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GLOSSARY OF TERMS

Active margin

Coutact lines between two geologic plates,
Basalts

Asthenosphere melts,
Caprock

Nearly mmpermeable rock covering the top of the reservoir.
Compressible fluids

Fluids with varving density.
Continuity equation

Equation obtained by couserving mass.
Convergent movement

Moving of two geologic plates towards their coutact line.
Convergent plate boundary

The bhoundary of two geologic plates moving towards their contact

line.
Enthalpy

Eunergy per unit mass.
Fumarole

A discharge feature mainly of steam i a geothermal system.
Heat flux

Rate of movement of heat through a porous meterial.
Incompressible fluids

Fluids with constant density.



Lateral permeability

Permeability in horizontal direction.
Liquid-dominated

A geothermal reservoir with more water than steam in the mixture.
Magma

Molten rock deep in the earth,
Magmatic heat

Heat from magma.
Newton-Raphson method

A numerical method for solving nou-linear difference equations.
Permeability zone

Region in the geothermal reservoir with high permeability.
Plate

The ecarth consists of the lithospliere and the asthenosphere. The
lithosphere with continental crust is termed continental plate while litho-
sphere with oceanic crust is termed oceanic plate.
Plate tectonics

The geology of plates.
Rhyolites

Countinental or crustal melts.
Separative movement

Moving away of two geologic plates from their contact lines.
Separative plate boundary

The boundary of two geologic plates moving away from their contact

line.



Transform plate boundary

The boundary of two geologic plates with faults moving towards their

contact line.
Vapour-dominated

A geothermal reservoir with less water than steam in the mixture.
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ABSTRACT

The basic equations which govern the flow of fluids in a geothermal
reservoir (often a two-phase mixture of steam and water) are outlined. The
governing nonlinear system of partial differential equations that arises is
solved by numerical methods which involve replacement of both the spatial
and time derivatives by their finite difference equivalents. The equations
that result are nonlinear and are linearized using the Newton-Raphson
procedurc. These equations with their solutions are applied to the Olka-
ria geothermal reservoir. Two significant variables, namely pressure and
enthalpy change are modelled. Both variables are investigated for the
present producing reservoir of Olkaria East field and the anticipated ex-
tension to the Olkaria North East field which is to have an installed ca-
pacity of 64MWe. In order to examine these variables by modelling, two
models arve set up i.e the natural state model of the field before exploita-
tion and a production model which gives the response of the reservoir to
exploitation for electricity generation. The solutions to the models are
generated by the MULKOM computer program. The main aim of car-
rving out this study is to model exploitation of Olkaria East field with a
capacity of 45MWe , extension of exploitation to the Olkaria North East
field with a capacity of 64MWe, and to assess if Olkaria North East field
can sustain the said capacity for a period of 20 years. The natural state
model which occupied a surface area of 22km. x 22km. had heat inputs
at the base of some of the reservoir blocks. When this model is run over a
long period of time, the simulated pressure and temperature, to a reason-
able degree of accuracy, matches the observed values at any given location
in the field. The actual process of simulation includes inserting heat of a
certain magnitude at specific locations at the bottom of the reservoir to

represent magmatic bodies. The system is then heated over a long period
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of time until the temperature and pressure resemble those we observe in
the field by measurements. The production model uses these parameters
together with reservoir enthalpy as starting information. Each reservoir
block was assigued specific values of pressure, temperature, enthalpy ete.
As withdrawal of fluids from the reservoir for electricity generation com-
mences, these parameters change with time. These changes are calculated
by the MULKOM! program which enables us to find the values of these
parameters at any location and time in the reservoir. Production using a
450N We power station from Olkaria East field was simulated for 14 years of
p.roductiou from 1981 to 1995. The production was then run for another
20 vears from 1995 to the year 2015, this time with an extension to Olka-
ria North East field with a station capacity of 64MWe. The future status
of the reservoir in terms of fluid enthalpy and pressure changes were pre-
dicted for the period 1995 - 2015. The results of this simulation indicate
that a pressure drop of 15 bars is likely to occur over the latter produc-
tion period. The average production enthalpy is predicted to range from
1350kJ /kg in the year 1995 to 1780kJ/kg in the year 2015. The above
enthalpy range shows that the target of 64MWe power generation for 20
vears may be met without the enthalpy rising too high( an indication of
the increase in vapour-phase in the reservoir). However, a drop of 15 bars
in reservoir pressure may call for drilling of extra make-up wells to sustain

the 64MWe power generation for 20 years.
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CHAPTER ONE

INTRODUCTION

1.1. Characteristics of geothermal flows and reservoirs

The anticipated depletion of natural petroleum oil and gas reservoirs cou-
pled with the sprilling prices of these fuels, has stimulated considerable
interest in exploring the potential of alternative sources of energy. One
of these alternative sources is the use of geothermmal energy to generate
el&tricity and for other processes. IKenya is one of the countries endowed
with geothermal resources. Kenya being a developing country with little
explored petrolewn resources, any effort that may be made towards devel-
oping new fors of energy will be a step towards alleviating the problem

this country has of depending on oil based fuels.

On the carth's surface there exists, on average, an upward normal con-
ductive heat flux of about 60mW /m which corresponds to a temperature
gradient of 30° C'/km. However, at certain locations on the surface of the
earth anomalously high heat flow occurs particularly in those regions that
are associated with active margins, which are the contact lines between
two geologic plates. Separative movement of tectonic plate boundaries
together with convergent and transform boundaries constitute the active
margins. The heat flux in such areas exceeds the average value and thus
such areas can have higher temperature gradients. These temperatures
sometimes go to the order of 225°C or more. If at the depths where these
useful temperatures exist the rock is sufficiently permeable and is accessi-
ble by economic drilling, then these areas can be exploited for their energy

content.

Geotliermal resources can be divided into convective and nonconvee-



tive systems (Hochstein 1992). Convective geothermal systems are usually
called hydrothermal systems while those without large fluid movement are
called geopressured systems.The term convective system is used to de-
seribe a heat transfer system in the upper crust of the earth where heat
is transferred by fluid movement, i.e. convection, from a heat source to a
heat sink. usually at the surface of the earth. The transfer involves the
transport of thermal fluid. usually hot water, hot brine, vapour and gases.
In each case. fluid particles move under the influence of buoyancy forces
and transport heat from a region in the vicinity of a source to the surface,
()1.' near surface. discharge area. Thermal fluids can be stored for a certain
time in a reservoir between source and sink. Nonconvective geothermal
systems are the opposite of the convective systems. These systems are
found in large sedimentary basins, where fluid movement is restricted by
impermeable layers. For nonnonvective geothermal systems, the buoyancy
forces are insufficient to induce any fluid movement. There is another type
of nonconvective geothermal system called hot dry rock. It is a system
with very little or nil fluid content and is both virtually impermeable and

imporous. Exploitation is by artificial fracturing and introduction of fluid.

Hydrothermal systems can be further classified as being either lig-
uid dominated or vapour dominated. In this description only geothermal
energy from hydrothermal systems is considered. A geothermal reservoir
consists of o heat source, a permeable area of porous or fractured rock con-
taining large amounts of water, a layer of caprock and a source of water to
replace fluid loses which may occur through fumaroles and other surface
discharge features. Heat is then recovered from hot subsurface formations
with the help of the water circulating down through fractures, pores and
other openings in the rock. The water absorbs the energy and returns to

the surface with at an elevated temperature. This circulation can be free
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through natural openings e.g. hot springs or partially or totally forced
through drilling and artesian or pumped wells. In summary therefore, the
basic components of a geothermal system, of which the reservoir is the hot
exploitable part. are:

(a) an aquifer or channel network containing hot fluid,

(b) a path down which cold water can flow to maintain the fluid flow in

the aquifer and
(¢) a source of heat mainly magma intrusions.

Before exploratory drilling takes place, there is generally much uncer-
tainty about four basic characteristics of the reservoir, namely geometry.
hydrodynamics, thermal and chemical aspects. The geometry of the reser-
voir consists of the depth (or thickness), area and porosity which determine
the energy content of the reservoir. Hydrodynamics of the reservoir will
include natural How of deep meteoric water which acts as recharge to the
reservoir. static pressure, trausmissivity and dynamic viscosity of geofluid.
The thermal aspect of the reservoir which includes the temperature of wa-
ter, thermal conductivity and specific heat capacities of water and rocks
greatly influence the behaviour and utilization of the geothermal reservoir.
For example. in estimating the amount of usable energy in a geothermal
reservoir in preliminary studies, a cut-off temperature of 180°C as refer-
ence is often used. Finally, the chemical character of the fluid, particularly
the salinity. is important as an appreciable amount of chemical species in
geothermal fluids completely alters the behaviour of the geothermal reser-
voir. For iustance, a model developed based on the premise that the
geothermal fluid is pure aqueous system may have to be changed signif-
icantly to be applicable to a geothermal system with dissolved chemical

species and high salinity. IKnowledge of the above parameters is essential
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since these parameters are useful in estimating the available energy, fu-
ture productivity and possible prediction of the reservoir behaviour under

different exploitation schemes.
1.2. Role of modelling in geothermal energy exploitation

A geothermal reservoir as remarked earlier has a surface area and thick-
eSS, O\'(‘rl}'iu.g; the geothermal reservoir may be a cold water zone sealed
from the reservoir by a caprock. In the reservoir there may exist a
water/steam zone and a hot water zone. The relative magnitudes of
these zones are dependent on whether the reservoir is liquid-dominated
or vapour-dominated. In a liquid- dominated reservoir, a two-phase re-
gion containing a mixture of steam and liquid water overlying a deeper
hot liquid layer is present in the natural state. On the other hand a
vapour-dominated reservoir also contains an upper two-phase layer. In
this case however,the liquid phase is sparse, widely dispersed and immo-
bile. The recharge/discharge areas to the reservoir include recharge inflow,
hase inflow. natural discharge and well discharge. If a well is drilled in the
reservoir. the discharge from the well causes a pressure drop in the entire
reservoir. This pressure drop induces a cold recharge from the sides of the
reservoir and may change base inflow, steam inflow and natural discharge.
Base inflow is a circulatory process. Cold water from recharge surface
zones is heated as it travels downwards. This movement is caused by den-
sity differences between the cold and the hot water. The base inflow has
little significance on the overall behaviour of the reservoir because of the
long paths it takes from the base to the top of the reservoir. The recharge
inflow will increase with increasing drawdown due to exploitation. This
recharge water will have the effect of shifting the cold-hot boundary of the
reservoir. The cold water percolates into the reservoir and gets heated by

the heat stored in the rock and hot water alveady resident in the pores.
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When exploitation of the field starts, the pressure starts declining thus
increasing the pressure difference between the inside and outside of the
reservoir. But a very long time may elapse before any effect of recharge
is observed due to low permeability zones near the boundary. Natural
discharge mainly comes from the cold water zone above the reservoir. If
the well discharge is increased sufficiently to decrease the reservoir pres-
sure. the natural discharge may reverse in sign because the pressure dif-
ference which maintains the flow becomes reversed. When this happens,
a recharge of cold water from above occurs and natural steam flow may
stop. The dynamics of the fluids in a geothermal reservoir, whether in
its natural state (before exploitation for energy), or under production is
a physical phenomenon which can be characterized or represented by a
set of mathematical equations describing the physical processes active in
thie reservoir. These equations are nonlinear partial differential equations
that relate the pressure, saturation changes, enthalpy and temperature
with time throughout the reservoir. The equations which express the laws
of continuun mechanics namely, conservation of mass, momentum and
energy in the reservoir, are extremely complex and the presence of spe-
cialized boundary conditions such as the ones we find in geothermal reser-
voirs complicates the formulation even further. The solutions to these
equations by analytical means is impossible except for trivial cases and
therefore munerical methods are usually the only viable approach. An ex-
awmple of the trivial cases is the idealised situation of isotropic medium, no
gravity effects. no sources or sinks, no porosity dependency on pressure,
in which case the governing equations will be linear second order par-
tial differeutial equations whose solutions are easy to find. Mathematical
reservoir modelling involves developing a conceptual or descriptive model

of the field under investigation, quantifying the model with data obtained
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from well test analysis and calibrating it with the history of the field under
exploitation. The model should mcorporate:
(1) the source of water,
(i) mechanisms for water transport to depth, i.e. conduction and con-
vection.

.

(iii) the process of heating in the deeper sections of the system,
(iv) the subsequent rise of the hot buoyant liquid,

(v) fluid dispersion into chargeable aquifers,

(\;i) the cooling of aquifer liquids by near surface effects and
(vii) nmpervious boundaries that might affect future production.

Circulating ground water attains a maximum temperature under the
geothermal area and, due to density differences between the hot and the
cold water. the fluid rises under buoyancy force. At some depth below
the ground surface. the water reaches saturation pressure and boiling ini-
tiates steamn bubbles in the water. The rising fluid becomes a mixture
of steam and water and the temperature of the mixture follows the the
pressure/temperature boiling point curve of water as pressure decreases
and the mixture approaches the earth's surface. The upward migration
of steam-water mixture is influenced by the relative permeabilities of the
rock for cach phase but this depends in turn on the relative volumes of
each phase in the permeable volume of each rock. At low steam sat-
uration the relative permeability for steam is so low that the steam is
practically stagnant or carried with water as small bubbles. As the steam
saturation increases at lower pressures, the relative permeability for steam
increases and separate movement of the steam bubbles becomes possible.
The stean then rises faster than the water and gradually dominates in

the largest channels where resistance to flow is lowest. The water lags
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behind and the loss of steam with time builds up a concentration gradient
of increasing salinity. The impermeable caprock prevents further rising of
the steam aud the lower pressure head of the reservoir water allows the
steam to accumulate under the caprock. Although steam is dominant in
this zone. water is also present as condensed pore water and this water

flows downwards (Bhogal, 1989).

Modelling in geothermal studies may be divided into two main cat-
egories. namely. free convection models which examine the geothermal
reservoir hehaviour under natural conditions before exploitation and reser-
voir models which examine exploitation effects. The present study con-
centrates on reservoir models mentioned above which may be further sub-
divided mto two general types called lumped and distributed parameter
models.

