then the well will not flow and either
will be used for reinjection, monitoring or installed with a down-hole pump.

Air compression is by far the most economical for wells with a deep water level

(>100 m from CHF). The Ar/A, method was originally developed for predicting the
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Figure 6.28 (A) A medium-enthalpy two-phase well with high chance (A¢/A. =1.4) of self-
discharge after air compression and (B) a hot water well with no chance (Af/Ac =0.12) of
self-discharge after air compression.

efficiency of air compression. An air compressor is connected to one of the side valves
of the well, and high-pressure air is used to push the water level in the well below the
casing shoe (CS) or into the main feed zone, and then that cold water (so recently
close to the surface) is allowed to heat up. If the water level is lowered to the CS,
then air compression can be stopped, then the well is shut off for 2 days then discharge
tested. If the water level needs to drop below the CS to the feed zone depth, then air
compression should continue for a day or two, then the well is discharged through a
lip pressure pipe. The decision to push the water level to or below the CS depends on
the depth of the feed zone and the assessment of the success of compression job using
the A;/A. method (Fig. 6.28).

Fig. 6.28A shows a medium-enthalpy two-phase system well with the original
water level at 400 m, which is lowered by air compression to the CS (~870 m). This
well has a high chance of self-discharge after air compression. While Fig. 6.28B shows
a hot water well with the original water level at the CHF, which is lowered by air
compression to the CS (~ 1340 m). Even after air compression this well has no chance
of selt-discharging a useful level of mass flow at a reasonable WHP. This well has a
WHP of about 0.45 bar gauge and can only self-discharge a limited amount of fluid
because as the reservoir pressure draws down the well will stop flowing. Also, the
WHP is very low to provide flowing pressure to any utilisation system. Using air com-
pression or other discharge stimulation method in this well does not work because
flashing will not take place. This well should be installed with a down-hole pump,
which is a common practice for hot water wells as discussed in Chapter 2, Geothermal

Systems.

149



150

Geothermal Well Test Analysis

Due to the high cost associated with discharge stimulation, it is a common industry
practice to keep these geothermal wells discharging continually even when not in use
(Mubarok and Zarrouk, 2017). This may sound wasteful; however, geothermal energy
utilisation is not about thermodynamic efficiency but rather economic viability
(Mubarok and Zarrouk, 2017).

6.7.2 Estimated output

If the geothermal well is expected to self-discharge, it is important to have an estimate
of the expected mass flow rate to enable the planning of well discharge/output testing.
This will be important for the use of correct equipment and for pipe sizing.

The well injectivity is directly related to productivity. As a rule of thumb depend-
ing on the field type, the well productivity is about three to five times less than the
injectivity index (II) in two-phase geothermal systems. The ratio (productivity/
injectivity) generally reduces with the increasing enthalpy, so it is lower in vapour-
dominated systems and higher in hot water wells.

Grant and Bixley (2011) presented a relationship between injectivity and the maximum
flow rate from the well for an 8” (0.2 m) casing size. This relation has an accuracy of
50% and is used to give a very approximate indication of the maximum production rate.

Mubarok and Zarrouk (2017) gave a similar relation for large wells with a 13%”
(0.32 m) size production casing (Fig. 6.29). The relation in Fig. 6.29. should also have
an accuracy of * 50%.
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Figure 6.29 Relation between injectivity (Il) and expected maximum well discharge for a large pro-

duction casing size 320 mm well. After Mubarok, M.H., Zarrouk S.J.,, 2017. Discharge stimulation of
geothermal wells: overview and analysis. Geothermics 70, 17—37.
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6.8 Production pressure transient: drawdown/build-up

Drawdown tests are not commonly applied in geothermal wells. This is because most
wells in two-phase systems have flashing taking place in the wellbore or the reservoir
during drawdown, which complicates the well test analysis as discussed in Section 4.2.
Most hot water and warm water wells do not self-discharge as discussed in Chapter 2,
Geothermal Systems, therefore cannot be subject to a drawdown test. However, some
hot water wells have a reservoir pressure higher than the hydrostatic head of water
and do self-discharge. These wells are tested by flowing the wells for some time, then
keeping them shut for about 8—10 times the flow test time to measure the pressure
build-up.

In wells installed with a down-hole pump, using the down-hole pump for the
drawdown (pumping test) can affect the build-up test since the pump tube will be full
of fluid, while the annulus between the tube and casing will have a lower head (e.g.
Fig. 3.13). This pressure differential can make the fluid flow from the tube back into
the reservoir causing the pump to run in the opposite direction, which can be
observed at the surface if a top drive pump is used. The effect will show up as a
straight line during early build-up and is more prominent in low permeability wells,
which take a longer time to recover (Fig. 6.30).

This will also result in an extended (> 1.5 log cycle) wellbore storage period,
shown in the log-log pressure derivative plot of Fig. 6.31, which also shows that this
well does not reach infinite-acting IARF behaviour even after 47 hours of pressure
build-up as it has a low permeability of 1.2 mD. Additionally, the shape of the hump

of pressure derivative is very steep (affected by fluid return from the pump) and will
be difficult to match.
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Figure 6.30 Drawdown/build-up of a well in a warm water system using the down-hole pump.
Data measured by authors.
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Figure 6.31 Log—log pressure derivative plot of build-up data from Figure 6.30 showing extended
wellbore storage effect.

6.9 Flowing down-hole surveys

Flowing down-hole surveys are PTS surveys carried out on the production well while
it is producing/flowing, which requires a counter weight to stop the fluid flow pushing
the tool out of the well. Sometimes spinners are not used in flowing surveys as the very
fast flowing fluids can damage them. However, there is great benefit from having a fluid
velocity profile measured while the well is flowing if possible. Flowing surveys are useful
to identify the major feed zone from which the flowing fluid is sourced. These are also
important to monitor changes in the feed zones during the life of the well, for
example, when the water level in the reservoir drops due to production and then shal-
low steam zones dominate production. Flowing PT surveys are also useful for measuring
pressure drop in the casing that can help identify if the flow in the well is reservoir- or
wellbore-limited. Flowing surveys can also be used to identify casing damage such as a
hole in the casing that can form a steam thief (leak) zone (Osborn and Spielman, 1995).
Fig. 6.32 shows a flowing survey of a Tauhara well, with the extrapolated water
level in the well at 200 m depth when the well is shut. The flowing temperature pro-
file shows that the water level is at about 650 m depth, which is where flashing is first
taking place (inside the production casing). The flashing temperature is about 253°C,
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which is consistent with the major feed zone temperature, which means the produced
fluid has an enthalpy of about 1100 kJ/kg. The flash point in the well is where calcite
scaling (CaCQ3) can deposit if the right chemical composition of the geothermal fluid

exists. This will be further discussed in Chapter 9, Operation and Management of
Geothermal Wells.

It is important to note that flowing surveys in slim holes can be significantly

affected by the small clearance/annulus between the small diameter casing/perforated
liner and the diameter of the PTS tool. In this case, the mass flow rate of the well will
be very restricted and much lower than it would be if there was no tool in the well.
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The main challenge with flowing surveys is keeping the tool down the well while
the geothermal fluid is flowing. The other challenge can be having the PT tool stuck
in the well when pushed (jammed) sideways by fluid forcibly entering the well from a
narrow/localised feed zone.

6.10 Geothermal well abandonment

Like any piece of equipment, geothermal wells will reach the end of their operational
life and will require proper abandonment. This could be due to significant drawdown
or cold water intrusion in the reservoir, causing the well productivity to become sub-
commercial in some cases, or due to mechanical damage (erosion, casing shear due to
earthquake or subsidence) or chemical damage (corrosion) to the well casing. Some of
the wells at Wairakei have been producing for nearly 60 years, but most wells will
have shorter life of 20—30 years on average. The New Zealand Standard ‘Code of
practice for deep geothermal wells’ (NZS 2403, 2015) outlines the main requirements
for well abandonment.

Geothermal wells also require maintenance (workover), mainly to the valves in the
wellhead assembly. Any workover that involves the well casing or liner will likely
require a drilling rig or the coil tubing unit on the well, which will involve significant
time and cost. It also involves quenching the well with cold water, which puts the cas-
ing under significant stress.

Common scenarios requiring a workover include:

1. removal of scale build-up inside the casing,
2. running a sleeve when there is a hole in the casing, a collar parting or similar and
3. well abandonment.

The worst-case scenario is having a well at risk for blow-out, which occurs when
the casing damage is shallow and the high temperature fluid escapes to the ground sur-
face. This will require a ‘killer well’, which is a targeted well drilled to the production
zone of the damaged well to inject cement and stop the fluid flow. There is significant
cost and risk associated with drilling killer wells, and there is the risk that the killer
well may not be useable for production later. This effectively results in the loss of the
original blown-out well plus the added cost of the killer well, and then a new makeup
well will still be required to maintain the same level of power/energy production.
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Gathering downhole well test data is a complicated and expensive exercise, requiring

specialised tools and equipment not readily available in many parts of the world. The

running of these downhole tools requires trained professionals and is commonly per-

tormed by specialised contractors.
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Performing a geothermal well test centres around recording and capturing all the
data and events during the test. The recording of all field data should be completed
using real local time to allow for correlation between the different events and the
measured data. This assists with the test interpretation in the event that the data does
not follow the predicted or standard response.

Running downhole tools in a geothermal well with high wellhead pressure
(WHP) requires significant preparations, health and safety (H&S) assessment and instal-
lation of additional equipment (e.g. lubricator tube), and in most cases, it involves tak-
ing the well out of production. It also involves using a specialised logging truck and
one or more cranes. Fig. 7.1 shows the usual well setup during the running of the
downhole tool (bleed valve closed, master valve open, and side valves open or closed
depending on whether there is any injection), while Fig. 7.2 shows the retrieval/
recovery of the downhole tool after logging and pressure bleeding of the lubricator
tube (bleed valve open, master valve closed and side valves closed). The lubricator
tube may not technically be required when the well does not sustain WHP, simplify-
ing the process and reducing risk and cost. However, from an H&S point of view, it is
safer to have a lubricator tube installed when logging all wells in two-phase systems.

Bleed valve
Closed

Logging truck

Lubricator tube

Master valve

l [\ e vane

Downbhole tool H B

Well

Figure 7.1 Wellhead setup during downhole logging with tool down the well.
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Figure 7.2 Wellhead setup during tool retrieval from the well.

There is less risk when logging warm and hot water systems since these wells are
unlikely to be pressurised (WHP = 0).

Downhole logging tools can be run into the well attached to either a ‘slick-line’
which is a single solid stainless steel wire or an electronic line ‘e-line’. The slick-line
cannot be used to send signals or information to the surface while the tool is
logging and hence the downhole tool must run in memory mode, storing the informa-
tion, which is later downloaded at the surface when the tool is recovered at the end of
the test. The e-line on the other hand is made from multiple carbon steel wires, which
form a protective sheath (armour) around a core of Teflon-insulated conductive copper
wires, which transmit electronic signals to the surface for real-time data monitoring
(Fig. 7.1). The slick-line has a higher temperature limit of up to 400°C—600°C
(depending on the type of stainless steel), is low cost to run and generally has a longer
life. E-lines on the other hand are rated up to 315°C (but normally operated only up to
280°C to extend life), are much more expensive to use and have a shorter life than the
slick-line (private communications with Richard Adams, MB Century Ltd.).

Figs 7.1 and 7.2 show the setup during the logging of a well that is not in service
and not connected to the steam-field pipeline network, allowing the lubricator tube
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Figure 7.3 Production well with a permanent (built-in) lubricator tube. (Picture by authors).

to be connected to the master valve. Wells that are in service are connected to the sys-
tem and should be isolated using the control (production) valve, and the lubricator
tube is usually connected above the service valve. Therefore it is very important to
have a service valve large enough (> 6") installed on all wells to facilitate downhole
logging. It is a common problem that only a smaller service valve is used, which com-
plicates well logging. Some wells requiring frequent ongoing logging may be installed
with a permanent lubricator tube below the service valve (Fig. 7.3). Note that in
Fig. 7.3 the control valve is located out of the frame along the pipeline to the left.