Lumped parameter models offer the simplest means of describing the
behaviour of a geothermal system under exploitation. In this model the
whole geothermal system is regarded as a perfect mixing cell for both
mass and energy. so that the space variation in rock and fluid proper-
ties is reduced to a single point in space such that instead of considering
the internal distribution of mass and energy, focus is restricted to total
amounts of mass and energy generated within the system as well as those
crossing the boundaries. The system can be characterized mathematically
by a set of ordinary differential equations or an equivalent set of alge-
braic expressions representing total mass and energy. The advantages of
lumped parameter models are their simplicity and ease of operation. In
addition the models do not need complicated programming and could be
solved in a short period of time. Usually the models are used as a first
stage in the modelling process and for checking the results of more com-

plicated models. The disadvantages of the lumped parameter method are

T



that the models do not take into account the spatial variation in reservoir

properties and flow within the reservoir.

A model in which the properties of the rock and/or fluid are allowed
to vary in space is known as a distributed parameter model. The governing

partial differential equations are usually solved numerically.

Developing mathematical equations describing geothermal flow and
their solution is important, because it leads to the prediction of the reser-
voir behaviour particularly with regard to its exploitation for energy .
Tied to the above reservoir simulation process is the possibility that esti-
mates of recoverable energy from the system can be made and optimum
management techniques of the geothermal resource such as optimum loca-
tion. spacing aund production rates of wells can be determined. Simulation
may also aid in refining descriptions of the reservoir geometry, boundary
conditions and rock properties. The role of simulation cannot therefore

be overemphasised.

There are a number of numerical methods that can be used to
solve the mathematical model, namely finite difference, finite element and
houndary element methods. The last two methods are efficient at han-
dling complicated houndaries. For instance, the boundary element method
presents the governing equations in integral rather than differential form
to avoid reference to specific system of coordinates and provides great
flexibility in the geometrical description of the flow region. This flexibility
is particularly useful when modelling fractured porous media as imple-
mented by Pruess et al.(1980) in the computer code named SHAFT 79.
However. for nonlinear two- phase flow problems the finite element methocd
requires modifications which lead to lower order approximations. Pro-

gramming of nonlinear techniques such as the Newton-Raphson method
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proves more difficult for the finite element method than the finite differ-
cnce method, The difference equations that result arve fully implicit with

Newton-Raphson treatment of nonlinear terms.
1.3. Characteristics of Olkaria geothermal field

Olkaria geothermal field is located in the Great Rift Valley of

INenva(Figurel.3.1). It occupies a surface area of about 50km? (Noble
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Figure 1.3.1 Location of geothermal resources within

the Great Rift Valley of Kenya (adapted from Bodvarsson et al. 1987)
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Ojiambo 1975). The Olkaria field has three delineated prospect areas:
Olkaria West. Olkaria North East and Olkaria East. Olkaria East field, on
which the present power station stands. is located in a depression limited
to the east by the Ol Njorowa gorge. to the south by the Ololbutot lava
and to the north by the high ground forming the Lake Naivasha catchment
area.

There are very few surface discharge features to be seen at Olkaria
geothermal field apart from fumaroles and steam vents. The fumaroles
appear aligned along the Ololbutot fault on the southern boundary of
the field. There is only one recorded chloride spring within the area of
high heat fow with a sodiwm- potassium geothermometer temperature of

200°C. (GENZL/KPC 1979/1980).

The Olkaria field is related to the Olkaria volcanic complex located
near the western edge of the Rift Valley. The latest volcanic eruption in
the arca occurred approximately 300 years ago generating the Ololbutot
lava (Bodvarsson et al. 1987). The surface geology of the Olkaria area
is composed of a surface cover of young quaternary volcanic flow about
300m thick believed to have originated primarily from volcanoes forming
mount Longonot and mount Suswa. The surface stratigraphy as given by

Naylor (1972) and summarized by KRTA (1984) is described below.

Agglomerates of south Ol Njorowa gorge are exposed in the walls of
the Ol Njorowa gorge containing blocks of soda rhyolite lava up to 1m
thick. Ol Njorowa pumice tuffs can be seen in the walls of the north-
ern sections of the gorge with thickness up to 125m. Welded agglomer-
ates/tuffs of central Hells Gate can be observed overlying the Ol Njorowa
pumice tuffs in the central parts of the gorge. Grey white pumice tuffs

and agglomerates of Ol Njorowa overlie the Ol Njorowa pumice tuffs. In
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the south-west Olkaria area there are pyroclastics consisting of tuffs, ag-
glomerates and lapilli horizon. The rest of the area is covered by rhyolitic
pyroclastics. tuff. cones, lava and obsidian flows and local sedimentary

units. The overall stratigraphy (Figure 1.3.2)

01960
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Figure 1.3.2 A section of stratigraphy in Olkaria field

(adapted from Bodvarsson et. al 1987)

surface and subsurface consists of composite pile of lavas and pyroclastics
of mainly rhyolitic, trachytic and basaltic compositions. This is underlain

by a trachyte layer (200-400m). Underlying the trachyte layer is a hasalt
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nnit (400-700m) followed by a rhyolite layer (700-900m). A thick trachyte
layer dominates below a depth of 900m. Faults and fractures are promi-
nent in the area. especially in Olkaria West. The faults trend North-Soutl,
(N-S) aud East-West (E-W) with inferred faults striking North-West (N-
W). South-East (3-E). The N-S faulting structures are associated with the
main trend of Tift faulting that provides the major vertical permeabili by
within the Olkaria area and largely controls the movement of thermal fluids
at deep levels. Lateral permeability at shallow depths throughout the field
is primarily controlled by lithology and may vary quite considerably be-
(‘a‘use of marked variations in thickness and distribution of volcanic units.
Hydrothermal alteration present in the cores from deep exploration wells
generally show prograde assemblage of alteration mineralogy with increas-
ing depth and temperature. Tuffs and pyroclastics are the most intensely
altered lithologies indicating that they have been permeable features dur-
ing the life of the geothermal system. The lavas generally exhibit lower
intensity of alteration except where they have been extensively fractured
and brecciated. Areas of altered and warm ground are extensive through-
out Olkaria and together with the present surface manifestations show a
close association with the prominant N-S structures and the ENE-WSW

Olkaria fault zone (GENZL 1986).

Geothermal waters that exist in Olkaria are the cool sodium-
bicarbonate type of waters found near the surface of the earth (at a depth
of 300-500m) and the hotter sodium-chloride water found deep in the
reservoir. Mixing of these waters does occur in many parts of the system
with much of it in Olkaria West and above the geothermal reservoir. The
sodium-hicarbonate water is believed to be produced from condensation
of steamn and the gas formed from boiling of deep chloride water and mix-

ing of cooler waters. Reservoir engineering studies indicate that a laver
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of hicarbonate water extends over most of the reservoir. Sodiuni-chloride
water appears in all Olkaria East wells without any associated shallow
soditun-bicarbonate layer. The sodium-chloride water in the cast shows a
chloride/silica geothermometer temperature of 300°C'. The chiloride water
in the west is more dilute due to mixing with overlying sodium-bicarbonate

water and gives o temperature range of 270 — 290°C".

The general hydrology of the Olkaria area is the movement of water

from the escarpment areas into the Rift Valley and southwards from the

- Lake Naivasha arca. Two major upflow zones, one to the west and the
other to the north-cast of the field have been identified i the area (Figure

" 1.3.3). Both of these upflows are related to the Olkaria fault. Boiling
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Figure 1.3.3 Uptlow zones in Olkaria field (adapted from GENZL. 1986)
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fluids from these upflow zones flow laterally along the Olkaria fault and
mix with colder water flowing southwards along a central zone bounded
by the Ololbutot fracture zone in the east and a parallel fracture zone in
the west effectively forming an outflow to the south (KPC 1988).

Tlhe Olkaria area has been defined by two separate geophysical anoma-
lics, namely. low rock electrical resistivity and low magnetism both indi-
cators of a deep heat source underlying the area. Resistivity data indicate
an arca of altered rock of 80km? (Hochstein et al. 1981). However, two
areas, one in the west and the other in the north-east appear hotter than
the rest of the area. Detailed resistivity surveys show that Olkaria West
occupies an area of 15km? (Mwangi and Bromley 1986). Olkaria north-
ecast area occupics an area of as much as 12km?* with about 6km? proven
by drilling.

The locations of permeable zones are as shown in Figure 1.3.4.
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Figure 1.3.4 Permeable zones in Olkaria field

These zones in both production and exploration wells have been inter
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preted from completion and discharge tests carried out on the wells. The

permeable zones are located within a range from sea level to 1400 1. a.s.l.
Permeable zones in Olkaria North East are at 1000 — 900 m.a.s.l. and
around 600 m.a.sl (Figure 1.3.4). Well measurements data show that
there is a thin. almost horizontal, aquifer that extends over most of the
area at approximately 1300 m.a.s.l. containing high enthalpy mixture of
steam and water and a deep liquid dominated reservoir beneath. Per-
meability of the reservoir is generally low and wells have relatively poor
productivity. However, permeability in the North East area appears higher
on the average than in the East production field, Wells tapping the high
enthalpy reservoir are more productive than those wells extracting fluid
from the liquid-dominated reservoir. The reservoir js characterized by

randomly distributed permeable zones throughout its thickness.
1.4. Exploitation of geothermal resources in Kenya.

1.4.1. Major geothermal resources in Kenya

There are three extensively explored geothermal fields in Kenya, namely,
Olkaria. Eburru and Lake Bogoria (Figure 1.3.1), all located in the Great
Rift Valley. Among the three explored fields, only Olkaria has been de-
veloped for electrical power generation. Geothermal exploration of the
Olkaria geothermal field started in the mid 1950s when two exploration
wells code named X —1 and X —2 were drilled (Noble and Ojiambo 1975).
The well X ~ 1 was drilled to a depth of 502m and could not discharge
any fluid. Steam was encountered at a depth of 370m and a maximum
temperature of 120°C’ was recorded. The well X — 2 was drilled to a
depth of 1034m and could not discharge any fluid either. A maximum
temperature of 235°C" was encountered. The two wells were located in

a region of high heat flow. The failure of these wells to discharge slowed
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any further exploration activity until the early 1970s when systematic ex-
ploration of the Olkaria geothermal region resummed (Noble and Ojiambo
1975). The exploration was undertaken by the United Nations Develop-
ment Program (UNDP) and the Kenya Governinent when further scientific
investigations were embarked on. More work was done on X — 2 which
this time discharged a two-phase mixture with a maximum temperature
of 245°C recorded at a depth of 940m . Four more exploration wells were
drilled around X' — 2 with depths ranging from 900m to 1350m ( Grant,
et al. 1981). Under the UN Prograimn, the first well OW — 1 was drilled
as: the first deep well in Olkaria. It was drilled to the south of Ololbutot
lava pile (the youngest lava flow of the field) from § th October 1973 to
3 rd March 1974 to a total depth of 1003m. The well had a maximum
recorded temperature of 126°C'. The second deep well, OW — 2, was pro-
ductive and reached temperatures of over 280°C with flow of up to 40
tonnes/hour of high enthalpy fluid.  Subsequent exploration wells were
drilled at locations around X —2. By 1982, 21 wells had been drilled with
most of them concentrated in the eastern part of the field to be known
later as Olkaria East. Most of the wells were good producers with similar
conditions. They each produced on average 20 We of electrical equivalent
of high enthalpy fluids. To date there are well over 50 wells drilled in the
whole of the Olkaria area. Sufficient resource capacity was confirmed in
1980 for power plant planning and the first 150 We turbo-alternator was
commissioned in June 1981 using 7 wells. The second and the third units
of 1501 ¢ each were commissioned in December 1981 and April 1985

respectively hringing the total amount of installed capacity to 45MWe.
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In the early 1980s more exploratory drilling was carried out in two

arcas. namely. Olkaria North-East and Olkaria West fields (Figure 1.4.1).
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Figure 1.4.1 Well Locations and major structures

(adapted from Mwangi et. al. 1986)

These fields arve located in areas with low resistivity and surface ac-

tivities such as fumaroles. The wells in Olkaria North-East field have

been drilled and tested and their potential proven for a 64MWe power

station

(Ambuso and OQuma 1991). Exploratory well drilling in Olkaria

North-East field started in 1983 with the first well given the code name

17



O — 701. It was drilled to a depth of 1800m . By 1988, five more wells
had heen drilled and tested in various parts of the Olkaria North-East field.
To date. additional wells, to the order of 15 have been drilled and tested
in this ficld. Most wells in this field attain a temperature of 300°C at
helow the depth of 1800m . The range of electrical production equivalent
per well is betiveen 1.6 and 8.0M 1 e.

Eburru geothermal field is situated within the Great Rift Valley of
KNemya (Figure 1.3.1). Geologically the area is covered by pyroclastics
which are themselves covered. in some areas, by younger obsidian and
rhyolitic Hows. In the north. trachytes, phonolites and recent basalts oc-
cur. Two major fault systems have been identified in the area, one of
which forms the main Rift escarpment. Fumarole activity occurs where
these faults intersect the rim of the caldera suggesting major permeabil-
ity channcls. Geophysical surveys, particularly resistivity, indicate the

Eburru geothermal resource to have an areal extent of about 5km?.

Geophysical mapping of the Eburru geothermal area was first done in
the 1960s and carly 1970s under the UNDP /Kenya Government geother-
mal exploration program. Geoscientific surveys were carried out then.

Surface manifestations in the area were known and reported during the

ping of the area in 1963( see KPC 1990). In 1972 UNDP

geological map

completed a comprehensive survey (geothermal exploration) of the area

and Japan International Co-operation Agency (JICA) made a detailed

study of the geothiermally active zone on the northern slopes of the Eburru
hill. In 1985/86 further extensive study in a much wider area was carried
out by KPC scientists ( KPC 1990) which culminated in the 1986 scien-
tific review and well siting meeting for Eburru. Motivated by the need to
develop geothermal energy for electricity production, exploration drilling

ctarted in the late 1980s. Four exploration wells were drilled in the areca
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between 1988 and 1990. The first well to be drilled in Eburru was code
named ET17 — 01, Drilling commenced on 30¢h December 1988. The
well. designed to test the main upflow area, was drilled to a total depth
of 2464 and had a measured temperature of up to 285°C'. The well
was stimulated and discharged brine of high salinity with enthalpy values
varying between 1100 — 12008 J /kg. A report (KPC 1990) on this. noted
that Eburru ET1" ~ 1 showed negative enthalpy; that is, the enthalpy of
discharge was lower than the enthalpy of the main reservoir, and the av-
erage enthalpy lost by water between reservoir and the surface was about
150/.-J /hy. The loss in enthalpy relates to the absence of any shallow
steamn zones feeding the well and possibly the cooling or dilution of the
discharge fluid by cooler feed zones. The high salinity in the well sug-
gests a recharge path possibly traversing marine or lacustrine sediments
horizons. Reservoir engineering data indicated that reservo;r permeabil-
ity is moderate compared to Olkaria production wells. Calculation of the
electrical capacity equivalent give the well a production of 2.5M 1 e at
6.0 bar pressure. This was equal to the average of the Olkaria production
wells.

The second well in Eburru EW — 02 was located to test the eastern
extension of the uplow zone (see Figure 1.4.2 overleaf ). It was drilled to
a depth of 2780m and could not discharge. A maximum temperature
of 140°C" was measured in the well. Reservoir engineering tests on the
well indicated low permeability. The third well EW — 03 was located to
test the northern extension of the upflow zone. It was drilled to a depth
of 259G and was not able to discharge. The well showed temperature
inversions. The bottom hole had a measured temperature of 103° C which
was lower than the highest measured temperature of 160°C at 900m, .

Completed by 24th Novemberl990, ET — 04 was located to test the
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southern extension of the upflow zone. It was drilled to depth of 2466m
and could not discharge on its own. However, after several compressions
the well discharged mainly water and almost no steam. On recovery it

showed moderate measured temperatures of 180°C
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Figure 1.4.2 Eburru ficld (adapted from KPC 1990)

Eburru ETT =01 confirmed the existence of a high temperature
geothermal resource. Wells EV" — 02 and EW — 03 are nonproductive
due to poor permeability and insufficient temperatures, E15 () Pro

duces largely water with practically no steam suggesting good reservoiy
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pressures and possibly moderate permeability but lack of temperature as

shown by low enthalpy fluid. Further scientific work is going on at Eburru
to enable exploration drilling to continue. Inspite of the higher subsurface
temperatures at Eburru, Olkaria was the first to be developed for power
geueration hecause of its proximity to Nairobi, main power transmission

line and the potential at Eburru being much lower than that at Olkaria.

Lake Bogoria geothermal field, the third field of interest. is located
on the Hoor of the Great Rift Valley of Kenya as shown in Figure 1.3.1.
It lies between castings 36°4" and 36°13" and northings 1°20' and 1924/
G:colog;i('zll mapping and characterization of the area has been done. Re-
sistivity surveys indicate an area of altered rock of about 5km? around
the lake (Group 7 Incorporated 1972). Geothermal evidence in the area is
characterized by widespread occurence of thermal anomalies such as hot
springs and fumaroles. Geochemical studies suggest the probale occurence
of at least two distinct hydrothermal systems. Geochemical sampling of
springs atd fumaroles give inferred temperatures of 145 — 190°C'. After
geological mapping of the area by Geothermica Italiana in 1986, it was
concluded that. despite its impressive hot springs, there was no evidence
of young magmatic heat sources. Its heat is probably the discharge zone
for waters that have circulated deep in the rift fault system. Lake Bogoria
geotlwrnm] ficld is therefore considered to be of secondary importance as
a prospect for ligh temperature resource but it may be useful as a low
temperature field. There has not been so far any exploration well drilled
in the arca: this probably explains the low keyed scientific work that has
heen carried out in this area.
When the UN/Kenya Government recoginized the need to develop en-

urces that ave cheaper than mineral oil or fossil fuel in the face of
ergy sources tha

] ing oil prices. geothermal energy prospecting was mainly targeted
increas _
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for clectricity generation. Therefore the main thrust of scientific work i
Kenya in the exploitation of geothermal energy was concetrated -V \l .n
. ated in -
arca of geothermal energy utilization. Development was focused Oltl‘.lls
' £ e on Olka-
ria. Eburru and Lake Bogoria fields. However, there are numeror tl )
> a erous other

geothermal fields in the Ienyan Rift Valley, which we examine bel
A Xa e below.
1.4.2. Other geothermal fields in Kenya

(a) Domes, Suswa and Longonot fields
Reconaissance explorati
S 3 ation has been done i
s I ne in these fields. G
| Se s. Geochem-
ical studies of fumarolic and steami
. eaming grounds emissi
ssion has been d
| one
in Domes. Suswa and Longonot and
. . and some waters from L :
1 Lake Magadi
di and
IKedong valley. The exploration r
: e ion results showed th: i
S 1at steam in S
uswa and
Longonot areas is derived fro :
: N m two sources nam i
mely, meteoric w
¢ water from
rift scarps which is shallow in origin and fr
g ¢ rom water whicl
1 has been ev
vap-
orated to some extent or from a mixture ‘al
s b of rain water
r and evapor
porated
water. Gas geothermometry temperatures st
: S suggest temperatures i
ures in excess

of 300°C' in both areas (Geothermica Italiana, 1985).

(b) Menengai, Solai fields
Glover (1972) examined geohydrochemical data form surface. th ]
s erma.
and shallow borehole waters and fumarolic emissions from the a b
areas be-

tween Lake Elementaita to the south and Lake Bogoria to the north. Thi
. This

report suggests that the hot springs at Lake Elementaita are an outf]
: ow

of a geothermal reservoir in the area.

(c) North-most fields (Korosi, Paka, Silale, Emuruagogolak, Na
, Na-

murunu and Lake Logipi Barrier)

The British Geothermal Survey has examined the northern part of
0

tlie Rift Valley covering areas from thesouthern shores of Lake Barin go t
' o
the southern shores of Lake Turkana. They suggest that reservoirs in these
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northern prospects have chloride concentration of about 500ppm and that
reservoir temperatures are estimated as 200°C' for Korosi and more than

225°C" for Silale and Paka ( Geothermica Italiana. 1985).

Although the immediate aim of research in geothermal energy in
Kenya is to provide the country with electricity, the geothermal fields
outlined above can be used in many other ways. For example the low

enthalpy Huids may be used in the drying of pyrethrum and other crops

at Eburnm.

. A nunber of scientists, both local and from overseas have contributed
immensely to the existing body of knowledge about geothermal explo-
ration in enya. Glover (1972) analyzed the chemical characteristics of
water and steam discharges in the Rift Valley of Kenya, with two major
aims: to determine the location of areas of highest subsurface temperature
and suggest the most favourable areas for a future drilling programme and
to give a survey of the heat flow. Three favourable areas in Olkaria were
identificd. namely. Olkaria East, Olkaria West and Olkaria North East. He
concluded that the heat flow in the Rift Valley increased in amount from
Bogoria through Eburru and Olkaria respectively. McCann (1974) gave a
hydrologic investigation of the Rift Valley catchments. He concluded that
substantial annual precipitation recharges ground water reservoirs. Elec-
sieal resistivity prospecting in the Rift Valley of Kenya has been done, for
(r*:z:ll]:lv Bhogal (1978) outlines methods of exploration and their applica-
tion at Lake Bogoria, Eburru and Olkaria geothermal prospects. Contui-

. o other scientists in this field in Kenya, particularly on
various §

butions by . |
tlined in the literature survey given in chapter two of the
ou

modelling. are
present study.

! l '1 (li\ i(ll ¢ 1 ( i(‘lltiS {«S (lll(l (‘()Ilhllltillg C¢O l)a 1i(‘s 113-\"(’ ‘ e
Iy “ll()llg 11 1 yeen
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carrying out research in geothermal energy in Kenya, they have done so
as consultants to cither the Kenya Power Company or the Ministry of
Energy.  Among the disciplines of geothermal energy research that are
costly in terms of consultancy fees is reservoir modelling. Furthermore not
all information regarding the model will be available to the Ienya Power
C'ompany or Ministry of Energy from the consultants as they prefer to give
model results only. There is therefore need and justification to develop
xpertise in this discipline. This way the local companies such as the

local ¢

Ienya Power Company and the Ministry of Energy will cut down on the

costs of modelling and retain much original information.

1.5 Objectives
The objectives of the present study are:
(1) To develop a reservoir model for Olkaria which examines the response

to exploitation of the Olkaria East reservoir when it has a capacity of

450117 ¢ from the time the wells went on line to present time(1995)

(i) To model the extension to the Olkaria North East field with a pro-

posed installation of a 64MWe power station,

(ii1) To examine how the overall reservoir pressure and enthalpy are chang-

ing over the model production period and

ssess if this area canl sustain the above capacity and for how long.

(iv) Toa



CHAPTER TWO

LITERATURE REVIEW

2.1. General Literature Review
This literature survey examines the efforts that have been made over time
to solve the geothermal flow equations. The first reservolr model applied
to a geothermal field problem was a lumped parameter model developed
by Whiting and Ramey (1969). This model allowed fluid influx from an
adjacent aquifer aud was used to simulate the two-phase stean)- -water be-
Lavior of the 1§ ‘airakei geothermal field in New Zealand. Faust and Mercer
(1979) reported that other workers applied lunped Parameter models to
cothermal reservoirs with varying reservoir properties such as liquid and
gas plases distributed throughout the reservoir and also assuming that
the reservoir is closed i.e. nothing enters or leaves the reservoir. Harlow
and Pracht (1972) considered the problem of extracting heat from dry rock
using a distributed parameter model which simulated rock fracturing and
single-phase higuid or vapour flow. The first application of a distributed
parameter model to a geothermal field problem was made by Mercer and
Faust (1975). The equations were solved by a numerical method that
used Galerkin finite elements. The model which solved for temperature
and pressure was areal (l.e. vertical component of fow assumed negl;-
gible) and was restricted to liquid-dominated reservoirs only. Faust and
Mercer (1979) also pointed out in their paper that two-phase two dimen-
sional reservoir models that incorporated well bore models were developed.
The models which were restricted to the saturation vapour pressure curve,

solved for pressure and saturation and used a finite difference technique

that involved Newton-Raphson iteration.

At this stage in the reservoir modelling process, the reservoir mod-
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cls that existed were either for compressed water or for conditions on the
satnrated vapour curve. An evolution in the modelling process occurred
m 1975 at the United Nations symposium on the development and use
of geothermal resources,held iu San Francisco. Three independent groups
presented distributed parameter models capable of simulating botl, liquid
and vapour-dominated geothermal reservoirs. Faust and Mercer (1975)
applied both Galerkin finite element and finite difference techniques to
approximate a pressure-enthalpy formulation of the multi-phase flow equa-
tions in two horizontal dimensions. Garg et al. (1975) and Lasseter ot a]
(1975) formulated multi-phase flow equations in terms of fluid flow intey-
nal cnergy and density. Garg et al. (1975) used finjte difference techniques
to approximate their equations whereas Lasseter et al (1975) used an jn-
tegrated finite difference technique. Both of these models were capable of
treating three dimensional problems.

Later. Schroeder (1980) developed a computer Program code named
SHAFT 79 (Simultaneous Heat And Fluid Transport). SHAFT is an inte-
grated finite difference program for computing two-phase non-isothermal
flow in porous media and is designed for geothermal reservoir simulation,
In the nwuerical method used, space discretization of the governing equa-

i 1 rat ite differ hod. This method
ions is achieved with the integrated finite difference met
:;lows‘ a very flexible geometric description because it does not distinguish
I( tu'(;en one:-. two-, or three dimensional regular or irregular geometries,
'I)‘P , Js discretized fully implicitly as a first order finite difference. This
o ~ linear difference equations which are solved using the
process yields nou-lmea | | N -
Raphson method. The set of linear equations arising at each iter-
swton-Rapl
N(.‘“ tor s is solved by a matrix solver. Two examples of matrix solvers are,
won e 1 code, a new version of SHAFT 79 developed in 1983
MULKOM computer €

at t K nrele) l ‘l‘
< t »ll(‘ Lﬂ\\'l'(‘ll(( <
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rated Ground Water and Heat) developed due to Pruess( 1987). TOUGH

YO1 [0} (¢ - ) - 1€
. ryo oy P [[ . l I I3 l : l l ] .
1)] ()PI alil was 111 [4 > L ct]Oll

in partially saturated geological media. The numerical methods used
: s used are

similar to those used in SHAFT 79.

TOUGH? which is a more general version of TOUGH is closel
s closely re-

lated in methodology to TOUGH. TOUGH2 was developed by IX. P
v K. Pruess

ill 199 | . t ih‘ o 11Ue 1'1.(‘31 SiIIIUIH i ]) N '€ i -
t|()[| t» 1111€11S1011 8 ou
11 113 tllr \,

in porous and fractured media. It is designed f '
. S d for a variety of
y of uses e.g.

M M 1l O 1

zone hydrology.
2.2 Olkaria Literature Review

We now turn to literature survey concerning modelling work related to th
ted to the

Olkaria geothermal field. Several computer models to simulate the perfor-
mance of the Olkaria geothermal field have been developed. Simulation
studies were doue in 1980 and 1981 to test the reservoir behaviour under
oxploituti()n. The first study by Bodvarsson (1980) addressed the ques-

tion of the eftects of the vertical permeability on the production capacity

of the field and subsequently on what would happen to the production

capacity of the field if production was from the steam zone or water zone
or both. using a simple vertical 1-D model with reservoir area of 12 kin
L Z K
. r X -
and a thickness of 1260m. The results showed that excessive production

fom the steat sone would lead to localized boiling and pressure decline

a1 limit the productive life of the reservoir. On the othe
I, , her

and this wonld tle

Land (~()11.~;i(l<‘1‘?l]>1“ l,mductu)n from the liquid zone leads to counter flow of
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both steam and water resulting in optimal depletion of the reservoir. The
sccond model. Bodvarsson and Pruess (1981), considered the effects of
hoth horizontal and vertical permeabilitics on the production capacity of
the field. The results obtained indicated that a power production 45N We
for 30 years was feasible at Olkaria.