7.2 General downhole tools

There are a wide variety of downhole tools potentially available for testing geothermal
wells. Note that most downhole geophysical logs (e.g. spontaneous potential logs,
gamma ray logs, porosity logs, resistivity logs and magnetic resonance imaging logs)
are not commonly used in geothermal wells. This especially is the case in the higher
temperature environments of two-phase and vapour-dominated systems. The reasons
for this include:

* Most of these tools are not designed/rated for the high-temperature geothermal
conditions, often with a maximum temperature rating of around 80°C—150°C
depending on the tool supplier.

* The high risk of losing the tools downhole while running logs in open holes (most
cannot be run after the installation of the perforated liner) in a fractured geother-
mal environment.

* High cost.
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It is important to note that all the downhole tools should be calibrated in the labo-
ratory before transportation to the well test site. The downhole tools commonly used
by the geothermal industry include those described in the following subsections.

7.2.1 Go-devil

The simplest tool is the ‘go-devil’ or ‘sinker bar’, used to investigate if the casing/
liner is obstructed prior to running any valuable downhole tools into the well. Since
the go-devil does not measure any data, it does not require an e-line and can be run
using a slick-line from a small trailer-mounted winch. Major obstructions will pre-
vent the go-devil from moving down the well, and a skilled operator will be able to
identify minor obstructions from bumps recorded while travelling down and then up
the well. Fig. 7.4 shows two common go-devil designs, both with holes to allow
fluid flow as the go-devil travels up or down the well. Go-devils are normally made
from a drillable material (e.g. aluminium or brass) in case they become stuck in the
well (Fig. 7.4).

R
-4
.

. IR T el S Y

Figure 7.4 Common designs of go-devils (aluminium on the left, brass on the right) used by the
geothermal industry. From MB Century Ltd., with kind permission.

159



160

Geothermal Well Test Analysis

7.2.2 Pressure, temperature and spinner tool

The pressure, temperature and spinner (PTS) tool is the most important and commonly
used geothermal well testing tool, designed to continuously measure and record down-
hole temperatures, pressures and spinner rotation with depth in the geothermal well
(Fig. 7.5). It is the only tool used to assess the thermodynamic state, heat transfer and
fluid mechanics (thermofluid) conditions inside the well. The spinner is an impeller
which measures the frequency of rotation, usually as revolutions per minute, and this
data can be processed to obtain the fluid velocity profile of the well (Section 6.2.2). The
PTS tool is essential for completion/injection testing, stage testing, flowing surveys, and
for logging shut geothermal wells. The interpretation of the PTS data for these purposes
is discussed in detail in Chapter 6, Completion and Output Testing.

The data is stored electronically inside the tool and can be made available in real
time via an e-line to the surface when using a logging truck (Fig. 7.1). Note that while
the slick-line is lower cost to run and has higher temperature tolerance, it does not
offer real-time data monitoring from the surface, and so tool failures can go unde-
tected for many hours. The PTS tool main body/housing is an insulating stainless steel
Dewar flask to protect the battery and electronic circuits from damage by the high
temperatures downhole. The Dewar flask significantly reduces the rate of temperature
build-up inside the tool once down the well. However, the heat transfer from the
ends of the Dewar flask and the heat generated by the tool’s battery cause the internal
temperature to rise. Therefore the tool has a temperature limit on its electronic com-
ponents, so monitoring the internal tool temperature is important to ensure the tool
does not sustain thermal damage during the test. Sisler et al. (2015) gave an insight on

E-line connection

Centraliser

Spinner

Pressure port

3 Therocouple

Figure 7.5 PTS tool (2.6 m long) with the main components indicated. PTS, Pressure, temperature
and spinner. Pictures kindly provided by MB Century Ltd.
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optimising the PTS tool downhole run time; this is by cooling the heat sink bar inside
the PTS tool or simply freezing the entire tool, before running down the well.

It is important to point out that when performing flowing (discharging) surveys
using the PTS tool, a counterweight is placed in front of the tool to make sure it is
not carried out of the well with the flowing geothermal fluid travelling to the surface.
The safe practice is to first run a dummy tool (same size and weight as the PTS tool)
with the calculated counterweight, then retrieve the dummy tool and run the actual
tool if the dummy tool run is successful. This will require additional preparations, time
and cost which are not required when testing static (nonflowing) wells.

7.2.3 Borehole imaging

There are two types of borehole imaging (BHI) tools, otherwise known as borehole tele-
viewer (BHTV) tools, which work by detecting physical properties of the reservoir for-
mation. These tools do not measure an ‘image’ in an optical sense; rather they provide a
‘map’ of various physical properties, over almost the entire surface of the borehole wall.
One type is the acoustic formation imaging tool (AFIT) which works by sending an ultra-
sonic acoustic signal towards the borehole wall and then measuring the travel time and
amplitude of the reflected signal. The acoustic source and detector rotate, allowing the
image to cover 360 degrees of the borehole wall (Fig. 7.6A). The use of AFIT technology
in geothermal wells has been enabled in recent years by the development of tools able to
withstand high temperatures up to 300°C (McLean and McNamara, 2011).

The other type of BHI is the formation microimager (FMI) which provides a
microresistivity map of the borehole wall by measuring the microresistivity of the for-
mation via direct contact of pads with the borehole wall. Features in the subsurface

(A) (B)
0° 90° 180° 270° 360° 0° 90° 180° 270° 360°

Depth
Depth

Figure 7.6 Examples of wide planar fractures which appear as sinusoidal features in the 360-
degree image: (A) AFIT acoustic amplitude and (B) FMI resistivity. AFIT, Acoustic formation imaging
tool; FMI, formation microimager. With kind permission from Contact Energy Ltd.
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with a microresistivity contrast, such as fractures, bedding and lithological features can
be identified in the image. The FMI image is distinctive as the image is obtained only
where the pads make contact with the borehole wall, and the data gaps in-between
the pads mean the image appears in long stripes (Fig. 7.6B).

Note that BHI logs are different to resistivity logs, which are commonly used in
the mining and petroleum industries for determining hydrocarbon-bearing versus
water-bearing formation, qualitative indication of permeability zones, and to deter-
mine porosity (Asquith and Krygowski, 2004).

BHI are best used in conjunction with other downhole data such as cuttings, cores,
PTS, and production data (Hurley et al., 2004; Massiot et al., 2017).

7.3 Downhole tools to assess casing condition

The integrity of the geothermal well casing is critically important for the safe opera-
tion of geothermal wells. Any casing damage can introduce a risk to the operation of
the well and may result in geothermal fluid leaking to the shallow aquifers and ground
surface. This results in lost well output and in the worst case scenario can cause an
uncontrolled discharge of geothermal fluid at the ground surface (a ‘blowout’), in
which case a ‘killer’ well (Section 6.9) will be needed (King and Robson, 1998).
Casing condition monitoring is also important when wells change hands from one
developer/operator to the next, as it describes the condition of an important asset.

There are a few different ways to measure casing condition in high-temperature
wells: mechanical, electromagnetic, acoustic and optical (Williams et al., 2016). The
downhole monitoring tools used for casing condition monitoring are discussed in the
following sections.

7.3.1 Cement bond logs

This tool evaluates the quality of the bond between the cement and the casing and
the cement and the formation. The tool measures the cement bond amplitude through
near- and far- sonic receivers to assess the quality of the cement job. Cement bond
logs (CBL) are commonly used in the petroleum industry and have become more
commonly used for testing the production casing of geothermal wells in the past 10
years. CBL are normally run during drilling operations, after cementing the casing, to
make sure the cement is where it should be around the casing, and so the casing will
be able to withstand the mechanical and thermal stresses during operation of the well.
Poor cement jobs will require intervention before the well is produced, because any
water trapped in the cement around the casing is a hazard which can result in casing
implosion as the water expands due to heating when the well is produced
(Section 9.6.2). The intervention may involve making perforations in the casing,
installing a bridge plug inside the well below the perforations and squeeze cementing
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to fix the cement job. The casing is then pressure-tested to make sure that the cement
went to the correct location behind the casing, and the perforations are plugged with
cement. This intervention is particularly important if the well is going to be fracture
stimulated (Chapter 9: Operation and Management of Geothermal Wells) since frac-
ture jobs will put high pressure on the target formations (and sometimes the casing).

7.3.2 Downhole camera

The downhole camera (DHC), also known as a borehole viewer, is simply an optical
video camera that is run down the well to capture images of the casing. This tool is
gaining popularity as it provides visual inspection of the casing conditions in real time.
Glynn-Morris et al. (2009) showed DHC images of casing damage including bent cas-
ing, broken casing with formation fill, and remnants of tools lost inside the casing.
These images are important for decision-making and when designing the appropriate
workover, to make sure all necessary equipment is brought to site during mobilisation.
It should be noted that optical methods do not work when the well fluid is not
transparent (Williams et al., 2016) and/or at high temperatures (> 125°C). Therefore
cameras are usually run with the well under cold water injection to keep the fluid in
the well cold and protect the camera.

DHC:s currently in use have two lenses, one at the front of the tool and the other
one on the side. Figs 7.7—7.9 show some DHC images inside the liner and casing.
Fig. 7.9 shows a side camera image of the perforated liner with some debris partially
blocking one of the perforations.

7.3.3 High-temperature casing calliper

The high-temperature casing calliper (HTCC), also known as hot hole casing corro-
sion (Stevens, 2000), is a noncontact electromagnetic tool used to measure the thick-
ness of the casing and the internal diameter. Thickness measurement is important to
determine (quantitatively) if any corrosion is occurring on the outside of the casing.
The HTCC tool applies electromagnetic principles: generating oscillating currents in

(A) (B)

Figure 7.7 (A) Minor scaling deposition inside the liner. (B) Corrosion inside the perforated liner.
With kind permission from MB Century Ltd.

163



164

Geothermal Well Test Analysis

Figure 7.8 (A) Partially blocked liner. (B) Well blocked with corrosion and scale flakes. With kind
permission from MB Century Ltd.

81757 m. -
0.00 m/min ’

Figure 7.9 Side camera image showing partially blocked perforated liner hole. With kind permission
from MB Century Ltd.

several coils to create several magnetic fields that generate eddy currents in the steel
casing. The eddy currents generate their own magnetic fields, but there will be a shift
in phase and the detection of this shift in phase is used to determine the condition
(thickness) of the steel in the casing (Stevens, 2000; Williams et al., 2016). The tool
also has an electromagnetic internal diameter proximity sensor (differential calliper)
and a roughness indicator (RI).

External casing corrosion (ECC) is inferred from the phase shift and the differential
calliper. If the phase changes indicate a change in the mass of metal, then the differen-
tial calliper will show if the metal loss is from the internal walls of the casing. If the
metal loss is from external corrosion then the differential calliper reading of the inter-
nal diameter of the casing will remain constant (Stevens, 2000). Stevens (2000) pro-
vided good examples of the use of the HTCC tool; Fig. 7.10 shows internal metal loss
at depths of 398 and 405 m inside a 9%" production casing, this is evident from the
phase shift and changes in internal diameter and increases in RI. Fig. 7.11 shows exter-
nal metal (ECC) loss at depths of 248—250 m in the 13%" anchor casing, where there



Downhole tools and other practical considerations

Phase shift

Rl Caliper 0 90 180 270 360
375

380

385

390

395

400

405

410

415

420

425

430

435

440

Figure 7.10 ICC inside the 9%" production casing. ICC, Internal casing correction. With kind permis-
sion from MB Century Ltd.

is a phase shift but the internal diameter and RI remain unchanged. Fig. 7.11 also
shows that the 13%" anchor casing extends to the depth of 270 m then only the 97"
production casing continues beyond that depth as shown from the changes in phase
shift. Fig. 7.12 shows a parted (split) collar in the 9%" production casing. This is evi-
dent from the changes in phase shift, internal diameter and R1I at the collar depth.
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Figure 7.11 ECC outside the 13%" anchor casing. ECC, External casing corrosion. With kind permis-
sion from MB Century Ltd.

7.3.4 Mechanical calliper

The multifinger (MF) mechanical calliper is a contact tool that provides a measure-
ment of the internal casing diameter and helps identify anomalies, which can be due
to build-up of mineral scale or due to casing collapse or damage. As many as 60 small
mechanical fingers survey the well casing for possible change in diameter (Fig. 7.13).
This tool has been in use by the geothermal industry since the 1980s but became less
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Figure 7.12 Split collar in the 9%” production casing. With kind permission from MB Century Ltd.

commonly used in the late 1990s and early 2000s with the introduction of the HTCC
tool. In recent years the MF mechanical calliper is making a comeback as it can survey
mineral scaling, which the HTCC tool cannot detect. The tool is lowered to the bot-
tom of the well, and then the fingers are extended to survey the diameter of the hole

on the way up.

Williams et al. (2016) discussed MF calliper tools operating in tandem with
HTCC. This combined survey should provide a full assessment of the condition of the
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Figure 7.13 Mechanical calliper showing the extended multiple fingers. With kind permission from
MB Century Ltd.

7.3.5 Lead impression block

This tool has been around for a long time and has been widely used by the petro-
leum industry. It is simply a lead plate attached to the front of heavy steel weight
(Fig. 7.14). The tool is attached to a slick-line and dropped inside the well to
impact possible obstructions inside the well casing and leave an impression of that
obstruction on the lead plate. When the tool is retrieved at the surface, visual
examination of the impression will give an indication of the cause of the obstruc-
tion, which is a subjective process of interpretation. It cannot distinguish between
mineral scale inside the casing or a casing break, and in some cases, it can raise
more questions than provide answers. Therefore the lead impression block is not
commonly used in geothermal wells, as it does not provide much information
when compared with DHCs discussed earlier. However, this tool is relatively low
cost to run and can be of use when the other tools are inaccessible or when the
fluid inside the well is too murky (opaque) for the DHC. The tool is often used
during drilling operations.
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Figure 7.14 Lead impression block 5%" diameter. With kind permission from MB Century Ltd.

7.4 Tools to obtain physical samples from downhole

7.4.1 Downhole samplers

The flow-through sampler is used to take a fluid (liquid and/or gas) sample inside the
wellbore at the reservoir depth. The tool is open at the front and back, allowing the
fluid to flow in and out while the tool is running down the well, normally using a
slick-line. The tool is triggered with a sudden jolt at the desired (reservoir) depth and
the canister closes, trapping the fluid at that depth. The common sample size is
600—1000 mL (information provided by MB Century, Ltd.). These samples are cap-
tured at high pressure and temperature, and care should be taken when releasing the
canister pressure after retrieval.

The important consideration is that the fluid inside well could be influenced
by the drilling fluids and/or the water injected during completion testing. This can
affect the sample quality; samples more representative of the reservoir fluid will be
obtained if the well is produced (if possible) and the samples are taken at the surface.
However, if the well cannot be produced then the downhole sample might be the
only option. Downhole samples are more suitable for wells that are on bleed or have
been shut for a long time (not recently drilled). The information usually obtained
from the downhole fluid sample is the chemistry of the reservoir fluid or the mud/
sludge in damaged wells.

7.4.2 Downhole scrapers (scale catcher)

Solid scale can form inside the casing or liner of geothermal wells by the deposition of
minerals normally dissolved in the geothermal fluid. These minerals can deposit
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Figure 7.15 Schematic of scale catcher showing the jaws. With kind permission from MB Century Ltd.

(precipitate) in both production and reinjection wells, causing reduction in the cross-
sectional area of the wellbore and a restriction to the flow rate. The common minerals
in production wells are calcite and anhydrite, while silica is the most common scale in
reinjection wells (Chapter 9: Operation and Management of Geothermal Wells).

The scale catcher consists of a scale collection bowl with a number of openings
with upper sharp and hardened jaws designed to scrape out samples of scale as the
sampler is moved up or down along the scale surface (Fig. 7.15). The scale catcher can
also be used to sample potential sludge build-up in the bottom of the well in the case
of mud- or cement- damaged wells.

The tool is lowered into the well to the desired sampling zone, and the sample
is collected. The recovered sample is retrieved from the bowl of the tool for
chemical analysis. The scale catcher is normally made of carbon steel, is completely
mechanical, and can be exposed to any well conditions (information provided by
MB Century Ltd.).

7.4.3 Wellbore debris

If for some reason the geothermal well is not discharged after drilling, there will be a

build-up of debris at two main locations inside the wellbore:

1. The first is debris floating on top of the water at the water level in the well; this debris
is mainly made up of drill pipe joint lubricating oil (grease) that solidifies with time as
it traps other floating material, making it difficult to run downhole tools. It can also
trap some gases underneath which are health risk to the well test team. A solid 2” go-
devil should be used to pierce through this material before any downhole tool is used.

2. The second and more common form of debris is drilling fluid/chemicals (mud)
mixed with finely crushed rock and possibly some cement, which settles at the bot-
tom of the well in the form of thick sludge that can trap downhole tools. In this
scenario the weight of the downhole tool drops as it travels down through this
material. Submerging the tool in the sludge should be avoided, and in the event
that the tool does become submerged then care should be taken when pulling the
tool out of the well, which should be at a reduced speed with short stops to use
the spring action of the long wireline to help retrieve the tool from the well.

As with most wells, geothermal wells are drilled with a ‘rat hole’ (~100 m)
beyond the deepest feed zone at the bottom of the well, to allow any falling debris/-
sludge to accumulate without interfering with the operation of the well. This debris
could be sludge as discussed earlier, rock particles from the formation or falling tools
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and logging equipment. However, above the rat hole, equipment/debris stuck or
jammed inside the liner or production casing cannot be ignored. It can cause throttling
of the flow, which is undesirable as it limits the well output, makes it difficult to oper-
ate/manage the well, and also prevents downhole tools from investigating depths

beyond the obstruction.

7.5 The effect of slow valve closure

In some circumstances the flow into a well will be controlled by a control valve (or
even the master valve) rather than a pump, for example during an injection test into
an injection well using the operational brine reinjection system. Valves do not open or
close instantaneously, and changing the valve position may take several minutes,
regardless of whether the valve is automated or operated manually.

Pressure-transient analysis (PTA) theoretically requires instantaneous steps in flow
rate, which cannot be achieved in reality. The effect of slow valve closure on PTA is
distortion of the early-time data, for example a fall-off which is rounded instead of
dropping sharply, and can be smooth (Fig. 7.16A) or incremental (Fig. 7.16C) (McLean
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Figure 7.16 Examples of distortion of early-time data by slow valve closure, for two injection wells:

WK317 example of smooth closure shown in (A) history plot (first 1000 s) and (B) derivative plot,

and WK318 example of incremental closure shown in (C) history plot (first 1000 s) and (D) deriva-
tive plot. From Contact Energy Ltd. with kind permission.
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and Zarrouk, 2015a). The effect of this distortion can be seen in the derivative plot in
the early-time derivative, which is shifted to the right (time delayed), rises too steeply
(slope > unit slope) and then drops very steeply during the transition to the reservoir
response, resulting in a derivative hump which has been distorted into a sharp peak
(Fig. 7.16B and D) rather than the expected typical smaller rounded hump (see
Chapter 4, Introduction to Pressure-Transient Analysis, Fig. 4.15B). Incremental valve
closure also results in multiple humps in the steep early-time derivative (Fig. 7.16D).

It has been shown that it is not possible to simply ignore the early-time distortion
and fit models to the intermediate-time reservoir response, as this introduces significant
error into the results of PTA, which will massively overestimate reservoir permeability
and skin factor (McLean and Zarrouk, 2015a). It is possible to correct the distortion,
and McLean and Zarrouk (2015a) demonstrated a technique for this called ‘cut—
shift—fill’ (CSF) which eftectively removes the rounded early portion of the data set
and shifts the remaining data back in time so it can connect via a linear fit with the
first data point (Fig. 7.17). It has been demonstrated that the CSF method significantly
improves the distortion of the derivative plot and corrects the estimated values for res-
ervoir permeability and skin factor to within a reasonable error from known values
(McLean and Zarrouk, 2015a). CSF has been demonstrated to be valid for cases where
the valve closure occurred over an interval of ~ 10 minutes, it is not known whether
the method is valid for significantly longer time intervals.

7.6 The effect of two-stage pump shutdown

Pressure transients are often measured during completion testing (Chapter 6:
Completion and Output Testing) immediately after drilling, with injection achieved
using the rig pumps. The drilling rig pump system usually has at least two pumps, and
sometimes more for redundancy. In older pump systems, in the absence of a modern
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Figure 7.17 Schematic of CSF method to correct for distortion of early-time data by slow valve clo-
sure. CSF, Cut-shift-fill. After McLean, K., Zarrouk, S.J., 2015a. Geothermal well test analysis using the
pressure derivative: Some common issues and solutions. Geothermics, 55, 108—125.
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control system, the individual pumps may have to be shut down one at a time. Thus
the cessation of flow for the pressure fall-off is not a single step straight to zero flow;
instead, there is an intermediate flow step in-between. This results in a common arte-
fact which is a fall-off that appears to occur in two stages: the pressure drops and
begins to level out before dropping a second time (Fig. 7.18A and C). This is apparent
in the pressure derivative as a small spike in the derivative which is far more apparent
when it occurs later in the transient (Fig. 7.18B) and quite subtle when occurring ear-
lier in the transient when wellbore storage dominates (Fig. 7.18D).

This artefact can be corrected by using the CSF method (Section 7.5, Fig. 7.17)
and removing all the data in the first stage. The effectiveness of this method in return-
ing the derivative to the expected shape depends on the time delay between the first
and second stage, and the duration of wellbore storage. In the case of a longer delay
(> 2 minutes) and shorter wellbore storage period, the CSF method is less effective,
and the resulting derivative remains partially distorted (Fig. 7.18B). However, in the
case of a shorter delay (~ 1.5 minutes) and a longer wellbore storage period, the CSF
method is more effective in correcting the derivative (Fig. 7.18D).
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Figure 7.18 Examples of distortion of early-time data by two-stage pump shutdown, for two wells:
WK410 example of relatively late second stage (127 s) in (A) history plot (first 1000 s) and (B) deriv-
ative plot; and WK686 example of earlier second stage (88 s) shown in (C) history plot (first 1000 s)
and (D) derivative plot. Data from Contact Energy Ltd. with kind permission.
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McLean and Zarrouk (2015a) modelled a two-stage drop and demonstrated that
significant error is introduced into the results of PTA by ignoring this artefact and
modelling the distorted data set. The CSF method was shown to be effective in cor-
recting a data set with high permeability, short wellbore storage and the second stage
as late as 127 seconds, returning values of reservoir permeability and skin within an
acceptable margin of error, and that this error decreases significantly as the second stage
starts earlier (McLean and Zarrouk, 2015a). It follows that the CSF will also be eftec-
tive for data sets with low permeability and/or longer wellbore storage.

7.7 Flow control and metering

PTA requires two sets of data: pressure and flow rate with time. In geothermal PTA
the pressure data set is typically very good, usually captured with a downhole PTS
tool with data points at least once per second and sometimes up to four times per sec-
ond. However, the importance of the flow rate data set is frequently overlooked.
Many geothermal data sets have only three data points for flow rate, corresponding to
the start of each of the three flow rates in the injection/completion test programme.
Or if there is a more detailed flow log, it often only contains data points every minute
or two and only during the transient of interest, with even sparser flow data covering
the rest of the injection period.