A three dimensional model for Olkaria East field was developed by
Bodvarsson et al. (1987). The 3-D model allowed calibration using data
from tudividual wells and hence had the capability to predict the perfor-
mance of cach well. It was a three layer model with 54 elements modelling
the steam zone. upper and lower liquid zones, with a total reservoir mode]
arca of 9 ki and a thickness of 850m. The model hag boundary condi-
tious of zero wass flow through the top and bottom with open recharge
through the sides. The model was calibrated against 6.5 vears of produse-
tion history from July 1977 to December 1983. The model matched wel]
the flow rate, enthalpy and pressure decline data. Bodvarsson et al. (1987)
considered three exploitation schemes with different scenarios, namely the
effect of well spacing on well deliverabilities, power production of 45 MWe
and 105 MWe and the effect of injection on well performance and reser-
voir depletion. These modellers concluded, aniong othey things, that the
present well density in Olkaria East field is too high and that Injection
could help sustain steam flow rates from wells thus reducing the need for
new replacement wells. The parameters in the model sucly as pressure,

enthalpy were determined by the Lawrence Berkeley Laboratory's general
(4

e simulator MULKOM.

purpos
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CHAPTER THREE

DYNAMICS OF FLUID FLOW IN POROUS MEDIA

3.1 Structure and properties of porous media

Fluid flow in porous media is described by a number of basic concept
as cepts
which will first he explored before we can adequately consider the forn
3 he tormu-
lation of basic equations which gover i
s £ govern flow in porous med;
S 1a. A porous
material is any solid containing pores or holes or voids either in a regy]
~ regular
or ratdom manner, provided such holes oceur relatively frequently with;
. ' 1n
the solid (Collins, 1961). We now identify some of the important
o : ’ go\f.,

erning parameters required in the formulation of the geothermal reservo;
al reservoir

ecquations,

3.1.1 Porosity

Porosity denoted by the symbol ¢, is defined as the fraction of the bull

Ct ; ulk
volume of the material occupied by voids. If V), denotes the volume of
the pores and 1y the bulk volumne of the material then

(f) = —IL
T (3.1.1)
The portiou of the bulk voluiue not occupied by pores is termed the matrix

of the material. Thus if ¥, denotes the volume of the solid matrix then:

| L ¥ 1
Ve Vg (3.1.2)

This means that y
I. e (/) e (3 l 3)

Vi
Two classes of porosity occur in nature, namely absolute op total

porosity and cffective porosity. Absolute or total Porosity is the fractiona]
void space with respect to the bulk volume regardless pore connections.
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Effective porosity 1s et obd
porosity is the fraction of the bulk volume constituted by int
> constituted by inter-

connecting ective T ..
g pores. Effective porosity is an indication of permeability (
o ability (see

l OLrOr S Ol ].1 1 16101 < 1€ DO S t
i

rials. C action; which i Oc
als. Compaction: which is a process of volume reduction due to an ext
all exter-

ll;‘ll\. z]l)l)li(‘(l 1)1‘(‘ J ‘lll‘ M l l N 1
A ssure; has the foe(‘t Of ('h'dllg 1 A%
. lng the I)OI'OSIt : (& -('
Y. C'htll]l al
l(‘ﬂ(‘[lill}_" and 1)11\'\'i('211 erosl y v vate |
A 1'0S1011 (lu(’ to fhe ﬂ()\ / f '
) ' O glOl’llld ¥ ilt T fl ; (4
L . 11 Ollgll tll]. .
l)()l'()ll.’*-' 1‘()('1{.‘4 (‘111?\1'}."(‘ th('? 1)01' 5 an l tll 1 1]( a 1 e e
es and clus 1as (,dll' ct ﬂ‘e('t O (& q.
& ) :“.

On a microscopic scale, porosi é
: : o sity may vary greatl
) ) y va tly throughout a s
. a system.
In fractured rock for example, ¢ may vary from little more than 0 in tl
: an 0 i the

rock itself to wnty in the fractures (Frc‘estone, 1992). On al
2). a large scale
however., an average porositv is defined 11t 1 i
. v s fined and it is this val ich i
alue which is
s used

in the analysis of a reservoir.

3.1.2 Permeability

Permeability. denoted by k18 defined as that property of the porous-:
material which characterizes the ease with which a fluid may be nac
ade to
fow through the material due to a pressure gradient. Permeability may
he directional. i.c. ifferent from one direction to another. A system \\'ifil
directionally varving permeability is said to be anisotropic. A system in
which pvrul('nl)ilif}’ is the same in all directions is said to be isotropic
G(‘()th(’l‘llml S:\’st('uls frequ(_‘ntly ha.ve il.llisotropi(‘ P(‘l‘lneabilitv (Fl‘f‘(‘%ton(w
e Ly K
1992). Permeability i expressed in the units of area, namely, m?.

3.1.3 Thermal conductivity

luctivitys L.
conduction alone, when stressed by a thermal
Y a theria

The thermal col of a material 1s a measure of its ability
at encrgy by

to transfer e
re Watt/mls. Typical values for rock arc in the rang
, o

gradient. The units &

of 2 2.5WW /ml.
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3.1.4 Compressibility of rocks

Mechanical properties of porous materials are not usually tmportant in
problems of Huid flow through porous media. However, in the particular
case of deeply buried sedimentary rocks, these properties may have some
hearing on the flow of geothermal fluids in porous media. Compressibility

ks denotetl € is defined as the ratio of change in total volume of the

()f 1oc¢
rock to the product of total volume and change i pressure. In symbols
it is defined as:
C = —~10Vp
"7V, OP (3.1.4)

Where P denotes externally applied pressure. Thus if p, is the

density of the rock and m its mass then, since m = p, Vg it can readily

he shown that
1 Opr

C

"7 p 0P (3.1.5)

3.1.5 Other parameters

The relative perweability. denoted by k., 1s defined as the the permeabil-
ity of the porous jaterial at a given fluid saturation to the permeability of

al when it is 100% saturated with the same fluid.

the sane porous maters

It is a Jdimensionless quantity.

The specific licat capacity of a material, denoted ¢, is defined as a

measure of the amount of heat energy which must be supplied to raise a
«te

material by 1o, Hence it is given in terms of energy

1 value for rock 1s 1000J/kg\, where J

1
gree L. A typica

Freestone, 1992).

wnit mass of tl

A

per mass per de

is the encrgy it Joules (
The density /s of the rock s defined as a measure of the ratio of mass
10 (1CHSRL . |
rer erial.
to volune averaged ovel the materis
. v of a water saturated rock depends on botl
al ¢ etivity of @ ‘ .
Thermal condt
luctivit of the rock itself and that of the fluid, i.c. it is a mixture of
conductivity ,
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rock and Hutd properties:
K=(1-¢)\, + ¢k (3.1.6)

\\’11(‘1‘(‘ \-,« lel(l \'_[ (1(-‘11 t th ther 1viti
/ | oge e 1euna.l COllduCt]Vltle e a
s of th rock d 1
' nd ﬂllld
respectively. Since ¢ is usually small, tl I
. \ 11, tile value Of 1 de 1
pends mamly on
]\'I' .
3.2 Behaviour of ﬂuids ill porous media
ll(J il])ilir\' to 1)1"diCt th 1)»hav' : \%
1 ; : () > 0 Viour Of geothermcl r 1 i
e & 2 1. CSCI'VOoIrs 1s (‘l()q ] :
| S 1S SCLY
related to the ability to predict the flow char: 15t f
\ 8 ! 1d(‘tellqtl(‘S (8] tl i ] e
ol 1 ﬁlll(l 1 th
1-(\..-(\1-\-(7)i1'. | );11‘('.\' 1)(‘1"()1‘1116‘(1 all experime nt fl'()lll Whi(.‘h 116‘ deduced l t 1
wiat 1s
called Darey's law of low through porous media, s
3 fl , see for exampl] 1
b e (Collins

1961). A Huid was passed in a horizontal column filled witl, a
porous

material (Figure 3.2.1).

v

porous material

Figure 3.2.1 Darcy’s Experiment

If I denotes the length of the porous material, A, the cross- sectional area

of the column. ¢ the flow rate and AP the pressure difference at the ends

of the colunn. Darey deduced that

__AAP
=" (3.2.1)

where & is the l)(-\nnea-bilit}’ and depends on the properties of both the
and the fluid. In fact k" = k/y where & is the perme-

porous mediut
s mediui and g is the shear viscosity of the flud
A .

ability of the porott
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Therefore
0= — kAAP
! je€ (3.2.2)

Thus. rate of flow of a homogene . 3
: a homogencous fluid through a porous medium js
proportional to the pressure gradient and the cross-sectional area 1 1
alcCa liorma.

to the direction of flow and inversely proportional to the dynamic viscosit
. s 1ISCOSITY

of the fluid. This is the statement of Darcy‘s law. The flux or D

) - ~ al‘(‘\f

veloeity 7. is the average volume flux or flow rate per unit cross-sectj 1
' S-scctiona

arca of the porous medinm.
Dimensional analysis of Equation (3.2.1) shows that k has the

mensions of length squared. Hence & is roughly a measure of the mean
: a

square pore diameter in the porous mediunm.
Oune special unit often used is the Darcy which is approximately equal
- LELY 1a.
to 10~"2m? or millidarcy which is approximately equal to 101552 Saty
*. Satu-

ration of a porous medium with respect to a particular fluid say 1 denoted

by §;.1s defined as:
s Volume of fluid in the medium
1= Total volume of voids in the medium

Thus for two fuids 1 and 2 jointly filling the pore space,

Si+S5=1 (3.2.3)

Saturation 1s a Jimensionless quantity.
sunnarize some fundamental thermodynamic and brans.

Below we
As pressure mcreases, so does the saturation

port propvrties of water.

t erature namely the temperature at which water boils.
emperature, Name

Gaturated water and steam densities denoted by p, and p, espec.
C [

as the ratios of mass to volume of water or stean. Tle

tively are Jdefined
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units are usually kg S i
are usually kg/m . At saturation temperature and pre.
: , essure, 1.e. o1
the saturation lia i -
sat , 1e. the density of eacl
. ch phase (water/ is diff
ter/steam) is diff
S diferent,
Internal energy d : '
: gy denoted by « is a measur
3 A s a measure of the tot
2 al amount
| | - of
licat stored in a material. The specific internal energies l.e. e
S l.e. energy stored
per unit mass due to liguid water and
t d steam are der
, 1oted by u,,
| ; w and u,
respectively. The enthalpy of the fluid denoted by 4 is a mea ft]
y N a asure of the
st of the internal energy and an ar
gy a mount due to work
’ 1k stored by t] i
| Y the action
of pressures. Specific enthalpies Le. e i
Ipies 1.e. enthalpy of flu i
D) ud per unit
- mass due

to water and steam are denoted by /
ste - ed by Ny, and hy . The t
. : : wo types of
energy

measure are related by
D
Nw = Uy + —
w
)
he = uy+ &
Ps

where p is the pressure. Both quantities are me ed i
S asured in unj

unts of ex
e 1-

ergy/mass.
The dvnamic viscosities of water and steam denoted
At and g,

respectively. depend mainly on temperature and vary ouly sli
« uy Sllglltl)’ ‘V.
) - ith

prossure. Units often used are Pascal second (kg/ms), and Np—2 Tl
-Ym=%. The
kinematic viscositics Ve, Ve are the quotient of dynamic viscosity divided
S ridec

by deusity (v = %).
A two phase fow system exists when two fluids exist within the same
pore space. The fuids are separated by boundaries called iuterfaces, across
whicl discontinuities in density and pressure exist. An interface is made
by the existence of forces called inter-facial forces that act only at

possible
parate phases and are tangential to the boundar
> aries.

houndaries between s€
wved; as they usually are in porous media (
’ . (" (—‘vg'

When boundaries ar€ ct
. the tange ntial inter-facial force produces pressure disconti
3 lisconti.

C'ollins. 1961)

faces. The pressure difference denoted by P, is c¢all 1
v oI5 Callec

nuities at the mt
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the capillary pressure. A\licii two or more fluid phases occupy a porous
medium, one of the fluids is adsorbed on the solid surface more strongly
than the other (e.g. Collins. 19G1). The fluid which is strongly adsorbed
and which displaces the other fluid from the adsorbed film is called the
wotting fluid phase. The displaced film is the 1101l-wetting fluid phase. In
most cases, liquids are adsorbed more strongly than gases and as a con-
sequence. in a two-phase system involving a liquid and a gas, the liquid
will usually be the wetting phase. One effect of inter-facial forces is the
tendency to compress the 1101l-wetting phase relative to the wetting phase.

Thus the 11011-wetting phase has a higher pressure than the wetting phase.