One reason that pressure fall-offs to zero flow are the most common type of geother-
mal well test is that it is relatively easy to obtain a smooth pressure curve when there is no
injection into the well, because there is no noise or variation in the pump rate to distort
the curve, and no flow log required. However, there are a variety of reasons to avoid fall-
offs to zero flow, as the heat up of the well during the test causes thermal expansion of the
wireline (Section 7.9), pivoting of the pressure profiles in the well (Section 7.10), and also
internal flows suppressed during injection can start flowing again (Section 7.8). To avoid
these issues and obtain meaningful PTA results, it is necessary to capture pressure transients
between two non-zero injection rates, both during the 'build-ups' after increases in flow
rate and also during fall-offs after decreases in flow rate.

Pressure transients captured during injection into the well require not only a
detailed and accurate flow log but also good flow control to keep the flow rate con-
stant. Some noise in the flow data can be managed and is inevitable; however, drift in
the flow rate (Fig. 7.19) when it is supposed to be constant will hinder analysis. Good
flow control is clearly a critical element of the well test and when it is recognised as
such, there is no practical reason that a good test with constant rates and fast flow
changes cannot be achieved.

Personnel on site during a pumping operation must also ensure that air is not being
sucked into the pump, which can happen when there is insufficient head (pressure) at
the pump inlet, for example if the water level in the tank drops too low or the pump
inlet is not set deep enough into a river or storage pond. Air in the water will cause
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from Contact Energy Ltd.

(A) (8)
120 Initial flow rate 113.5 tonnes/h 138
T Hi fall-off 140
e Planned 136 umps in pressure fall-of
100 S R T R e 120
—— Actual 128 caused by spikes in flow rate

80 Spikes in flow rate 132

60
128

. Final flow 2%
rate 10.5 t/h 124
20 1

122

130

Flowrate (t/h)
Pressure (bara)
Flowrate (t/h)

[ 100 200 300 400 500 600 700 0 500 1000 1500 2000 2500 3000

Time(s) Time(s)

Figure 7.20 Example of poor flow control during a fall-off: (A) planned single step flow change
from 113.5 to 10.5 tonnes/h compared to messy actual flow and (B) anomalous pressure fall-off
data showing correlation between anomalies and spikes in flow rate. Data with kind permission
from Contact Energy Ltd.

long-term damage to the pump (cavitation) and can also render the pressure transients
useless. Air in the injected water means two things: the measured fluid flow (injection)
rate will be inaccurate, but also that compressible air down in the wellbore will affect
the pressure and so the measured pressure fall-off will be distorted, resulting in a more
rapid pressure fall-oft and higher permeability estimates. It is difficult to observe and
isolate this effect on the PTA data once it takes place. Therefore care should be taken
to make sure that it does not happen in the first place.

Fig. 7.20 shows an example of poor flow control during a fall-off test. It clearly
demonstrates that a clean flow step is necessary to produce a smooth transient, and
that an accurate and frequent flow log is necessary to identify deviations in the actual
flow rate from the planned flow rate. Without the good flow log in the Fig. 7.20
example, which easily explains the anomalies in the pressure fall-off, time could have
been wasted in attempting to explain these as wellbore or reservoir effects.
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7.8 Internal flow between feed zones

It is typical for geothermal wells to have permeable feed zones along the length of the
open hole, which can be identified during completion testing (Chapter 6: Completion
and Output Testing). In some cases, when these different permeable levels in the res-
ervoir are connected via the wellbore, a feed zone at a higher pressure will spontane-
ously flow through the wellbore and into a feed zone at a lower pressure, even when
the well is shut in at the surface. This is particularly common in developed reservoirs
where pressure drawdown due to production at deep reservoir levels encourages inter-
nal flow downwards (downflows) from feed zones above.

These downflows are sometimes very strong and cannot be suppressed even at
maximum injection rates. They are apparent as isothermal sections in temperature logs
and also can be seen in fluid velocity profiles. Wells with very strong downflows make
PTA impossible, though the good news is that they are very permeable and can make
good production or injection wells.

Some downflows are weak and are not seen during completion testing, as the
injection rates used are sufficient to suppress the downflow. However, these down-
flows start up again when injection stops, and if a downflow starts up during a pressure
fall-off, it will distort the data set. This is a good reason not to design a well test with
a fall-oft to zero flow, instead pressure transients should be measured due to steps
between two non-zero injection rates (increasing or decreasing). Other good reasons
to avoid pressure fall-offs to zero flow include the effects of pivoting (Section 7.10)
and thermal expansion of the wireline (Section 7.9).

Downflows appear in the history plot of a fall-off as a slowing down of the pres-
sure decline (Fig. 7.21A) as the flow becomes nonzero within the well. This appears
in the derivative plot (Fig. 7.21B) as a dip in the derivative. This effect is less obvious
when it occurs earlier in the test, when it can be partially masked by wellbore storage
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Figure 7.21 Example of downflow starting during a fall-off in a shallow well: (A) history plot and
(B) derivative plot. Data with kind permission from Contact Energy Ltd.
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(McLean and Zarrouk, 2015a). Conversely, it is more obvious when it occurs later in
the fall-off test, when it can easily cause the pressure to start increasing in late-time
(when it should be decreasing), which causes the derivative to become negative
(McLean and Zarrouk, 2015a).

7.9 Thermal expansion of wireline of downhole tools

The length of a wireline (slick-line or e-line) at the surface is not equal to its length
when it is downhole. Elongation of the wireline has several components: thermal
expansion of the metal due to high temperatures; elastic stretch from weight on the
wireline both from the tool and the weight of the wireline itself; and elastic stretch
due to force on the tool due to the movement of fluid in the well. The consequence
of this is that the ‘measured depth’ recorded during wireline operations is only an indi-
cation of the actual depth in the well. For most practical purposes, the measured depth
is sufficient, but in some cases, these variations in depth become significant, for
example when perforating the casing or for PTA.

Calculating the actual depth of the tool in the well with high accuracy would
require some impossibilities: the temperature profile in the entire well at all times (the
downhole tool effectively measures only the temperature at the end of the wireline)
and the velocity of fluid at all depths in the well at all times. In addition, the elonga-
tion of the wireline changes with depth as the weight of wireline present in the well
changes. Also, the rate of elastic stretching and thermal expansion must be accounted
for, as the wireline will not be at equilibrium at all times. Any calculation of
actual depth would be the result of a complex modelling process and therefore still
only an estimate.

Some idea of the general magnitude of the elongation of the wireline comes anec-
dotally from geothermal wireline operators. It is usual to design a logging programme
so that the deepest measured depth is 20 m above the total depth (TD) of the well in
order to prevent the tool at the end of the wireline (which is really longer than the
measured depth indicated at the surface) from bumping into the bottom of the well.
When removing a slick-line from a deep hot geothermal well, it is not unusual for it
to be several meters (up to ~10 m) longer than when it went in, and this effect is less
for e-line. During shut (static) PTS runs the pressure profile measured while the tool is
moving down (shorter colder wireline, less time exposed to hot conditions in the
well) is often offset by up to 1 bar from the pressure profile when the tool is moving
up (longer hotter wireline, more time exposed to heat in the well). An offset of
+1 bar is approximately equivalent to the tool being 10 m deeper, depending on the
density of fluid at that depth.

The good news for pressure transients is that only changes in elongation of the
wireline over the duration of the pressure transient are relevant, as these effectively
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represent drift in the pressure gauge as the tool moves deeper (even while the wireline
and tool appear stationary at the surface). While capturing a pressure transient, the tool
does not move and the injection rate does not change, and so the only potential
change to the elongation of the wireline comes from thermal expansion, if the tem-
perature profile in the well is changing. There will be relatively small changes in tem-
perature profile in the well as injection rates change, and the major change occurs
when injection stops and the well begins to heat up.

For pressure fall-oft tests to zero flow, there is often a significant change in temper-
ature profile over the length of the wireline as the well heats up (Fig. 7.22), which
will cause thermal expansion. The impact of this thermal expansion on a pressure tran-
sient depends on its magnitude (greater for deep wells with rapid heating), and its rela-
tive magnitude compared to the reservoir response. A ‘larger’ reservoir response
(impermeable well will have a greater pressure change AP during the test) which may
render the wireline expansion insignificant, while it may be significant in the case of a
‘smaller’” reservoir response (very permeable well with small pressure change).

The expansion of the wireline is effectively a form of gauge drift, which theoreti-
cally can be removed from the original data set prior to PTA. In practice, this is diffi-
cult as the linear coefficient of thermal expansion (o) must be known for that
particular wireline, and these are not always available. This is theoretically easier for
slick-lines, which are a single strand of solid stainless steel, but the value of a; depends
on the exact type (chemical composition and crystalline structure). A typical slick-line
suitable for the corrosive conditions in geothermal wells is the Sandvik SAF 2507
which is a duplex stainless steel, with austenitic and ferritic crystalline structure, con-
taining chromium, nickel and molybdenum, with an average wvalue of
a; =14.0X107°/°C in the temperature range relevant to geothermal reservoirs
(30°C—=300°C) (Sandvik, 2018).
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Figure 7.22 (A) Temperature profiles used to assess overall change in thermal expansion of wire-
line during a pressure transient in a Tauhara well (B) Linear and logarithmic models for the time-
dependence of the thermal expansion, each resulting in a final pressure difference of 0.031 bar. (A)
Data with kind permission from Contact Energy Ltd.
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On the other hand, e-lines are a type of wire rope, and typical geothermal e-lines
are made of galvanised improved plow steel which is a type of carbon steel, despite
issues with hydrogen embrittlement. E-lines have a complex structure usually with
two layers of steel wires forming a sheath (armour) which protects a core of insulated
conductive copper wires, which transmits electrical signals to the surface. The complex
structure may be the reason for the lack of available a; values.

Another practical difficulty is the time-dependence of the change in temperature
profile and the equilibrium between the wireline length and the temperature profile.
Despite these challenges, it is still useful to estimate the thermal expansion using a few
assumptions, in order to assess whether this effect has a significant impact on the shape
of the pressure derivative and then remove this drift from the data set if necessary.

Temperature profiles measured at the start and finish of a pressure-transient data set
(Fig. 7.22A) can theoretically be used to estimate the change in thermal expansion of
the wireline over this time. The change in length of an interval x along the wireline
(relative to a temperature of 0°C) is given by Eq. (7.1). The sum of all these changes
along the entire length of the wireline will give the total change in length due to ther-
mal expansion.

dx;, = ap-x-T,, (7.1)

where dx,, is the change in length of wireline due to thermal expansion (m), oy is the
linear thermal expansion coefticient (1/°C), x is the depth interval between downhole
data points (m) and T, is the average temperature over this interval (°C).

For the example in Fig. 7.22 the total thermal expansion has been assessed using
Eq. 7.1, using the temperature profiles measured immediately before — and after — the
pressure transient. Only the temperature profiles above the transient tool depth are rele-
vant, as these are the temperatures the wireline is exposed to. The change in wireline
length due to thermal expansion over the duration of the pressure-transient test is
0.69 — 0.37 = 0.32 m. This change in depth converts to a change in pressure of 0.031 bar
by using the density of fluid at the tool depth (994 kg/m?). This sounds like a small num-
ber, but the impact is significant when applied to a simulated fall-oft data set in a
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Figure 7.23 Modelling of the impact of wireline thermal expansion on a fall-off test in a permeable
well, using the linear and logarithmic models in B: (A) history plot and (B) derivative plot. From
Contact Energy Ltd. with kind permission.
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permeable well (200 X 10~ "°m?) (Fig. 7.23). If the tool deepens linearly during the test,
the fall-off flattens and then rises slightly (Fig. 7.23A) and is very apparent in the pressure
derivative which declines rapidly in late time (Fig. 7.23B) in a manner resembling a con-
stant pressure boundary response (Section 5.1.2). The effect is much more subtle if the
tool deepens logarithmically during the test, producing only a very minor distortion of
the early-time section of the derivative plot (Fig. 7.23B), and no noticeable eftect on the
derivative in late time or in the history plot (Fig. 7.23A). Clearly, the shape of the function
describing the wireline expansion with time has a major impact on the appearance and
severity of this artefact in the history and derivative plots. The eftect is very apparent
when significant wireline expansion is occurring relatively late in the data set and could be
missed completely when most of the wireline expansion occurs earlier.

In summary, the thermal expansion of the wireline is difficult to assess and model;
however, if this is done carefully and assumptions are justified then the drift in the
pressure-transient data set can be removed prior to PTA. The good news is that effects
of thermal expansion on the pressure-transient data set can be easily minimised/avoided
by avoiding fall-offs to zero flow. It is only when injection into the well ceases that sig-
nificant heating (and hence wireline expansion) will take place. This does not occur
during injection pressure transients (increasing injection rate) or for fall-offs to a lower
injection rate (instead of zero flow). By maintaining injection, albeit at a different rate,
the temperature profile in the well remains similar (relative to the very large temperature
differences possible during heatup), and wireline stretch is minimised along with the
effects of pivoting (Section 7.10) and internal flow (Section 7.8). This is also a good rea-
son to start injecting cold water into the well for as long as possible (at the first planned
flow rate) prior to commencing the official completion testing program.

7.10 Expansion/contraction of fluid column during heating/cooling

In a permeable well the water level is often below the master valve, and the fluid col-
umn inside the well expands during heating (Fig. 7.24A) and contracts during cooling
due to injection, simply as a result of the changing temperature and therefore density
of the fluid column. In permeable wells there is a good connection to the reservoir
and this results in pivoting of the pressure profiles around the pressure control point
(PCP) (Section 6.3) (Fig. 7.24B). This effect is confined within the wellbore and is
not representative of conditions in the reservoir beyond the well. This effect will only
be present during fall-off tests (the most common type of geothermal well test), it will
not be significant during injection tests, drawdown tests, or build-up tests, as there is
no heating of the fluid column during these tests. The effect can be minimised by
avoiding fall-offs to zero flow, and instead performing fall-offs between two non-zero
injection rates, which minimises the change to the temperature profile of the well,
avoiding not only pivoting but thermal expansion of the wireline (Section 7.9) and
some internal flows (Section 7.8).
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Figure 7.24 Schematic demonstrating the effect of pivoting on the pressure measured at a particu-
lar depth, using a real set of heatup profiles: (A) well schematic showing increase in water level
during heatup, (B) pressure profiles showing pivoting around the PCP (1280 m) over a 28-day
period, (C) pressure change versus time as measured above the PCP at the casing shoe (tool
depth=900m) and (D) pressure change versus time as measured below the PCP (tool
depth = 1800 m). PCP, Pressure control point. Data with kind permission from Contact Energy Ltd.

If a downhole tool is stationed at the PCP during a fall-off test then the pressure
change due to pivoting will be zero, and so the pressure change measured in this loca-
tion will be the response of the reservoir. However, if the downhole tool is not at the
PCP then the measurement will be a combination of the pivoting effect and the reser-
voir response. It is relatively common to position the downhole tool at the casing
shoe if the liner has not yet been installed to eliminate the risk of losing the tool due
to formation collapse (e.g. during stage testing). In this scenario the downhole tool
will be above the PCP and the pivoting will result in an increase in pressure with time
(Fig. 7.24C). If the tool is stationed below the PCP, for example at a deeper minor
feed zone, the pivoting will result in a decrease in pressure with time (Fig. 7.24D).

The magnitude of the pivoting effect can be significant, for example it can be seen
in Fig. 7.24C that at the casing shoe after 1 hour heating, AP due to pivoting will be
3.7 bar, and in Fig. 7.24D near the bottom of the well it will be —0.6 bar. The exact
magnitude of the pivoting effect depends on the distance from the PCP, the greater
the distance, the greater the magnitude. The rate of heating is also important as slow
heating means the effect will be less noticeable over the typical duration of a well test.
The overall temperature differential is also important because without a temperature
difterence there will be no heating, no density change and no pivoting.

The effect of this pressure pivoting on the history and derivative plot are shown in
Fig. 7.25 (for the downhole tool positioned above and below the PCP at 900 and
1800 m as in Fig. 7.24C and D), assuming the pressure change due to pivoting is linear
with time over the duration of the test. It is necessary to make this assumption as it is
not possible to measure heatup profiles during a fall-off without disturbing the fall-oft
data set (Section 6.2.1). While the relationship is likely to be more complex than a
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Figure 7.25 Demonstration of the effect of pivoting on the pressure-transient data, showing actual
measured fall-off data at the PCP (=1280 m) and also the estimated shape of the falloff as if mea-
sured above the PCP at 900 m and below the PCP at 1800 m, assuming the AP due to pivoting is
linear with time: (A) history plot and (B) derivative plot. PCP, Pressure control point. From Contact
Energy Ltd. with kind permission.

simple linear relationship, the lack of data precludes a more complex model, and the
results (Fig. 7.25) provide a useful estimate of the likely magnitude of the eftect, even
if the shape is likely to differ slightly in reality.

During a fall-off test, positioning the downhole tool above the PCP causes the
pressure to rise in the history plot when it should be decreasing (Fig. 7.25A), which in
the derivative plot means the pressure and derivative become negative and drop away
(Fig. 7.25B), resembling a constant pressure boundary. The effect of positioning the
downhole tool below the PCP in the history plot is the pressure decreases more than
it should (Fig. 7.25A), which in the derivative plot means the pressure and derivative
bend upwards (Fig. 7.25B), in this case giving the appearance of a closed boundary
(approximately unit-slope derivative in late time). The actual measured data with the
tool at the PCP has the appearance of a channel boundary (~0.5 unit-slope derivative
in late time). Therefore care must be taken to avoid confusing the eftect of pivoting
above the PCP with constant pressure boundary effects (Section 5.1.2) and the effect
of pivoting below the PCP with impermeable boundary effects (Section 5.1.1).

This example represents an extreme case of distortion of the pressure-transient data
by pivoting, as this well is very permeable and so the magnitude (overall AP) of the
reservoir response during the test is only ~0.6 bar (Fig. 7.25A) which 1s small and eas-
ily overwhelmed by the AP due to pivoting. The high permeability and also the high
temperature mean the well heats up fast and so the pivoting effect is significant over
the duration of the test even though it is only ~1 hour. It can be expected that the
effect of pivoting on other data sets can be more subtle than this example.

The good news is that this pivoting artefact in the data can be completely avoided
by locating the downhole tool at the PCP. The bad news is that the location of the
PCP is not always known at the time of testing. However, in practice, it is often possi-
ble to locate the tool at (or very close to) the PCP by interpreting the major feed
zone in the well during the completion test (Chapter 6: Completion and Output
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Testing), though the apparent major feed zone does not always correspond with the
PCP, and in some cases, there is more than one major feed. The only definitive
method to locate the PCP is heatup runs over several weeks. For a new well the pres-
sure transient will be measured prior to the heatup runs, during the completion test,
and some offset between the downhole tool and the PCP is common. However, for
any later pressure transients (injection or production) measured after the heatup runs,
the tool can and should be located at the PCP.

While it is possible to estimate the effect of pivoting using the pressure profiles
before and after the pressure transient, an assumption of the relationship between the
pivoting AP and time must be made. This assumed relationship can be used to estimate
and remove the effect of pivoting from the data prior to PTA; however, the ‘corrected’
data set and results of PTA then rely on that assumption. While in some cases this may
be the only alternative, it is highly desirable to avoid this process by correctly positioning
the downhole tool. For some very important wells, it may be justified to retest the well
after the PCP has been located, if there is a large discrepancy between tool depth and
PCP and the magnitude of the pivoting effect is estimated to be significant, particularly
if identification of boundaries is an important objective of the well test.

7.11 Boiling and two-phase effects inside the casing
of dry steam wells

Dry steam wells are generally difficult to test especially high-temperature permeable
wells, because of the two-phase effects taking place in the wellbore and the near-
wellbore reservoir. Some wells will have internal circulation and boiling at multiple
points in the well during injection (Fig. 7.26). Fig. 7.26 shows the water level under
injection is 710 m below casing head flange (CHF) with an unusually nonlinear pres-
sure profile indicating internal circulations inside the casing at multiple depths.

Fig. 7.27 shows the transient temperature and pressure measured downhole during
injection of first 25 L/s and then 35 L/s when the PTS tool was located at 1090 m.
Fig. 7.28 shows the transient temperature and pressure during injection of 45 and
60 L/s for the same tool depth. Note that the intensity of internal circulations changes
with the cold water injection rate. The cold water causes condensation of the shallow
steam zones, which results in a pressure drop, allowing the other feed zones to kick in,
causing the cycling effect in Figs 7.27 and 7.28. Note that this undesirable behaviour
helps identify all the feed zones as shown in Fig. 7.26.

The temperature and pressure behaviours of Figs 7.27 and 7.28 are common when
the PTS tool is placed above most of the feed zones. This problem can be resolved by
quenching the well for a few days and placing the PTS tool deeper into the well.

The final warmed up temperature and pressure profiles of this well are given in
Fig. 7.29. Fig. 7.29 shows that there are four distanced zones; the first zone
(0=730m) is a gas column, which can be identified from the cooler temperature
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Figure 7.29 Fully heated up shut-in pressure and temperature profiles of the well. From Mr.
Mulyadi, Star Energy, with kind permission.

profile and relatively high-pressure gradient than the lower zone. The second zone
(730—1080 m) is a static steam zone with temperatures corresponding to the saturation
pressure. The third zone (1080—1585 m) is a wet steam zone with higher pressure gra-
dient than the saturated steam static but still at saturation temperatures for the given
pressures. The final and fourth zone (1585 m to TD) is a liquid (brine) with tempera-
tures at or below the liquid water saturation pressures.

The output testing of dry steam wells or almost dry (> 2600 kJ/kg) wells are gen-
erally carried out using a single-phase orifice plate into a rock muftler or a silencer to
measure the mass flow rate and enthalpy.

7.12 Reservoir boundary in enhanced geothermal system wells

In recent years injection fall-off tests have been performed in low-permeability deep
(>3000 m) EGS wells with no free gas content. If the well maintains a high WHP
long after the injection has stopped, and if the WHP is measured/sampled at high fre-
quency (every second or less) using a sensitive digital pressure transducer then it is pos-
sible to observe an oscillating pressure response immediately after injection stops, and
the testing wellhead valve is suddenly shut (Fig. 7.30). The pressure behaviour of
Fig. 7.30B is consistent with a water hammer effect, where the pressure wave travels
at the speed of sound in water to the end of the reservoir and back multiple times
until full attenuation. This phenomena only lasts for 2—3 minutes and does not have
much effect on the long-term PTA data, but can possibly be used to estimate the dis-
tance to the reservoir boundaries from the time taken to reach this boundary and
knowing the speed of sound in water (~ 1500 m/s). It is important to note that the
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speed of sound in water is a function of water temperature, pressure and salinity (con-
centration of dissolved NaCl). The pressure increase after the valve shut-in is also a
function of valve closure time and initial injection fluid velocity. The speed of sound
in the wellbore water can be estimated, but the speed of sound in the water-saturated
porous or fractured reservoir rock is different. Further work is needed to investigate
the prospect of utilising such data in PTA.

7.13 Pressure drop inside a flowing geothermal well

Quantifying the pressure drop inside geothermal wells as the fluid moves up the casing
to the surface is very important. This is to understand whether the fluid flow emerging
from the wellhead is reservoir-controlled or wellbore-controlled, when there is no
reliable well test data (e.g. injectivity index II and transmissivity kh), which is common
In many cases.

Geothermal wells with reservoir pressure higher than the hydrostatic head of cold
water (Llanos et al., 2015) will always flow by themselves when opened (self-discharging).
Dry steam wells also always flow even when the reservoir pressure is much lower than
the local hydrostatic head as explained in Chapter 6, Completion and Output Testing.