Capillary pressure is a function of saturation; thus if P, and P2 de-
note the pressure of the non-wetting fluid and the wetting fluid respectively

then the capillary pressure. Pr, in the porous medium, is given bv

Pc(Si) =P\ - P2 (3.2.4)

In experimental methods for determining capillary pressure curves,
the sample is initially saturated with either a wetting or a non-wetting-
fluid Tilt' capillary pressure-saturation ciuves obtained for the two initial
state's air not the same. This phenomenon is termed capillary hysteresis.
The curve obtained (Figure 3.2.2) beginning with the sample saturated

with the wetting fluid is termed the drainage curve, and that beginning

with the sample

it v.
MAIHOSI tfUfiAK

UNiVenr 11



saturated with the non-wetting fluid is called the imbibition curv
. * 7e'

5+

===~ Displacement

= Imbibition

24

Cupi\lnry pressure, F'g {otmospheres }
-
L

o

T { v T 1
0 0.2 0.4 0.6 0.8 10

Wetting fluid soturation Sw

Figure 3.2.2 Capillary hysteresis

Capillary 1n'(«‘ssur(-‘—saturation curves have been employed to infer what i

) is

stribution of porous materials. If a porous mat
e_

termed as the pore size di

rial is viewed as composed of a collection of pores having some distribution
radii. then there exist equations which relate this distribution function to

essULe distribution function. For example for a cylindrical

the capillary pr

tube of radius I
2’)’12 cos [

Pc(7'i) = ‘_"7_""__,

refering to non-wetting and wetting

(3.2.5)

bseripts 1 and 2

with st
ension in both non-wetting and wet-

where Y12»
: . foce t
Auid respectively. 1 the surface

nd the distr

ibution function, D(ri) is related to P, as follows

ting fluid a

Collins. 1961): Py dS»
D("‘i) = —;—:— X —(Z_ﬁ; (326)

. 152 can D€ determined from a capillary pressur
The expresston dix vV pressure
The complexity of naturally porous structures defies

e. Even s0, simple definitions such as those

-

santratiml-('ur\’é’.
: ‘e 817

all attempts 0 Jdefine po?
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cemployed above do have some utility and contribute to our understanding
of the part played by pore-size distribution in determining the character-
istics of flow through porous materials.

Common reservoir fluids encountered may be classified into three
groups depending on their compressibility, namely, incompressible. slightly
compressible aird compressible. Incompressible fluids have a constant den-
sity. slightly compressible fluids have a measurable change of density witl
pressure aid compressible Huids bave a significant density change with

pressure. Jsothermal compressibility C of afluid is defined as

Co—1v
T (3.2.7

VP )

where 17 is the volume and P is the pressure of the fluid. It can be shown

that
_10p
 pOP (3.2.8)
where p is the density of the fluid and P is the pressure. Integrating this
equation we have:

p= /)06('(1’—1'0) (329)

are reference density and pressure respectively. For

where po and po
¢ = 0. For slightly incompressible fluids, C' ~ 0

incompressible fluids,
e )
and hence the density 15 given by

C'(p—po) _—:/)0[(1+C(])_]70)+ —__2'— +'} (3210)

p= roc
ed by using Taylor series expansion of the exponent in

which is obtam
). Since C =~ 0, neglecting second or higher order terms

Equation (3.2.9
(3.2.10) yields:

in Equation

p = po(1+C(p—po)) (3.2.11)
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¢ '(‘l'\'()il' “aters ar 1 g ©S81 )I(?
t‘ S | S are sii It \f p 3 i ] .

F(l] (()]][])I(\H ] l v II & ases t‘ G . I .
SSHC ll](]S -g- gd CS, :ll( t 1C3 € SCI'1eS €X«¢
ey \ rua C'IthIl Of t 1 < 3 l Q. 1
ALy 1

of the exponential is not valid. The complete series must be tal
be taken.

In ﬂlli(l saturat d por 1i e
s ted porous me(lla, there can b
O 2 . € as 1many as thr 1
ree fluid

)l].l PRI l) eose l 1O l{S saitura

of cach fluid to move under an applied pressure gradient is a functi f
aie 1ction o

the relative permeability of that phase. Thus

oy = 2
3 (3.2.12)

where subseript 1 denotes fluid 1 and & denotes the permeability of ti
abllity or the

wediun.

3.3 Conservation principle

3.3.1 Conservation of mass

In fluid flow, one of the most useful mathematical tools i
’ 1 tools is that i
§ t obtained
frow the principle of the conservation of mass, momentu

) 11m or energy F
. From

the conservation of mass we call derive the continuity equation
Clonsider. in the geld of How, an element of volume in the form of
O a

para.llelepiped having sides Ax1, Azz, and Axz in a field of

rectangular
How as in Figure 3.3.1 j
™N
]
{
—_— 1 -
) dirsct ton
Ax U
~. |77 93(2
Figure 3.3.1\"’0111111@ element in the region of flow
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Lot the concentration of the quantity be G, expressed in units per unit

volume. the flux density of the quantity be denoted by Q expressed in

wuits trausported per unit fime per unit area and the physical quantity in
. [4 .

' oleased within the field of flow at a rate of G units per unit
question be releast d within the fi at a ra 1

time per unit volume. The quantities T'. G and § are variables.

The conservation of the physical quantity can be mathematically for-

dated using the average flux density across each face of the volume
mulated wsny

1 t ('l' S l( I'] 1.2 L3 ' ) b N tll(_’ a\'(‘l'ag \"dlu(’ Of 1 ovoer th(,. f'i(‘(‘

cienient. L 2 . a DRI L S C s !

1t] Hi(l( s Ay ﬂll(l A.Z'g l()Cﬂt("d at 1 a,n(l S !l (‘l'l A T1od9. 0. ) I

\\.] 1 L. " 1 at

. . eratt ~O1'TCS )Oll(lillg fa(,'( ]_OC('lt(\({ z‘t .l'l I : ‘I"
' "t * f SZ | OVel tll Ccort 1

“\"('l'ilg(’ 1 (1111( (9] (G ¢S

S‘ .l l ﬁllifi()ll s ¢all b lllad: fO].‘ 711 Otll( T lacCes. I 11(, an 1()llllt ()F ll

nmiar (4(% S (& ¢ t’ e f

N 1 3 (GEAY clementt (llll'illg tl ,illl.‘ iuter\,--ﬂ t
. N - entering t,h \olunle (‘l he t € o
VS1C¢ l (llldlltlf\ (llt 1l -

l)ll' S1(C H .

to t 4 Af s
[§2) (ry.r2a T30 $)Ar2Arg + Qo 2,03, 8)Ax Ay

+ Q:; ( L2 RET { )A.I'] A.I'Q]Af.

ing the v > element during this time is:

ot the t leaving the volume e _

Similarly the amotn

[S? ( + ' () ['3 t)A.l'Q A.l',’} + Q"Z(.l‘] ) -1'2 + AJ'Q. A.l':;\ t)/ ‘l'l .1.3
L AT T Ar A

4 Qg v + Az, t)AT A-l"z]Al‘

is ti an amount
Also during this time. an amo

G(.‘l‘] Lr2,.3, t)A.l‘l Alg ArzAt

] l i 1 .()111111 1 1 ‘e s alres ”.].t of I;ll(“' l)()SS]‘] )I(\ EXCEeSS ( f

1 as¢ 1 1111 3 Cl11] t‘ !

1S5 l‘(‘l(‘(‘.‘\( (l W ' ' ] ( \ eC Cll | ! | |
ﬁ ']11(1 ll(’ I ,], ase (@) ,11¢ 11 -‘t or ] v —\ |

1 o 1 OwW 1. ‘ ele f I )

lll“.( )\\' [§)) 1 Ot ‘ [Gd t | . '

([(rrea203 ¢4+ A) = Dl ey )] A Aap Ay
(gt
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Sill(( h. ' [ "81CE . .
1VS1C (]l (lll(]ll 1ty q B - «l
S ) Q‘ l S b l <

( .»lm()unf) < Amount
in out ) + (.-lmoum‘ gcncrate(l) = Increase in content
S . (3.3.1)
ubstituting in Equation (3.3.1) the expressions given above. and dividi
bove, and dividing
through by Ay Aag, Ary and Af and taking limits as Awy, Ay, A
Doas Al Al

and At are cach allowed to approach zer
. ; zero, there result i
. sults the equation:
tron:

691 8&2) aQ; al"
(0.1-1 8.1"_) 8.1‘3 ) +G ot (332)
which in vector notation becomes
—VO+G= or
ot (3.3.3)

This is the continuity equation for fluid flow and can be applied to sit
o situa-

tions as described below.

(a) Single-phase incompressible flow

For iucolnpressible fuids the volume of an clement of Auid is not

s not
d by changes in pre
() hecomes the volumetric fluid density i.e. velocity V-

altere ssure. Hence fluid volume is conserved and in
Equation (3.3.3)
ntration T be
Thus Equation (3.3.3) becomes:

Also the conce comes the concentration of fluid volume which

is the porosity @-

- 0¢
vi+c=2
O G (3.3.4)

This is the equation which goverus a single-phase incompressible low
(b) Single-phase compressible flow
tlow of compressible fluid through a porous medium. the vol

In the
f the fluid may change due to changes in pressu
> Cssure.

ume of an element ©

40




Therefor i
re. fluid v '
id volumne is not conserved. However, tl
. ; . the mass of
lll(‘llt ()f ﬂlll(l reie . . v O1 an elf‘-
1 NIY I
ains unchanged. It can readily be shown for thi
> or 1S case .
se of

single-phase compressible flow that

pii =
an
I'= ¢p.
Henee substituting these expressions in Equation (3.3.3) we find
v 4G = )
of (3.3.5)

Equation (3.3.5) describes the flow of an incompressible fluid i

o 1d m a por
] : 1
tmeciu. porous

ase flow of two immiscible fluids

(c) Multi-ph

( S > bw i 38 7 1 o M . .
I ) tll( qnnultdneous ﬂOW Of lmmlsmble ﬂlllds, twao i l sel 1 .
lt’ COll'

jon 1)1‘i11('i1)1c‘s must be invoked. If we denote the fluids | L
DY Su SCI.i
v pts

servat
1 and 2 for wetting and for non-wetting fluids, respectively
’ espectively, then Equation
(3.3.5) becomes
_Vmi)+G= Op16S1)
ot (3.3.6)
Similarly
—V.(/)-_;U) +G= O(p20S2)
ot (3.3.7)
Equations (3.3.6) and (3-3-7) describe multi-phase flow of two immiscibl
1sCible

Huids in a porous mediun.

for anisotropic porous medium

3.4 Darcy‘s l1aw
wsion of Da
bility
:thin the medium. This is not generally t

1y true

, ot a1y . .
In the disct rey's law of flow through porous media, it is
L LB 1S as-
e that e pernied and relative permeability are independent of
: "Nt o
the direction of fluid flow W

41
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of all the porous media. For some porous materials such as sedimentar
rocks. the Huid transmibility is not the same i all directions To take thi‘

ake this
characteristic of the porous media into account requires a further gener
alization of the laws of flow. The correctness of such extensjons can ]‘)(_,
established only by appeal to experiments fop confirmation of predictions
hased on such-extensions. The most general linear relationship hetween

the components of velocity 17 and the components 6@/@1.1. that can b
: - can be

postulated takes the form:

) p, 0%
V= —;A'JBTJ (i.)= 112w3) (341)
In which @ is the veloeity potential. Here the nine quantities k.. (; =
1.2.3.7 = 1.2.) form the elements of a tensor. The nine elenents form
what is called the k—matrix. If a rotation of the coordinate axis is consj-
ered . the manner in which the k-matrix transforms undey such a rotation
can be vestigated. Such an investigation shows that. if the 4 — matrix
is symmetric. then the rotation of the axes to a particular orientation pro-
duces a diagonal matrix. Thus if & =k, /=123 J =123 for a

axes . = : .
particular set of rectangular axes @i, ¢ =1,2,3 (ie. particula orienta.

tion of the coordinate system), the A— matrix takes the form (denoted as

e A= matrix).

tlic 1 OO o
1
ko= 8 "62 1«2 (3.4.2)

The directions of the particular set of coordinate axis to which the £ .

x corresponds are called the principal axes of the porous medium,

matri
Thus for the coordinate axis oriented parallel to the principal axis of the

sdiwn having orthogonal principal axes, the postulated form of

Porous it

Darey's law becomes:
—k; 0P
W= Tl =1, 2, ’
a L _/)8,1'; ! 1 3 (3'4.3)



This rotation of axes also requires a change in the form of porosity, .
Thns sinee in general not one of the primed coordinates is paralle] to the
vertical (direction of the gravitational force) ¢ must be written as:

3

P
(b::z.r}('osni/o‘ @ (3.4.5)

=1 P

(Collins. 1961)

Herve the o, 7 = 1.2.3 are the angles between the respective primed
axes, af. 7 = 1.2.3 and @y which was assumed vertical. The basic con-
copts of fluid flow in porous media having been explored in thijs chapter,
we are now in a position to consider the formulation of equations whick

govern flow in porous media in the next chapter.

43




CHAPTER FOUR

GOVERNING EQUATIONS

ELoIntroduction
Scientists studying physical phenomenon are faced with the problem of
limlillIM solution to some rhy*U,d processes that occur in nature. Nature

ilMIf ,,,-iug complex, the solutions to these processes arc usually approx-

Nevertheless, these approximate solutions advance our under-
lj, , »T the behaviour of the physical process in question. Modelling

(On h(, physical processes has for long been recognized. The modelling pro-

. i , nf models to obtain some insight into the behaviour
c('ss involves the use
cesses. In a very general sense, there are two types
of some physical pl )asse y 9 ’ yp

uhvsmal and mathematical models. Physical models

of models. nann i}- 1
are the sealed down K p oductlous of the original. Mathematical models
cf—pms of mathematical equatlons that describe
on the other hand are bjsten

} 1 1w -iour of the process under investigation. In geothermal

1 t nations are complex, non-linear partial differential
reservoir work, these (g
. f the complexity of these models, a computer is
equations and. because 0 = ,
ifnnl* svstem of cciucitioiis. i\Intlieni<iticcil mod-
era to solve the resultant sw

I(<llul N -titive process in the sense that when the modeller
idling (an AN AN parameters in the model, the model simulates
inputs data \\gl(ni the produced results are analyzed by the
and produces results. _
: 1 i g to improve or modify these findings i.e. the
i ii,=there imp b( u
moo (1 .o ted until the upgraded results are reasonable.
) A W mAn
process : u develop an efficient and a fairlv reasonable

In this wav the modellers
i f ethe process under study,
predictive tool fm 1
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4.2 . Basic governing equations

The mathematice
] 1atical model for geother
Jermal svstems d i
syst describes th
>s the three

dimensional fow of water, steam or both and transport of heat i
at 11 -
media, These equations which express the laws of conservati 1:01()us
. ation of mas
momentu and cnergy in a geothermal reservoir are non-linear Tabs'
ar par .
partial Jdiffereutial equations. Derivation of these equations has bl el
‘ as been done
by a number of authors. For example Faust and Mercer (1979) .donc
i v
led derivation of the equations and state the major a'SslunptiOni’ e ;;
) DEIONS usec

detal
(1982) give a more general derivation. The bal
: halance

while Grant et al.
cquations discussed i this soction are based on the f ;

ollowing si e

sinplifying

g

assemed to hold:

assumptions which are

1. Capillary pressure offects are negligible

am exist among the steam, water and rock

Thermal equilibri

D

3. Relative pormvability is a function of liquid saturation
4. The PESCLVOIT is Sjngle-componeut water consisting either of one
or

two phases
5 \iscosities axe¢ considered functions of temperature
ar function of pressure

G. Dorosity s 8 line
ability are functions of space

Rock density and perme

=1

1ear function of temperature.