The pressure drop inside the wellbore 1s the difference between reservoir pressure
and WHP:

WHP = P — prell (72)

where Py is the measured reservoir pressure and Py, is the pressure drop inside the
well (casing and liner) from the feed zone to the wellhead.

7.13.1 Single-phase fluid

For geothermal wells producing single-phase (liquid or steam) flow, the pressure drop
comes from two components, which are friction and gravity:

Pwell = APf + Apg (73)
where AP, is the pressure drop due to gravity and APy is pressure drop due to friction
in a pipe:

AP, = pgL (7.4)
L pv?

APy =f—— 7.5

=I5 (7.5)

where p is the density of the fluid (kg/m’), ¢ is the gravitational acceleration
(9.81 m/s?), L is length of the casing (m), v is the average fluid velocity (m/s), D is the
internal diameter (m) and f is the friction factor (dimensionless).
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It is clear from Eq. (7.4) that the gravitational pressure drop is much higher for lig-
uid than steam. Eq. (7.5) indicates that the fluid velocity dominates the friction pres-
sure drop, and from experience, steam velocity should be <40 m/s and liquid velocity
should be <5 m/s to maintain realistic (manageable) pressure drop.

The friction factor (f) can be calculated from the Moody diagram (chart) using the
Reynolds number (Re = pDv/ u) and the effective roughness (5/ D) ,where p is the
dynamic viscosity of the fluid (kg/m s) and ¢ is the casing roughness height or absolute
roughness (mm). The Moody diagram covers all types of single-phase flow regimes:
laminar, transitional and completely turbulent flows (Dougherty et al. 1985).

When the Moody diagram is not available and for a standard casing size (97") geo-
thermal well (€/D = 0.0002) use the Colebrook equation (3000 < Re <2 X 10%):

T E/_D 2.51
ﬁ_ 210g<3‘7 + Reﬁ) (7.6)

Note that we do not recommend using the explicit Haaland equation (Dougherty

et al. 1985) for calculating the friction factor since it is not very accurate.
The Karman equation (Re>2 X 10%) is as follows:

|
/= [2log(D/e) +1.14]? 77

Note that having Re>2 X 10® requires very high and unrealistic velocities; there-
fore only the Colebrook equation Eq. (7.6) should be of use. However, the implicit
Colebrook equation should be solved iteratively to obtain the friction factor ( f).

Note that the casing will have at least two different sections (production casing and
perforated liner), each with a different internal diameter. While the roughness height
(¢) of the casing is similar to that in commercial steam pipelines (0.046 mm), it is dif-
ferent in the perforated liner, which has undergone machining or gas cutting to make
the perforations (holes), and also, through this section the fluid could flow in the
annulus between the perforated liner and open hole. Experience has shown that a
roughness height of (¢ = 0.138mm) could be used for the perforated liner.

In rare cases of self-discharging warm and hot water wells producing very low
velocity laminar flow (Re<<3000) , normally at very low (near atmospheric) WHP,
the friction factor becomes (Dougherty et al., 1985):

64
f= e (7.8)

7.13.2 Two-phase fluid

Geothermal wells producing from two-phase reservoirs have a much more compli-
cated pressure drop. The reservoir pressure is commonly lower than the hydrostatic
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head of water, but the flashing of the geothermal fluid into steam and water drives the
flow inside the well to the surface. The low density (high specific volume) of steam
results in significant volumetric expansion that results in a drop in the density of the
steam—water mixture, which drives the flow from the well. The average (steam—
water) velocity inside the well will increase with the drop in pressure as the fluid tra-
vels up the well. Three pressure drop components will form during two-phase flow in
the wellbore (Watson, 2013); these components are friction, acceleration and gravity:

dp dpP dp ap
ey T S Y (7.9)
dz dz fric dz accel dz grav

All these three pressure drop components act against the reservoir pressure. The
acceleration (momentum) pressure drop is a result of the increase in the fluid (steam
and water) velocity after the flash point, which increases as the fluid travels to the sur-
face (wellhead). The friction component also increases with the fluid velocity and
hence increases towards the wellhead. While the gravitational pressure drop starts as
the dominant component below the flash point then reduces from the flash point
upwards as the average density of the two-phase fluid reduces.

It is important to note that in some rare cases the two-phase flow up through the
geothermal well is not driven by boiling or flashing, but simply by gas lifting due to
the high gas (CO,) content. Watson (2013) provided a good example of these wells,
which discharge intermittently (cycle) in their output.

Depending on the fluid dryness fraction, several two-phase flow regimes (patterns)
can form (Fig. 7.31) inside the wellbore; each flow regime will have a difterent pres-
sure drop component for friction, acceleration and gravity. There are hosts of empiri-
cal, phenomenological and analytical correlations that have been developed by
different authors for handling these pressure components. Discussing these correlations

- Water

El Steam and gas

Bubble Slug or Churn Annular Wispy-
flow plug flow flow flow annular flow
Figure 7.31 Two-phase flow regimes in a vertical upward flow in geothermal wells. After
Butterworth, D., Hewitt, G.F., 1978. Two-phase flow and heat transfer. In: Harwell Series. Oxford
University Press.
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is outside the scope of this book. Therefore pressure drop calculations are commonly
carried out using wellbore simulators to estimate the pressure drop inside the wellbore
and the contribution of each pressure component from the bottom up, if the reservoir
conditions are known, to estimate the wellhead conditions (WHP, temperature and
enthalpy). If the wellhead conditions are known, the wellbore simulator can be used
to estimate reservoir conditions (e.g. enthalpy, temperature and flowing pressure).
Some wellbore simulators have a coupled reservoir simulator, which can be used to
predict the mass flow rate the well can produce. Other simulators simply model the
wellbore flow only. Some wellbore simulators can handle high gas (CO,) content,
deviated well profiles and multiple (more than two) casing sizes, with the provision for
heat loss from the casing to the surrounding rock formation, while other simulators
are much simpler, treating the geothermal fluid as pure water and can only simulate
flow in vertical wells.

It is difficult to observe and distinguish between the different two-phase flows
regimes of Fig. 7.31 during well testing or when the well is on production. However,
slug/plug and to a lesser extent churn flows will result in significant vibration and peri-
odic shake on the two-phase pipelines and result in much higher pressure drop. It can
be felt by simply placing the hand on the pipe, but wellbore simulators are the best
tool to predict flow regime. Note that there are similar two-phase flow regimes for
geothermal fluid flowing in horizontal (steam-field) pipelines at the ground surface.
While there will be no gravitational component, the pressure drop calculations are
more complicated as flow regimes are highly affected by the pipeline diameter
(Rizaldy and Zarrouk, 2016). Discussing this further is outside the scope of this book.

For example, a geothermal well with 1000 m TD, 9%" production casing 500 m
deep, and 7" perforated liner from 500 m to TD. The well produces 50 kg/s from a
280°C and 65 bar liquid feed zone at TD. Using the simulator by Brennand and
Watson (1987), we can get the temperature, pressure and dryness fraction profile
inside the wellbore as the fluid travels to the surface (Fig. 7.32A). Since no heat loss
was considered, there is only 12 kJ/kg of enthalpy drop from the bottom of the well
to the surface. The fluid will arrive at the ground surface at 220°C with a WHP of
23.2 bar with a dryness fraction x = 0.152. Knowing the fluid conditions at the wel-
head is important when choosing the appropriate power plant technology (binary, sin-
gle or multiple flash) and for the design of the surface facility to avoid slug flow in the
surface pipelines.

Wells with high flowing WHP theoretically allow the use of multiple flash (two or
three) plant design. However, in many cases the choice of the geothermal power plant
technology is based on commercial and financial considerations.

The pressure drop components are given in Fig. 7.32B, which show the increase
in friction and acceleration as the gravitational pressure drops and the fluid travels to
the surface. Note that there is a sudden change in pressure at the casing shoe (500 m)
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Figure 7.32 (A) Pressure, temperature and dryness fraction. (B) Friction, acceleration and fraction
pressure drop components.

when there is a change in casing size from the 7” liner to the larger 97" production
casing, also there are changes in pressure drop due to change in flow regime as the
simulator switches from one correlation to another.
Wellbore simulators have many applications including:
* Predicting the output curves, prior to testing the well.
* Matching measured output curves to estimate wellbore conditions (friction factor).
» Estimating the reduction in the well output when the well undergoes casing modi-
fications [e.g. running a smaller casing (sleeve) or installing an antiscaling dosing
tube].
» Identifing the flashing point/depth for setting antiscalant tubing.
*  Modelling/estimating pressure drop inside the casing.
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Numerical pressure-transient analysis (PTA) refers to when the PTA model response is

calculated using a numerical simulator, with a grid of interconnected blocks, rather

than by the analytical solutions to the diffusivity equation discussed in Chapter 4,

Introduction to pressure-transient analysis, and Chapter 5, Advanced analytical

Geothermal Well Test Analysis
DOIL: https://doi.org/10.1016/B978-0-12-814946-1.00008-6

© 2019 Elsevier Inc.
All rights reserved.

193


https://doi.org/10.1016/B978-0-12-814946-1.00008-6

194

Geothermal Well Test Analysis

pressure-transient analysis relevant to geothermal wells. The numerical PTA
model response is then matched to field data using nonlinear regression (NLR) in the
same manner as for analytical PTA, to obtain estimated model parameters such as
reservoir permeability and skin factor.

Numerical methods are powerful and have the ability to handle issues beyond the
reach of analytical (and semianalytical) models (Earlougher, 1977; O’Sullivan et al.,
2005; Houzé et al., 2012). Numerical models have been used by both the petroleum
and geothermal industries to address complex nonlinear issues such as multiphase sys-
tems, injection testing, non-Darcy flow, and complex geometries both within the
wider reservoir and at the wellbore (Houzé et al., 2012).

Early use of numerical techniques was in combination with analytical techniques.
In some cases, numerical techniques were used to validate an analytical solution. For
example, a study of nonisothermal effects by Benson and Bodvarsson (1982) uses a
numerical simulator to generate synthetic data against which the applicability of semia-
nalytical techniques is tested (Section 5.8.3). In other cases the agreement of numerical
results with analytical solutions was used to validate the use of numerical models for
well testing.

Many of the combined analytical—numerical studies are described in Chapter 5,
Advanced analytical pressure-transient analysis relevant to geothermal wells. This
chapter on numerical PTA focuses on fully numerical studies.

8.2 Reservoir simulators

A numerical simulator is required, and there are various simulators with two-phase
fluid modelling capability. These include TOUGH?2 (integrated finite difference
method) (Pruess, 1991); TETRAD (finite difference method) (Vinsome, 1991);
FEHM (control volume finite element method) (Zyvoloski, 2007); and STAR (finite
difference method) (Pritchett, 1995), all of which have the ability to handle fluid flow
in geothermal reservoirs (O’Sullivan and O’Sullivan, 2016).

Most widely used in the geothermal industry is the simulator TOUGH2
(O’Sullivan and O’Sullivan, 2016). TOUGH2 is accompanied by PyTOUGH, a
Python scripting library that can be used to automate all aspects of TOUGH2 simula-
tions including generating grids and input files, running simulations and extraction of
results (Croucher, 2011).

The integrated finite difference method (of which TOUGH2 is one example) is a
first-order solver method which can be prone to numerical artefacts (dispersion).
However, as the well-test modelling grid is a one-dimensional radial grid, a very fine
computational mesh can be used when required (Section 8.4.1), which overcomes the
effects of numerical dispersion. This ensures that most first-order reservoir simulators
(e.g. TOUGH2 and STAR) can provide accurate estimations of reservoir properties.
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The TOUGH2 simulator was used to develop the only numerical automated well-test
analysis system (AWTAS) for geothermal PTA (Section 8.3).