S. Rock enthalpy 15 & lix
Some of these aussunptions are discussed as we develop the equa
ons may be expressed in terms of pai
s irs

erning equatl

The hasic OV
antities as independent variables, f
' S, 10Y

wn theril

t10118.

of hasic nnkno odynami(‘ v

fstance. Auid enthalpy and pressure: or density and luternal energy, or
nd saturation. These models how

aburc
pressure and temp ratul
45
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ever, have their inherent restrictions. The pressure-temperature me lel i
S del 1s

for example restricted in its use to hot water geothermal systems only
while the pressure-saturation model works only in two-phase rmerv()ir.q
ou the saturation vapour line. Faust and Mercer (1975) point out that-
fluid 1)l'('-‘iﬁlII‘(’-("nfhn]])} formulation is pl‘eferre(l beca.use these paramneters
wniquely define the thermodynamic state of the system in single-phase hot
water or superheated steam flow and two-phase flow cousisting of both wa-
fer and steam. conditions that are commonly obtained in geothermial feld
situations. In addition, this formulation offers the advan tage of avoiding
the necessity of using three wnknown parameters which is the case whep,

the I,I-Cssul-u-tmupvrattu'e—sat.uratlon formulation is used. The basic fiel(
equations which express the laws of continuum mechanics are given helow

(a) conservation of mass
C'onservation of 11ass is governed by the following equation, ag derived

in section 3.3
M &
— 4+ Y--Qm = qm, (421)

ot

\/ is the mass content per unit volume and is given by

where
(4.2.2)

M = (L'(/)sss + /)u'sw)

lium porosity, pu and py are the densities of wa-

in which o 1 the mec
spectively: The quantities Sy and S, are the watey

ter and steamy e
pe(-tively and satisfy Equation(3. 2.3) of chaptes

1 saturations 1es
lensity p of the steam-water is defined by

C

and steail
The average fluid

three.
14 = /)u‘sw +f)35,v (423)

hol is the mass contribution from sources and sinks. T}
The syvmbol gm =

3 g given by
mass fux. G 19 gl

(jm = (lel' + (Jum. (4“4)
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where the water and steam fractions are @mu and Q,,, respe
- 38 - ) &

ctively and
are given by a modified form of Darcy’s |

aw;

) kkrwpey
Qmw = ——

e VP = pug) (4.2.5q)
- hkysps -
. Qms = "T(VP - psg) (4 25[))

(b) Conservation of energy

Conservation of energy is governed by the following equation, as (e
rived in section 3.3 (except that the quantity to he conserved is ¢ crergy
rather than the mass):

oF -
8—2‘ \_Qe = de

i which E. the encrgy content per unit volume which is a contributioy, of

energy from the rock and the fluid is given by

E = (1 — (/})/),‘/l,- =+ ¢)(/)u.v5uvllw + pgS_glls) (427)

where 5y, p, are the rock specific enthalpy and rock dens; by respec tively
e r My,

yeed halpies for water and steq ses 1
N . and Ny are the specific enthalp @ €am phases respec-

tivelv. The svmbolg. is the energy from sources and sinks. The tota]
enthalpy of the water-steam mixture is defined by
Pl ww + 0sh S,
The energy flux @ is given by
(;)‘f = ]I“'Q_"’“' + h"Q"ﬂ -1, VT, (429)

1 reestone, 1992). The vector quanties m Q. and Q
see for instance (Frees | 3
' i qula“"”(4-2-5)- The last term in Equatjon (4.2.9) repre.
are as given | L
movement resulting from conduction. Hepe 7 represeytg
ENVAl " )'\.’ ; ‘-
sents the energ)
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the temperature of
- 1 N - o REPS 1 5 s .
perature of the reservolr while Iy, is the thermal
rmal conductivi
vty

of the saturate ‘OUs i i
aturated porous medium and is a sum of the tl 1
. 101'111a (liq ol
b l)(’l S101)

2\]1(1 (-()ll(lll('t.( ' ' s N 1 g S“
1 M1 ¢l f()l 'll( 1()('].(, stcalll dll(,l ‘VH.' Cr I |1iS ]
. (‘()111 )i < 1 N
bination 1s

Ieasoll: - 1s hase i
asonable and is lased on the assumption that local the 1
. . rmal equilibri
rium

among the phases 1s achieved in an instant since the m
' ovement of s
. .o . e M 1 ‘ | bt(\alll
ancd water through porous media is sufficiently slow and tl
a he surface ¢
CC areas

of all the phases are sufficiently large.

Since pressure and enthalpy are two basic thermodynami
amic varial
bles,

the temperature T in Equation (4.2.9) is a function of pre
ressure Poang
nd

enthalpy /1t Thus the gradient vector VT can be expressed as fi
be expressed as follows:
HWS!

0
o7 (6,}’1;),,:\—/1, + (?371;) ,Vh (4.2.10)

Tere | 2L , ar . i ot
where (:) ,) I and (rﬁ;)b are partial derivatives evaluat
luated at constant

enthalpy and pressure respectively.

Relative 1_)el-lllt\a.}_)ilities for steam and water phases, whicl
ses, which are fu
nc-

tions of water saturation, express the fact that the presence of one pl
: e
impedes the flow of the other: These relative permeabilities are tl . ;alse
: ¢ ther .

normally less than unity if hoth phases are present. They approacl o
s, 3 ach s

jon of the other phase approaches zero. Each relati ity
' tive per-

as the saturat
o even though the saturation for that pl
1ase is

meability may approach zer

The fluid ph

I this occuls

ase concerned is immobile and tl
- : 1e saturati
tion of the

not zero.
15 t(’l’lll(‘(l the resid S
esidual saturati I
oa ation l e
. 1ese

Huid phasc af whic
iustrated in Figure 4.2.1.

ideas are
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Relative Permeability

0.5 .
—— Steam (k¢ (s,,))
————— Water (k. (sy,))

0+ T
0 05

Water saturation
Figure 4.2.1 Relative permeabilities to steam and watep
of sandstone (adapted from Grant et al 1982)

The exact functional forms of krw(sw) and kra(sw) are boorly knowp.

Relative permeability functions are a property of the TeServoir rock and
they depend on pore structure and the geometry of fractures. The com.

monly used relative permeabilities for homogeneous medljy are those sug-

gested by Corey (1972), namely,

—_ *4
krw = Sw ’ (4211)
ko = (1= S50~ Su)%, (4.2.12)
where (Sw — Swr)
Sw = (1 -— Su'r - SSI')

are the residual saturations at which ¢je Water ap)

in which Sy, and Sar , .
vely, become immobile. For Olkaria LESEIVOIr, watey
J1 ’

steann plases. respects . .
is assumed to be a linear function of saturatiog

1'(“1&(71.\’(‘ 1)(_,1.111(3211)111 fy Amu
ation

is leads to the equ
Sy This leads te S, —0.3
kro = g6 (4.2.13)
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m \\'hi('ll the water l'(’";ui(lual sature 1 1 e I
. turation Swr 1§ assu
ssumed to b 0.3 hi
- J. 118

choice of s.r made a satisfactory match to the observed enthalpi
‘ nthalpies

Chapter six Equati 4.2 i I
T SIX. Juation 4.2.13) is derive i i
( ) d by assuming a linear function

thirough saturation points (0.3.0) and (0.9.1). see Figure 4.2.1

4.3 Alternative forms of the mass and energy equations

Inserting Equation (4 9.4) into Equations(4.2.1) and (4.2.6) vields e
=0 s equa-

tions of the form:

oM P S P o kkesps .
-5— — V—[ o (\_P /)w.(/) + Lt (TP - /)sg)] —gm = 0 (4310)
QE v [I\'I-',-“./)w (VP —p ‘(7) n ]x?lm'rs/)s (VP _ _.) n kk?‘s/)sh_q
or L e fs peg) + — (VP - psd)]
oT
_ Y o= ,VI — {e =0
V. [[\ m ( 01) ) ! '] q
(4.3.10)
Define the following symbols:
kAkrsPs _ kAkerw
Ts = -—f’u's‘-"' Tw - /‘w (432(1)
oT . oT
___) Ih Tc = Ih"A(_aT),) Ip (432b)

, = Tuvhw + Tshs + I\—mA( 8])

where A is the cross-sectional area
1 area

T

115111i55ibi1ity terms,
How direction n
ation (4:3.2) I2t0 Equation (4.3.1) yields Equations

called the tra

ar to the

l)f‘rpen(licul a grid block. Substituting the
quzmtities in Equ
for cot

above
1servation of mass and energy respectively

) and (4.3.3].))

(4.3.3a
%17[ -V [(T” * T"‘)VPJ + V. (Tops + Tepud) (4.3.3a)
_(ZE_ —~\. [(Th\"[’ + chh) + \ (Tshﬂﬁsg + Twhw/)m‘(j) - 0 (4336)
ot

The mass and ener

termed s()ur('(-‘/sulk t
H0

gy (-ontributions qm and ¢, from sources or sinks are

- They represent the amount of mass and heat




l()\“ ( a1 S 1 S O S wWO- l px l ﬂ
* g(llll(‘([ t() sour CS . i 1ase
) . e 01 ;llll\S. FOI' t VO p as t (& ) « v
i ow i11ass r e

to o source/sink is defined as

Qm = s + Jw
| (4.3.4)

and the heat rate loss toa source/sink is

¢ = hsqs + NG (4
4.3.5)

wlere a negative rate Joss would indicate a loss from the

reserv .

quantitics ¢s and Gue represent mass source terms for the st ot The
: > steam ¢

phases 1""‘1"“'“"“1."- Equations (4.3.3a) and (4.3.3b) are th(e flidnd e

' n: .

dimensional \uations describing two-phase flow of heat in a st o thiee

t in a stcam-water-

v will be the subject of study in subsequent ¢l
- chapters.

rock systenl. The;

wdary Conditions

4.4 . Initial and Boul

and consequently energy movement i
S 11l a ge()fl
hermal

Fluid 1110\-’(-‘111€11ﬁ
nenon which occurs in space (

: J—
Y-

reservolr 1ay he viewed as @ phenot
and in e (t). If we consider the reservoi

Servoir as a

ossible to state two facts related to it

ted to it.

and - (lilnmsiuus)
ary, it 1S P

‘11 ('onﬁn(‘d by a bound 1)

ny Huid tl

aves this systein must cr i
ross this b
boundary
}"

itial time the system can he described by a gi
Yy a given

at somc 1
The tW0 Sta.tements des
_ If some paramet

er O N
f the reservoir.

syste
|at enters orle

Firstly. a

Secondly.

cribe the boundary and initial
; ia

sot of ('()ndirions.

conditions of th
or enthalpy is COHSldered‘ three possibilities ari
s arise:

1)1'CSH111
no observed flux of the pas
param-

for instance
the houndary:

setion of
- a zero gradient.

v 80

(1) within somx
por Crosses the poundary implying
o ¢ . o G808
' - e boundary there may be a know o

(1) 1 in some qection of the b .

» rescrvolts

ameter cnteriné the
51
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iii r YA TR ) Sy M
(111) there may be a section in the boundary which is def 11
fined by a fix
DY a fixed

value of the parameter.
Paraholic partial differential equations describing geotl ]
*othermal flow ¢
are

(-. \-"'. . 2 . . gev1da
ither initial value problems or initial boundary value probl
: ‘oblems. T
D I 1(\

Dirichlet boundary condition: The solution here is p il
rescribed

ary. the coudition 1s termed homogeneous Dirichlet conditio
1.

Neumann boundary condition: Here the derivative of t} I
’ 1€ solu-

. . o r N N 7, .
tion is specified along the boundary. We may also have homogeneous of

inhomogencots Newmani houndary conditions.
; -v conditions: In thi :
Mixed boundary c In this case the solution and js
derivatives are pres('ribed along the boundary. We may also have ],
ve homo-
geneous or inhomogeneous mixed boundary conditions.
houndary condition in geothermal reservoiy |
: ‘OIT mocl-

The most conunon

he speciﬁcation of the fluxes. Usually the flux is specified as ze;
‘o,

clling is t
.. .
indicating a 10 How houndary condition. When mass flux is specified, t}
‘ . the
tion which is derived from Equation(4.2.5) gives mass f|
- ss flux

following cqua
must be specified:

for stean and water

kl\r'rwf)w B(P—l)q_)
(4.4.1)

L)

'kl"f 3
k «./) +

-~k - - i ~
dm fls Haw on

ass fux at the boundary and d/0n is t
15 the

. eifed m
where ¢, 15 the -‘*I"“ﬁod !
| normal Jderivative. Corresponding to the specified mass flux, 5
also be specified according to an equat;
tion

outware
x must

convective energy flu
. 125)
similar to Equatiot (4-3-0)
%1 ¥ 7 ¥
(1; = qsh‘ﬂ + qwhzm (442)
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S w < 11(1 ¥ at 1 el t'l - [1)1 y :

el I qr and ¢}, are the fractional steam and water fl,
tively, anc Gy & v

l Ve e l .\(‘ 16("! 11‘14\65

X€s, respee-
the convee.
tively. at the boundary.