Numerical PTA would theoretically benefit from coupling a wellbore simulator
to the reservoir simulator, as a wellbore is not porous media, and a reservoir simula-
tor designed for porous media can only approximate the behaviour of the wellbore.
However, there is currently no established wellbore simulator capable of capturing
transient behaviour; all readily available wellbore simulators are steady state
(O’Sullivan, personal communication, 2018). Also the coupling of wellbore and
reservoir simulators is a nontrivial process and the subject of ongoing research.

Reservoir processes are typically long term (hours to decades), and wellbore
processes are typically short term (seconds to tens of minutes); however, in the
near-well region of the reservoir the response timescales overlap, and coupled
simulation is required (da Silva and Jansen, 2015). In a review of coupled
reservoir-well simulation, da Silva and Jansen (2015) identify various PTA pro-
blems, which require coupled simulation to solve, including wellbore storage and
changing skin.

There are a number of approaches to coupled simulation, which will no doubt
be enabled in the future by the development of a transient wellbore simulator.
The fully implicit method merges the two sets of underlying partial differential
equations, which implies rewriting the simulators and is often not practical (da
Silva and Jansen, 2015). A more practical approach uses predefined time synchro-
nisation points to swap information between the simulators, and the swapping can
be implicit or explicit. Implicit in this case means that at each time step the flow
rates and pressures are computed alternatingly between the two simulators until
there is convergence (da Silva and Jansen, 2015). Explicit swapping means the
results from the wellbore simulator for the previous time step are used by the res-
ervoir simulator in the current time step, the wellbore simulator in the current
time step then uses those reservoir results and so the process repeats (da Silva and
Jansen, 2015).

In an early geothermal example, Miller et al. (1982) couple a transient well-
bore simulator WELBORE (Miller, 1980) to a version of the reservoir simulator
GEOTHNZ (Zyvoloski et al., 1979) to investigate wellbore storage in two-phase
water/steam reservoirs (Section 8.8.1), though the method of coupling is not
described. Another geothermal example is Murray and Gunn (1993) who investi-
gate indirect coupling of the reservoir simulator TETRAD (Vinsome, 1991)
with the wellbore simulator WELLSIM (Gunn and Freeston, 1991) via the
simple interface of a wellbore lookup table, which is produced by WELLSIM
and used by TETRAD. The method is presented as a viable alternative to direct
wellbore—reservoir coupling to improve issues related to efficiency and noncon-
vergence (Murray and Gunn, 1993).
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8.3 Geothermal numerical well-test software

O’Sullivan et al. (2005) developed a numerical automated well-test system called
AWTAS for geothermal PTA, using the TOUGH2 simulator. It is the first and only
geothermal well-test analysis software to be developed and published which calculates
the model response numerically rather than analytically. Equivalent analyfical software
is discussed in Section 5.6. The objective of AWTAS was to create something accessi-
ble to non-TOUGH?2 users, by means of a graphical user interface, with a range of
models already set up and with NLR capability. These models included homogeneous
porous media, skin, wellbore storage, leaky aquifer, fractional dimension and various
other models to represent different reservoir types (O’Sullivan et al., 2005).

AWTAS was never widely utilised as it was developed for a private client, and the
user interface was required to be written in a programming language which is now
obsolete (O’Sullivan, personal communication, 2014). It is also now considered to
have been superseded by the capabilities of PyYTOUGH, which automates TOUGH?2
(Section 8.2). However, while PyTOUGH is a powerful tool, the advances toward
user-friendliness made by AWTAS are lost, in particular the built-in NLR, predefined
models and graphical user interface. Although access to AWTAS is limited, it has been
used for a small number of academic studies (Khasani and Zarrouk, 2015; Villacorte
and O’Sullivan, 2011; Zarrouk et al., 2007).

Ide et al. (2000) mention numerical PTA software preceding AWTAS, associated
with a hardware control system for well testing at the New Energy and Industrial
Technology Development Organisation in Japan. This software was created for the
same reasons as AWTAS, due to the limitations of conventional analytical PTA in
geothermal wells (Ide et al., 2000). The combined hardware/software system was
capable of a sinusoidal injection test, stepped constant rates test and triangular air pat-
tern test (Ide et al., 2000), though little information is available about the numerical
PTA software.

8.4 Numerical pressure-transient analysis modelling framework

The only numerical PTA software (AWTAS) is mostly inaccessible and has been
superseded (Section 8.3), and so in order to generate a numerical PTA model
response, the reservoir engineer must set up the simulation themselves. There are
many decisions to be made regarding the grid setup and other simulation parameters;
in fact, there are theoretically an unlimited number of ways to set up the simulation,
and the model results can be sensitive to details of the grid design or other parameters.
To address this issue a framework for numerical PTA modelling using TOUGH?2 and
PyTOUGH has been created, explaining and justifying details of the grid design,
which has also been tested for undesirable sensitivities (McLean and Zarrouk, 2017a).
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The simulator TOUGH2 has been chosen due to widespread use in the geothermal
industry; however, there is the potential for the framework to be implemented with
other simulators.

The framework increases the user-friendliness of numerical PTA, by making the
time-consuming decisions regarding model design, and provides comparability
between numerical PTA results for difterent wells/tests, by ensuring the same design is
used for difterent analyses. The framework has not yet been implemented into any
software and is not yet user-friendly to that level; however, the use of PyTOUGH
greatly improves the user-friendliness as a single script can set up the model, run it,
extract the results and present them in any required format (graphical or otherwise).

The pressure derivative can be automatically calculated and plotted using standard
Python functions, and remains the key diagnostic tool for numerical PTA, due to its
sensitivity and characteristic shapes, greatly assisting in the selection of a suitable model
to match the field data. Calculation of the pressure derivative plot must be made using
superposition time (Section 4.4.4) in order to avoid false boundary eftects which arise
when the injection or production history is not taken into account (Houzé et al.,
2012). While the superposition time concept is only technically valid for linear systems
and IARF, in practice the characteristic shape of many different flow regimes/models
is retained despite superposition, and the derivative plot is still an important diagnostic
tool (Houzé et al., 2012).

The numerical PTA framework is based on a radial grid and in its simplest form is
equivalent to the analytical infinite uniform porous reservoir model (IARF).
Numerical equivalents to several of the analytical reservoir and boundary models are
created by modifications to the basic radial grid (Section 8.4.1), and presented later in
this chapter. Even more versions of the numerical model are possible, and can be
implemented by the reservoir engineer once the standard framework is set up.

8.4.1 General model setup

The general setup is a radial grid with a single layer and three main components: (1)
well block, (2) skin zone and (3) reservoir zone (Fig. 8.1). The radius of the well block
is the actual drilled well radius, the skin zone then extends out to 5 m, and the outer
radius of the reservoir zone is 20 km which is effectively infinite as it is likely to be
beyond the extent of any pressure or temperature disturbance related to well testing.
The grid needs to be very fine in the skin zone close to the well where the pres-
sure will be changing the most rapidly and can be coarser in the reservoir zone where
pressure changes will be slower. This is achieved using a logarithmic radial block spac-
ing, with 50 blocks in the skin zone from the well radius to 5 m, and then 100 blocks
in the reservoir zone from 5 m to 20 km, which is the fixed outer radius of the model
(McLean and Zarrouk, 2017a). A sensitivity analysis concluded that the number of
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Figure 8.1 Schematic of radial grid design showing the well block, skin zone and reservoir zone:
(A) plan view and (B) partial side view in 3D. Not to scale and does not show all blocks. After
Mclean, K., Zarrouk, S.J, 2017a. Pressure transient analysis of geothermal wells: a framework for
numerical modelling. Renew. Energy 101, 737—746.

skin zone and reservoir zone blocks could be decreased without affecting the model
results, but considering that the model is already very small (151 blocks) and in the
absence of an imperative to decrease the number of blocks, this is not recommended
(McLean and Zarrouk, 2017a).

The model has a single layer, with a thickness equal to that of the permeable reser-
voir intersected by the well (McLean and Zarrouk, 2017a). This is often — but not
necessarily — equal to the vertical thickness of the entire open-hole section in the
well. Usually there is a distribution of feed zones over the length of the open hole, in
which case the entire thickness would be used for the model. However, in some cases
the permeability is clearly localised in one part of the well, and part of the open hole
can be excluded with confidence. An example of this would be an impermeable sec-
tion at the base of the well (‘rat hole’ in drilling terminology), which can sometimes
be relatively long, and is clearly identifiable during injection testing as it is not pene-
trated by the cooler injected water. By default the entire open-hole thickness must be
used if no data is available to locate the feed zones, which is sometimes the case for
older data sets, though this should not be the case for a properly designed modern
injection/completion test (Chapter 6: Completion and output testing).

In the case of deviated wells the vertical reservoir thickness should be used rather
than the measured depth along the well track. As the reservoir thickness h is typically
large for geothermal wells, it is unlikely that the deviation will affect the model results
(McLean and Zarrouk, 2017a), which in any case can be considered in terms of kh
rather than k alone. However, consider a deviated well and a vertical well penetrating
through the same vertical thickness of the same reservoir. The deviated well will have
a longer well track and higher probability of intersecting permeable fractures, which
tend to be subvertical in volcanic geothermal systems (McLean and McNamara, 2011).
It is therefore likely the deviated well will return a higher value for permeability than
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the vertical well. This must be kept in mind when considering and comparing the
results of the well testing and is likely an area of future research.

8.4.2 Well block parameters

TOUGHS2 is for the simulation of fluid flow through porous media, and a well is not
a porous medium, so in theory a coupled wellbore/reservoir simulator should be used;
however, this is not available or practical at this point in time (Section 8.2). It is possi-
ble to represent the well as a TOUGH2 block with special properties, as was done by
O’Sullivan et al. (2005) for AWTAS (Section 8.3), which provides a reasonable
approximation of the well behaviour.

The radius of the well block should be the actual drilled radius of the well, which
can be estimated as the size of the drill bit used (McLean and Zarrouk, 2017a).
In reality the radius of the hole is often bigger than this and variable over the length
of the well due to formation collapse and washout, though in the absence of open-
hole calliper logs (which are rarely done) the drill bit provides a practical estimate of
the average radius. Note that there will be a perforated liner inside the open hole,
which should reduce the average radius; however, McLean and Zarrouk (2017a)
effectively ignore the perforated liner.

The ‘porosity’ of a well is effectively 1.0, as a well is really just a vertical pipe;
however, TOUGH?2 is not designed to deal with a value this high. A porosity of 0.9
is large enough to reflect the well geometry while still allowing TOUGH2 to run in a
stable manner. The reduction of porosity to 0.9 instead of 1.0 does not significantly
affect the model results (McLean and Zarrouk, 2017a).

The initial volume of the well block automatically created in the model is calculated
from the well radius and model layer thickness. However, the actual volume of fluid in
the well will be greater than this, as it must include the fluid within the casing (above
the reservoir). Moreover, for the actual volume of fluid in the well to be represented in
the model, it must be equal to the volume of the pore space of the well block (not the
total volume of the well block). A practical way to estimate the required total volume of
the well block (which can then be updated in the TOUGH2 input file via PyTOUGH)
is to divide the volume of all the water in the well from the static water level down to
the base of the permeable reservoir interval, by the porosity (0.9). The connection area
between the well block and the first block in the skin zone does not change.

The concept of ‘permeability’ does not apply to a wellbore, which is eftectively a
vertical pipe with unlimited permeability. TOUGH2 requires a finite value for perme-
ability and so this can be automatically set to be three orders of magnitude greater
than that of the reservoir. Experience has shown that any greater permeability contrast
will make negligible difference to the model results and may lead to convergence
problems (O’Sullivan, personal communication, 2015).
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A large pore compressibility must be specified for the well block, in order to
approximate the large change in water level that can occur during injection testing,
especially in relatively impermeable wells (McLean and Zarrouk, 2017a). For most
geothermal wells the permeability is sufficiently high that the well is not filled with
fluid throughout the duration of a well test; instead, the water level is usually some-
where down in the casing. The water level changes with injection rate, hence the vol-
ume of fluid present in the wellbore changes (Fig. 8.2). The compressibility to use in
the model can be estimated from the change in fluid volume AV (calculated from the
change in water level Ah) and the change in pressure Ap between two injection rates
(O’Sullivan, personal communication, 2014) (Egs. 8.1 and 8.2). For an impermeable
well filled all the way up to the wellhead at all injection rates, there is no volume
change and so the compressibility will be zero.

oo AV 1 ©.1)
APV )
AV =2 Ah (8.2)

where C is the compressibility (1/Pa), AV is the change in volume (m?) calculated
from change in water level, AP is the change in pressure (Pa) measured at the transient
depth, Vis the total volume of fluid (ma) under static conditions, r,, is the well radius
(m) and Ah is the change in water level (m).

(A) Injectionrate 1 (B) Injection rate 2

Ah used to
calculate AV

Any depth
to assess AP

Figure 8.2 Schematic of injection into a permeable geothermal well: (A) initial rate and (B) second,
higher rate; showing associated change in water level and definition of Ah and AP to be used for
the estimation of well compressibility.
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8.4.3 Fixed radius skin zone

The skin effect (Section 4.4.3) is represented by a zone with a fixed radius of 5 m and
variable permeability. The assumption of 5 m is a reasonable estimate of the extent of
ingress of material such as mud or cuttings into the reservoir (positive skin) or fractur-
ing/hole collapse (negative skin) during drilling. Alternatively it is possible to define
the radius as a variable parameter; however, the results become nonunique, and many
combinations of radius and permeability in the skin zone would produce the same
model results. A model sensitivity analysis completed with iTOUGH?2 (Finsterle, per-
sonal communication, 2014) using a model with variable skin zone radius found that
the correlation between the skin zone radius and skin zone permeability was almost
one, too high to determine these parameters independently.

The radius is therefore fixed, and the skin factor s is the variable parameter, the
value of which is used to calculate the permeability in the skin zone using the follow-
ing equation (Horne, 1995):

REoe)

where k; is the skin zone permeability (m?), k, is the reservoir zone permeability (m?),

k, (8.3)

s is the skin factor (dimensionless), r, is the skin zone radius =5 (m) and r,, is the well
radius (m).

8.4.4 Time stepping

It is not possible to specify a constant time step suitable for the whole simulation. Rapid
pressure change occurs during the early-time of the pressure-transient behaviour, there-
fore closely spaced logarithmic time steps are required at this time. Further into the pres-
sure transient, the pressure change is more gradual, therefore longer time steps can be
used, which decreases the model running time and the size of the final data set.

TOUGH?2 allows nonconstant time steps to be specified, though the input format
only allows the first 104 time steps to be specified, after which the time step remains
constant at the last specified value until the end of the simulation. It is recommended
that 104 logarithmically spaced time steps are used, starting at 0.01 seconds and ending
with 100 seconds.

The closely spaced time steps will always appear at the start of the simulation,
which is an issue because the simulation does not usually start at the same time as the
pressure transient of interest, but rather with the period of injection or production
flow prior to the transient. This is especially true for geothermal well tests, which are
most commonly fall-offs after some period of injection, or build-ups after production.
If the closely-spaced time steps are located at the start of the injection (or production)

201



202

Geothermal Well Test Analysis

Stage 2:
Simulate the transient

Stage 1:
Simulate everything prior to

the transient of interest

E

I~

a

L

e Three increasing

flow steps Fall-off to fourth flow rate
2o
937
w -~
Time

Figure 8.3 Schematic of two-stage simulation process, using a common geothermal injection/fall-
off example. After McLean, K., Zarrouk, S.J., 2017a. Pressure transient analysis of geothermal wells: a
framework for numerical modelling. Renew. Energy 101, 737—746.

period, then the time step will be large and constant (100 seconds) by the time the

pressure transient of interest is reached, which is too large to capture early-time behav-

iour. The issue can be resolved by running the simulation as two linked simulations,

with the second simulation starting at the transient of interest:

* Stage 1: Simulate the injection or production flow history of the well, up to the
pressure transient of interest.

» Stage 2: Simulate the pressure transient of interest.

Fortunately, this can be achieved easily by using PyTOUGH, which can automati-
cally save the conditions in the blocks (pressure, temperature, saturation) at the end of
the first simulation and use them as initial conditions for the second simulation. The
two stages of simulation are shown schematically in Fig. 8.3.

8.5 Other reservoir and boundary models

The basic numerical PTA modelling framework described in the preceding sections is
effectively the equivalent of the analytical infinite uniform porous reservoir model, for
modelling infinite-acting radial flow (IARF) (Sections 4.4.2 and 4.5.7). In analytical
PTA, there are also a range of impermeable boundary models available (Section 5.1.1).
Boundaries can be implemented in the basic radial numerical PTA framework
(Section 8.4) by modification of the block volumes and connection areas.

Some of the simplest and most useful of these boundary models have been
demonstrated with the numerical PTA framework, including a single linear impermeable
boundary, and two parallel linear impermeable boundaries (channel). It is theoretically
possible to implement boundaries of any shape into the numerical PTA framework.



Numerical pressure-transient analysis modelling framework

(A) (B)
Block volumes and
connection areas
modified to exclude

Block volumes and
connection areas

\
modified to exclude shaded zone
shaded zone beyond beyond boundary
boundary (some deleted
completely)
/

Linear impermeable Linear impermeable

T boundary ki boundary

Figure 8.4 Schematic of implementation of linear impermeable boundary into the model grid, at a
distance (L) from the well centre: (A) radial one-dimensional grid and (B) two-dimensional ‘spider-
web’ grid. After McLean, K, Zarrouk, S.J., 2017a. Pressure transient analysis of geothermal wells: a
framework for numerical modelling. Renew. Energy 101, 737—746.

8.5.1 Linear impermeable boundary

The basic radial numerical PTA grid can be modified to include a single linear imper-
meable boundary, by the reduction of block volumes and connection areas in the
region beyond the boundary (Fig. 8.4A). This can be achieved by using basic geome-
try calculations and automated using PyTOUGH so the user specifies only the per-
pendicular distance L from the well centre to the boundary (McLean and Zarrouk,
2015b).

The validity of modifying the radial grid, which is mathematically one dimensional
(in the sense that the radial distance from the well is the dimension), as if it contains a
two-dimensional linear feature, is debatable. McLean and Zarrouk (2017a) compared
the response of an equivalent two-dimensional ‘spiderweb’ grid (Fig. 8.4B) to the
modified radial grid (Fig. 8.4A), and the simulated pressure transients were indistin-
guishable. Therefore the use of the modified radial grid is justified and is preferred for
simplicity.

The implementation of the linear impermeable boundary model in the numerical
PTA framework produces a similar pressure derivative response to that expected from
analytical theory (Section 5.1.1), which is a flattening of the derivative, followed by a rise
and second flattening of the derivative (Fig. 8.5A). It can be seen in Fig. 8.5B that as the
boundary approaches the well (as L decreases), the effect of the boundary is seen earlier.
When the boundary is very close to the well, the first flattening of the derivative is
obscured by wellbore storage, and the boundary is not apparent in the data.

8.5.2 Channel boundary

Two parallel linear impermeable boundaries form a channel along which the flow
becomes linear after both boundaries are detected. The theory and calculation of the
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Figure 8.5 Pressure derivative plot of a fall-off simulated with the linear impermeable boundary
model: (A) characteristic shape demonstrated for a boundary at 100 m and (B) effect of varying

the distance to the boundary (pressure derivatives as solid lines and corresponding pressure as
dashed lines).
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Figure 8.6 Schematic of implementation of channel model as two linear impermeable boundaries,
at a distance (L) from the well centre.

modifications to the block volumes and connection areas is exactly the same as for a
single linear boundary (Section 8.5.1), but the volume removed from each block and
area removed from each connection is doubled (Fig. 8.6). This is equivalent to the
analytical channel model with the well in the centre of the channel. It is also possible
to specify the two linear boundaries at different distances from the well.

The characteristic response of the channel model is a pressure derivative of
0.4—0.5 unit-slope (Fig. 8.7). There is no particular behaviour for the corresponding
pressure curves, though when the channel is very narrow, the pressure and pressure
derivative are almost parallel (McLean and Zarrouk, 2017b). The channel boundary
model response is similar to that expected from analytical PTA theory (Section 5.1.1).
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Figure 8.7 Simulated pressure derivative plot of a fall-off, showing the effect of varying the distance to
the channel boundaries (L), pressure derivatives as solid lines and corresponding pressure as dashed lines.

Table 8.1 Equations to calculate volume of the ith block (V;) and connection area to the next

largest block (A;1/,) for a specified fractional dimension (n) in a radial model (O'Sullivan et al.,
2005).

Dimension Volume of ith block (V;) Connection area to next largest block (A;. 1/2)
1 2h2(fi+1/2 - ﬁ'—1/2) 21

2 7Th(r,.2+1/2 - r[zﬂ/z) 27hsq )2

3 %("fﬂ/z - 7511/2) 47”z‘2+1/2

N m'l:lh (1o =10 )0) O‘”h3_’lr;7+1/2

8.5.3 Fractional dimension

The fractional dimension model is useful to represent fractured reservoirs, without
having to go into explicit details of the fracture network, with a noninteger dimension
in the range 1.0—3.0 (Section 5.5.2). The fractional dimension concept can be imple-
mented analytically, or in the case of numerical simulation by using a radial grid and
modification of the block volumes and surface areas (O’Sullivan et al., 2005).

The fractional dimension concept was implemented into the AWTAS software for
numerical geothermal PTA (Section 8.3) via the equations in Table 8.1, where a, is
defined by the following equation (Barker, 1988):

271"1/2
o, = T(n/2) (8.4)
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Figure 8.8 Derivative plots demonstrating the impact of varying n when all other model para-
meters are constant: (A) n in range 1.0—2.0 and (B) n in range 2.0—2.6.

The derivative plots of Fig. 8.8 show the effect of varying the fractional dimension
n while keeping all other parameters in the numerical model constant. It can be seen
that the pressure derivative becomes noisy in late time as the magnitude of the pressure
change becomes very small, which is due to the limit in significant figures available to
calculate pressure in TOUGH2 and similar simulators, and cannot always be removed
by widening the differentiation interval while calculating the derivative. Regardless of
this very late-time effect, the model response is clear at earlier times, and some familiar
responses can be seen, similar to their analytical equivalents. When n = 2.0 (Fig. 8.8A
and B), the typical shape of the infinite acting radial flow (IARF) flow response is
seen, with the pressure derivative flattening (Section 4.5.7). When n= 1.0 (Fig. 8.8A),
the response has the shape of linear flow in a near-well fracture with the pressure
derivative rising in a ~0.5 unit-slope parallel to the pressure response (Section 5.4).
The intermediate dimensions between 2.0 and 1.0 show the continuity between the
two responses, and the tendency for the effects of wellbore storage and skin (the early-
time unit-slope and hump in the derivative) to disappear as the fractional dimension
decreases. This is due purely to the geometry of the system and not to any actual
change in wellbore storage or skin, and this concept is called geometrical skin (Houzé
et al., 2012). As n increases above 2.0, there is a dramatic increase in the duration of
wellbore storage and apparent skin to the extent that the reservoir response only
emerges during the noisy very late-time stage, making simulations for this model with
n >2.6 pointless (Fig. 8.8B). Again, this is purely a geometrical effect.

The numerical implementation of the fractional dimension model in the AWTAS
software (Section 8.3) has been applied to production data from dry steam wells at the
Wairakei geothermal field (Zarrouk et al., 2007), and output testing of a two-phase
well at Hatchobaru geothermal field (Khasani and Zarrouk, 2015) (Section 8.8.7).

8.6 Injectate temperature effect

One of the big issues with using analytical PTA for geothermal data is that analytical
models assume only one set of fluid properties, which means the test is isothermal