A a conductive heat flux at the bounda,ry
b
can be determined by

g = =K, 0T/dn

Iba undary

(4.4.3)

E i (4.4.1) to (4.4.3) may he found mn Faust
T ' s (<.4. b 3
. . i of (lua,t.]()ll
aerivations o g |
he deriv: A constant pressure condition can also he €lcoun
, reer (1979). . | ‘
e e | s flux at the boundzuy has to he ca.lcula.ted from
i ans a 11as 3
VIICAlls
tered, This

[ used in Equation (4.4.3) to determine the convectjye
] 4.1) and u
Equation (4.

e principal arameters sych
1 distributions of the principa pare

itial distribut

ov flux. Initia

cnergy fus

as Pres-
" saturation in the Teservolr nee] to
ture and water saturation
) - temperat
. : '111)\. te
sure, enthalp
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iy l 4] X
’)(‘ .5“[)(’ ( 111( L.

. .. hat were gy
itial and boundary conditions that pplied
0. 1a. A
spectflie 11
. lie spec
as one. T

» N N 1'
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TVOIN a

X (Section 6.2). The
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CHAPTER FIVE

NUMERICAL MODEL

5.1 Introduction
predictions of geothermal reservoir behaviour depends
son

The reliability of
how well the geothermal model approxiniates the field situation. Simpli
' . 211-

fring assunptions must always be made in order to construct a model 1
' e De-
enuse the field situations are too complicated to simulate exactly. Usuall
ly. Usually

cessary to solve the mathematical model analyticall
nalytically

the assunptions 1ne
for example, an analytic solution would require that
el

are fairly restrictive.
homogeneous and isotopic. To deal with the situation more

the mediwn be
¢, makes the geothermal equations extremely complex

realistically, howeve
ution is therefore the only way that a solution to this

and a munerical sol

35 can be obtained. The numerical model in this chap

svstem of equatiol
ter prescuts the finite difference method for obtaining the solution to the

model by using a computer.

ifference representation

5.2. Finite d
ails two basic ideas, namely, that the

The finite difference method ent

on of the partial differential equation is subdivided by
umber of mesh points and that the derivative of the
ed by a finite deference approximation. The

domain of the solut

a net with a finite 1
. . ¢ 1o replac
function at each point 18 repl

erived by making a Taylor series expansion

v e .y 1¢ are d
finite difference € tions

qllﬂ
nd then solving for the required derivative

enl pOint Q.

Herenti
he geotllermal reservoir, is divided into grid

\

of the function at a gi . |
al equations by finite differences, the

to solve the pa.rtia.l di

In order
; this cas€ t

region of interest. 11 l .
blocl 1y rg-(-taugular in shape. Suppose €aciit eservoit block Las
ocks, nsually ree |

Lis « ected {0 %7 adjacent block by an area A termed
17 and 18 ¢ .

uch that the flow 18 perpendicular to the area A,
NYe ““a bo] s

yface aread.

volume

the inte
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Tll(‘ l)l i( E( i - < ¢crew
S lll(l‘t]()nS(‘:L..;:.l) d.lld (4 2 6) can b i en us E}
= < y I'It-t 11 ill
g (qua-

tions(4.2.4) and (4.2.5) by first defining the forms below:

T = Tw + Tons (5.2 1)
where Ty and Tme arve defined in Equation(4.3.2a) and
T, = h uvaw + heTns + Lo (?Z)
oT
(5.2.3)

Ty = K (éﬁ)]”

where the subscripts 1L ) and e refer to mass enthalpy and encrgy resp
N spec-
‘tuted into Equations (4.2.1) and (4.2.6)

tivelv. The quantitics are subst

to vield:

01[ T

0?‘ - V. (T”VP) (Tnm /)wg + me/)sg) + q,,,I (5240)

aE _ v (I.vP)+V (T Vi) =V V.(hwTnwpuwd + haTnspsg) + gV
(5.2.4b)

ot
-phase geothermal reservoir

int of view, in a two
yvoloski et al. (1979)

From a thermodyname pe!

temperature is strictly a function of pressure alone. Z

noted that the conduction term can be dropped since its effect is negligible
(5.2. 4b) may be written as

in two-phase reservoirs:
OF o T vP) - . (Tnwpuwhnd Tonspshsd) +aV (5.2.5)
€
ot
Equ'ltlon( 2.1) with Ts and T as defined in Equa-
rissibility term. Since it

red to as transll
ectional, it depends on space coordi-

592
"2) T'm and

The term Tm in
: -efer

(4.3.2a) 1 smnetune r
18 (lll

tion
eahili Y w
. as ¢

lefined in Equation(5

contains pery
sibility in that space direction

nates £,y and =’ .
T ‘ | S
ipt indicates g transiy

. gerl
T. with aspace: subs

Tm.r' , dm¥
59

are the tra.nslnissibilities in the r-, y

For example
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and :-directions. respectively, and are related to the total transmissibiljt
1 transmissibility

T by
T = Tonet + Tony) + T b (5.2.6)

I order to show clearly the derivatives involved, Equations (5-2.4a) and
SR 9-Le2a) an

(5.2.5). written in cartesian space coordinates yield:

OV ‘ 3] or 0 oP 0 oP
—_— = —— A a an . o P e
I 0?‘ 0.1_ (Tm.z c?.r ) + ay( y ay ) + az (m11. 8: )
(52.7«)

0 -
- 5: (T'"S/)s.(f + T’ms/)g) + I Qm

OF Jd oP 7, oP o oPr
OE _ 9 Iy (T F) + o (T 22
o -0.1'(]}" Baf)+3y( yay)+<92(T"8:)

. —Q: (/I uv];nw/)wg + llsﬂnspsg) + I_l.—qe

A more claborate presentation of the governing Equations (5.2.4a) and

(5.2.70)

(5.2.41) which will be useful in latter sections, are derived in Appendix 4

The solution to the ow equations described above involves detey mination

in space and time. To obtain this solutioy at

of pressure and enthalpy
discrete points i space and time, the spatial domain is broken into cells
The time domain is also discretized inte a

grids or blocks(Figure 5.2.1).
munber of time steps. during each of which the problem is solved t¢ obtai

-« or enthalpy.
new values of pressure ol enthalpy

4] T
¥ Ax —>

j —

.grid system for a 2-D problem

Figure 5.2.1(a)




NN
\\\\\ )

Figure 5.2.1(b) :grid system for a 3-D pr bl
probiein

Now pressure p. and enthalpy 7 and any other de
are functions of the space variables €. y and = and tlpondont oebles
= and the ti a1
Suppose. We subdivide the reservoir area into rectangul e vereble
Ar. Ay and Az ata given time interval At. In ajd':l ok of sides
. 1tion suppose that

and n are the cell locati
r = i1Ax — 3/

v, y = jAy and z = kA 1

= while

i J. K ons on tl .
1e grid, then the .»
I he given by vy and =

coordinates wil
be given by ¢ = nAt where i. ;
y J» k and n are

the tuue component will
and t direct . :
ctions, respectively. Using thi
1118 notati
on

counters in the s Y- z

at a point (Y= t), for example, may be repr
esented by
):

the pressure
plas ¥ 1) = p(iA.l:,jAy, LAz nAt) =pls o
' i.J.k Z’J»k‘,n =1,2

old time Jevel, then (72+ 1) will be
the new time
' level. If t]
- It the

Let n he the
able at the new tin
»w time level is co
s computed enti
irely

lent vari

e of the depent
e old time lev :
el, the problem formulation i
101 18 said

valt
alues at th

fthe v

in terms o
We illustrate the ¢

oncept xplici
pt of explicit formulation througt
hrough

to be explicit.

winlg exaimnple:

the foll

EXAMP LE 1.
Consider the following partial differential equation:
gp, #0_or
o7 o o (5.25)

T

)




R(' )l'](‘i y a vt 1.0 - . .
placiug the partial derivatives in space coordinates with the central
Cl.

finite differences and the time derivative with the forward finite difference

we find:
Pixy “P" +pis j +] y1+1 P" +])u 1
.’A.l.- Ayz
Py =Pl (5.2.9)
At

Equation (5.2.9) lias only one unknown value, the new pressure at time

(n+1). This cquation can be rearranged to obtain the new pressures at
a.l-

the previous time Jevel, namely.

2P +Pis1, _I_Pz"',j+1 = 2P+ p};

Ax? AJ- (5.2.10)

1)ll .
pitt = pil+ A ST

This is the explicit finite difference quivalent of Equation (5.2.8). On
the other hand if all the unknown pressures or enthalpies at grid blocks
sly at the new time level, the formulation is

are solved for simultaneou
cept of implicit formulation can be illustrated

termed implicit. The con
ation(5.2-8) and its finite difference equivalent

) considering Equ
namely, Equation(5.2.9) has only one

by agait
Equation( 5.2.9).

1 A 19” 1. i vel', we C
lnkll()\ 711, () ll()‘r ¢
dtion as fOHOW SN

the three Pij values in the equé

This equation,
an set up Equation(5.2.9) to solve for all

n+l __HPn+l+p,,.!.1

+1
wti P! + Pizji Pi,j+1 i,j—1
W ' Y (5.2.11
. )n,;l-l Pi?j 2. )
=7 At

0.11) gives all equation with all the unknown pres-

.
Simplifying Equahon(o
. el
e . ow time 1€V
sures at the new ] Pn+1 +pn+l
e gpr APt P e
-2 [x¢
Dig . 1. Al wtl _ pn (5.2.12)
_ 2 )
At
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5
/

m which we have asstumed tl
1at the grid spacing i
n both 2 and
d y directio
ns

are equal. We solve the unknow:
1 pressures implicitly. T} ici
1e implicit fip;
nite

(llg( ()

stability of the solution to the partial differential equation

Linplicit formulation applied to Equations(5.2.7a a) and (5.2 7h) vield
Vl(3 ds:

AL g __1_[5 (Toneds P"“)] + 3}/—[ y(T.w%P"“)]

I. -_— =
( At ) Aa?
1
< 9 msz (5 ntl —_—
+AZ [ (T : P )] A:J:(m”wpng'h:r'"s/)sg)

+ T qm
(5.2.13q)

 Enl _E" KL[J (Tese P"+1)] + 'A%[‘Sy(ny‘yyp’v+l}J

L v AY,
1 n+1 1
+ F[é:(Te:J;P )J - E(S: (/z.wpwg + ]Zsy;ns/)sg)
+ I‘—(]c
(5.2.13p)

The difference operator §. acts as follows:
. n+1 n+1
()-l.(T'm 1.($J.P']+J) = Tm.::i+l/2,], (‘P?-H gk P,] &
| | 59 1.4
, n-+1 n+1 ('-’~--l4a)
— Lpri-1/2,7k (Pt',j,L P ‘)

n+l  _ pnu+l
(T, ,,(5,,1’"'”) = Dnyi j+1/24 (Piw — B
m
(i (5214
— Linyij=1/2.5 4 gk 1,k
n+1 n+1
(T.0: ") ”"'Tmz"'“‘/“(Pu b1~ Eijk
():( mzavs (59 14
Pn—H n+1 ) 2. (-)
- m:i,k—l/zyﬂ( ij.k TJK—I

¢ lqmiqqibzhtms j.e. those evaluated at positions i 1
11118 s

4 1/2 (Fig5:2.2) are weighted e.g. Equation(A-11) of ’

The inter block

1/2, j:tl/" and &

an
« in the ad;acent )

of the values

d viscosity are evaluated as arithmetjc averages
ocks. If say the i-th block is connected o,
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the j-th block. then as an example, density is evaluated as follows:

(pwi + /)wj)

Pwij —

O] = O] +—

(psi+psj)~

Psig =

where pi, OV Psi refers to water or steam density for both blocks ¢ and
: - <l

J. Relative permeability values are assigned the upstream value i.e. the

value at the rid block having higher fluid potential. This rocedure ensures

to some oxtent the stability of the solution. The absolute permeabilities
are caleulated using Larmonic means, 1.e. total permeability k is given by

il

]. d] (lg
— — 4 — d,
]‘7 (’\l }t"z )/

where A and k2 (Figure 5.2.2) are the absolute relative permeabilities

in two adjacent blocks 1 and 2. The letters d, and d, are the distances
face and nodes in blocks 1 and 2 respectively.

hetween the mter

block2

T node o
—
d ,"
: |
! 1 l
% X + Z—Ax % + Asx

e 5.2.2:Adja.cent Grid blocks

Figur
The non-lit earitics inherent in the formulation of the difference Equa-

e L (5 0.13h) are the transmissibilities. T, and T, . the
ti(’115(5-2~13“) e nd the accumulation terms (AI"+1 — yrmy

and ge &

© 1. terills dm
source gink ternts , . . .
/ I of ¥ vhich are functions of pressure and enthalpy. Due
+1_E"). k¢
ai E" ' ) :
1d ( of the Jifference equations, the Newton- Raphson

ear patur€

iroduced in the next section

to this nonliz : is i
othis1 inearize them 18 11

¢ . (| tO
technique that 19 used
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5.3 Develo
pient
it of the Solution of the non-li
n-linear s
ystem

\ )
Numerical i
wethods are g
s are generally requi
generally required to solve th
¢ comple
X geotl
drermal

Q) ¢ ats Ost ' g l . ¥ 11'¢ 3{
1013 nseen are 1
Woetla 1 ll(' S
a IS¢ (l

'() '()l . s
h Ve fl"‘ & 1
N (‘(lt‘“tl()ll-‘ iffer 1
S S (llﬁ(l 11 tlll(‘ “-11)(‘('1' 5 l e
Y. 108 El‘w‘l)
s (44 S S I b (\(-f Doar
D 1'¢ QI)“ '
B ce

< l ] 1 X111l¢ . [§ . v S t-
. OI1l
ipp O || O 3.1 1 ll (111(1 Ill(l(llz\ S l l[l((’
1L1On . 213
M ll()(l g
Ill 1Bl
l <l

finl approxi i
proximations. w i
s, We e N
o can cither use the finite diff
. 1 | (\1-(‘11(.
e methe
‘thod or t]
he

finite ¢ ]
¢ clement method. The e 1
_ The basic difference bhetwe t]
ween these o
se two metl
: l()(ls

st the m 1
anerical @ oximati :
al ¢ plno,\mmhnu of the gradient
gre 1t opoers
ator V¥
andd spi
Shrace

discretizati :
tization of the tlow region. For nouli
_ . - onlinear techni
lmph(-ig Newto . cechniques w
: - Raphson iteri ; : s we use the f
‘ i 1 1t ration. F““]-H\' for mat ) tl]( iuily
yot sl Tienns . - atrix soluti
h Gaussiall clinmination and relaxation met! lution methods
xation methods ¢ B
ven oy P DS are .
racy and cfficieney : are used. T
- VO & * ll(" ver
v ot a model depend on the numerical e
for evaluating : rical approxi
luating the spe el approximati
ating the spatial gradient ¥ and the time proximation
’ 11e (e o .
o1 tl](‘ H‘()l]lti()ll S -] ’Il\!a-t]\.'() 0
: scheme . .
e of the algebraic equations. Grid fo1 and
723 o . M ) e r]( ] 1
ovel (‘d('ll other ma ireetvoll al locks ar .
a rOSCIVOIL ared. The nunber of blocl are laid
. . ocks de
peservoir area t 0 Jle . depenc
arca to be modelled, depth of deepest feed Is on the
: St d zones as i
oy (]"q lIl lc .
degree of accur dicated
- el . ¢
wacy of the computed
e l)nr.
Talll-

hy drilled wells and on the

cters. Obviously more blocks of smaller asizes will e

the definition in reglons where better control is requi | };C(,d(‘d to increase
8 require

(lcp(’ud(‘ut» pnrmu(-t(.‘r can cither be caleulated at tl (- Hhevalie of the

t the contr -

or at the intersection of the interfaces for two adjacer t‘;;“‘“‘ of the block

djacent blocks
on the houndary conditions specified ot ocks. The choice
. I”""-\‘(’l‘ib(-(l i the

peally depends

problent: The block centered grid is generally used witl
sed with the N
type houndary conlifron The latter type of grid confi o
B J Ol lgura‘,' N
1Ot 1S o
otdary ¢ - S gener-
fary condition. In the blocl
’ MHOCK ¢
ntred

fot tyPC

o a Dirich
ot in this study . .
l wly, the value of the md
pl"’ll(l(\
l]t \'al.’
‘.

ally suited €
hall ado

| which w¢ 5
}l\"(‘l'“ e O o Y
ge of the values within the |
10 )‘()('I'
N

gric
esents the

able at

a piven pocle repr

eutt it i
( qurrotsl 1 aces on which the {lux
XOS are v
aluated

g interf

enclosed Dy th
61



\'I'i ill ! E € 1 g & h

a; Py ok — {bi +e¢;+ Ok}Pi,j.k + CiPigy ik
7 W

+d, P, :
(.IPI.J—-I.I\' + .fjpi‘j_}_]‘]\. + .(]I\'Pi,j ky + [LP -
' kL k41
oo , B; ;P!
”1:/*1.1.1.- — rEpwg — SkPsY + ( "J"‘Pz,j,k + Ci,j,k]lz'-']. k) (5.3.1a)
At = '

+ Gmijk = 0

/
o Py gk = Ui G+ al 3Pk + CiPita gk
s i+1,5,k

/ .
+diPig-rk T FiP ek + 9k Piim I Py j et

— , . . I/
. Inihl._].l\' {’i u_lj ;Bi-}hi,j,k +S;hl‘+l,j,k
(5.3.10)

jhigerk wihijk-1 + wphi ks
D;i ik DPijk N
.(/I?u' - ];\h‘i_(j + i;&_ﬂ;_i__mﬂ)_

al problen, each grid block is connected
ected to

+ il -1k TE

— P
P

l + Qeij bk = 0

In our three diimension

at most six adjacent blocks. The pumber of nonlinear equati
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Al .\ f()l. g]‘i([

blocks 1 through 8. For grid block 1. Equation{5.3.1) vi
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Ystem of non-linear sVstem equations
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* B. For nonjy,
ear
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111 some w i - NI
way (Smith (1987)). Taylor's expansion provid
1des a stap 1
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ew t()n s
method.

Making a Taylor series expansion about ap assumed solyt:
olu 1011 Of E
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+Z o AR 53
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5.4 Iterative Techniques
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Let A denote
tion(5.3.3). Equation( 5.3.3) may be written in the fory

JRAF) = —f—f.z"'”"’), (
5.4.1)

where J is a 2V X 292X Jacobian matrix of derivative ternis evg]
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and is (l(‘r("l']l]ill(’(l b\" Equatio 5.« e
A ] 11(0.4.1) A new g "0X1 {
. - Pp1 X.l.ula.tlo.ﬂ to t} e
1€ S()IU‘

tion is given by
FEHD = 50 4 A sth) .
(0.4.3)

and f(F*) s 4 colunm vector of 2N ri I
‘ t <IN right hang side
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brevious iteration level, The brocess is injtjated by
; . values fyy), the ¢;
1€ tmne

step zero, For exanmple,
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3

We therefore iteratively adjust the values of Prtl pntr
‘ . v adj ik ./i.,-’ ok USing the fornyy,.

las:
nt1,k+1 n4-1k k
P =P v ap X (5.4.5)
obtained from Equation(5.4.3) where AP and ARt ik are the changeg

) . N o gk .k ; . :
in the variables Ag = (x; xi) which are given by the solutioy, of

the lincarized Equation(5.4.1). Each nodal value of t)e variables g Suc-

cessively updated until the maximum absolute changes of Pressure op o

thalpy over all grid blocks are less than the desired Convergeyce Criterjy,

The actual munber of blocks used in the modelling of Olkaria 8eother.

mal reservoir in chapter six is 392 (from 8§ layers with 49 blocks i, each ?

layer). Out of these there are 24x8 =192 boundary blocks Iea‘ving 200 as

reservoir blocks. This model therefore has 400 €quations in 40 unknowy
eservoir | s.

pressures and enthalpies. The equations derived for the Sample Teservoyy

i T Of reservoir block hi .
snded to this number of s which v '
blocks can be extendec 1l be g

used in chapter six.
nerical model depends op how wejp the g}

i anev of the nul € algo.- :

The cfficiency ¢ !

r enthalpy works. Solving the matrx equatioy

' 110 -egs11e O.
rithmn for solving pres

of time consumig
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ve that tius ¢

part of the simulation Process. Jt o there.
1S the mo
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a system of simultaneoys linear algebraj¢ equ
, U

Equation(f).;l.l) represents

i() b ( 'i/( ()f ] - 4 'l l e a[(

munber of variables. For example i ‘egl
hies. XA m a region of N nod :
€s, solyj i
g simuyj-

tancously for the two thermodynamic variables P and A )
. > the matrix g

2N x 2N in size as we noted -
2. 2. 8126 as I our sample reservo;y
S 1. The solyt;
Solution of
the 2N unknown nodal values m Axr of E )
2. S : quation(5.4 1) ¢:
=3 an be ohta;
. 1ned

through cither direct elimination or iterative 1 T
: ra nethod he
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use

v . » o EP28 . N 23t . 3 . s
for any given problem. whether direct o lterative, depends on a numbey
of factors, one of which is: computational speed, name]

’ Y the number
. er of
machine operations required to solve the system. Computational speed i
1 speed g
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Y lLe,

a measure the correctness of the solution are obvious}y significant in g
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solution process. Another equally important item to consider jg prograg
dlll-

ming ease, which is a measure of the time and therefore money requjpe
to develop a model under a given formulation.

Line Relaxation: The successive Overrelaxa,tion(SSOR) can be applied

to a group of grid cells at a time, say to a group along a [jpe that is o).

This method will relax one line at a time apg is referre "
)

i or row.
ation we consider

Line Successive Overrelaxation(LSOR). As an illusty
as S

.. N ! . f y Ic-t' !
the fully implicit finite difference formulation(Equation(s.2.9) ) of Equa.

tion(5.2.8). To jimplement LSOR, the pressure values on 5 line are solved
1O O

Ve can obtain some insight into how thjs method wopksg

A\

simultaneously.
gure 9.4.1 below.

by examining Fi
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1.7 v : C.
. C e ati thie next ap yroximnati n+1,k+1

After cach line (01111"“‘“’“0“’ Pl ation to Pi,j -values

are ()l)taliu(‘(l by ()\-'vrr(,‘la,\'ntIOII as follows:
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' ¢
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where w 15 the relaxation para
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We have dwelt at length on LSOR method for one good reason. Tl
< . 1€

Slice Successive OQverrelaxati i
ssive Overrelaxation(SSOR) used in the i
> model in cha ix i
pter six is
similar to LSOR i two dimensions. except rather than solve cach row(li )
: ‘ow(line

implicitly. cach vertical cross-section(3-dimensions) in the grid is solved
- S SOlve(

implicitly. The SSOR method relaxes one slice at a time Since pres
sure

imultancously, there are 14 unknowns per

and enthalpy are solved for s

Each unknown pressure and enthalpy are coupled to six othe
4 1‘

Jimensions. SSOR assumes that the values of presst
e

cquation.

unknowns in three

or enthalpy on the previous row in & slice are known and that the values

in the next row are a.l_)proxima.ted by the old iterate values.
ages of both direct and iterative techniques can be com

The advant
ve techniques. In the block iterative methods

bined in the block iterati
itioned into blocks and all the elements of a

the coefficient matrix is part
block are operated o1 during an iterative step.
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CHAPTER SIX

APPLICATION TO
OLKARIA GEO
THERMAL
FIELD

6.1. Introduction

mathems 1( ¢
atical model for Olkaria geothermal reserv
oir i thi
s study

The

covers an area of 2
a of 24km? and encopmasses the present
1t produ
1ction fi
eld

of Olkaria North East field.

; running from 1600 to S
50m.a.s.l. This model thus e
$ exanines

lliL
a . K11ess

l otC t- 6‘(?! (381 fe ] 17 .
lS

the region above

lel of the Olkaria system covering an a
area

a of 22];?”

A natural state 1mo¢
square is set up to plo\nde initial conditions for the producti
Production simulations for the Olkaria East field were car: ol
4 years from 1981 to 1995 to coincide with thl:i:ut for a
eoretical

period of 1
roposed 64 We power statio
n for Olkaria

North

pnissioning of the p

con
ale producti

East field. Large ¢

jod of 20 years:
ia Geothermal System

Model for Olkar1!

6.2 Conceptual
del is @ nmthelna.tica.l representation
of the physi
ysical be-

To develop & reservoir model, one needs fi
s nrst t
o

on from both fields wa.
s simulated fo
d for an a

per

A reservoir 1m0

viour of the reset

ceptual mode

voir.

lla.
Ca Je-

develop a ¢on
del of the resvoir requires the followi
ing

To set up & conceptua.l no

Liaviour.

data hasc:
e dimensional picture of tl
’ e geo-

(1) Geological data which gives & thre
logi('al structul® of the field. Stratigraphy. lothology, faults and otl

— uable 1S o locate regions of high and low permeability -
Jata which includes geochemistry of surface manifesta

rilled wells can be used to infer fluid
uic

(2) Gcochcnn(al
and d

& hot springs:

t10118. Sll(l
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¢ oca i
cation Of h(’ﬂt mputs Ch(\n i 1
. CH1CA. g(‘,‘oﬂe
1eI0n
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help to infer
p to infer deep reservoir temperatures

(3) Ci‘(‘() )l \"'a' 1 at (()I[S[Sl ,
1 1 Cl('(l d'l & isting (‘_‘S. ivit
. ”.lg, Of r -‘St.\i Y SUrveys ca
A/ ail deli
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- 11(?‘

oxtent and boundary of the reservoir

A conceptual model of the Olkaria geothe
- .
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ata assumes the existence of & principal d from
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tll(‘ NG . -‘StS k%) M .
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lls intersect two distinct reservoi T prock
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to the systenl
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: ot steal
n and

reservoir whichis ¢
CTeaw s . 0
y has a temperature of 240°C and a pressure of 35 1
bars. It
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wafle
1350 m.a.s.l.
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. 1e lower

at approximately

1der1ies the stea el : :
am zone 13 hqmd dominated, mucl

[} uciy thi .

(I\@L‘
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1200 m.a.s.l.
1. to sea level. Its temperature is
assumeq
d to
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int with depth curve(Bodvarsson et.al. 1987)
E.ad. ). B()ilin

g

and

1e boiling po

follow tl
ride water forms steam which condenses in t]
5 111 §l1e w
a,t‘er

cending chlo

Of d.( C I.) as
' ater I I M
" 118

present in the upper ¥
picture of t
d rises ver
along the Ololbutot fault. Lateral f

e Olkaria system is represented in Fi
’ 1igure 6.2.1

(-Onceptual
tically and flows al
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P ot fliv

and then
ads to the formation of a steam zone
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overleaf ~ Dee
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6.3 . Numerlcal

8€0f116‘1111a1 reservoir is a process that simulates

;ther its natural state or under a var
i-

Numerical modolhng of a

yrmance 0
jes. The actual reservolr condition is simulated
3§ o

Joitation gtrated
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ety of exp o
Lod el Javing @ puber of interconnected blocks. The prop-

ey 111

a compute

eabilities. temperatures. pressures, rocl
S. rock

by
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Properties. Leat flow. mass flow etc. are assi
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0 each bloe
ck

')?l-\'('(l 011 fll(‘ f_’;("()l()g\'. g(’()clu‘mi%tr\' re | 1 a
stry. geop 1VSICS & nd data obtaino 1 fi
Jralied Irom

well measur i
sureients . s i
nents. Fluid dynamics m the reservoir i
"SErvolr 1S represe
resented by tl
v the

mathematice SETTHS y :
atical model m chapter four m the form of g
overning equati
equatio
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: eland. Tl
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parameters. for instance, POrosity. permeability. relative permeal
X tive permeability

cifie heat (‘;qm('iry of rock. thermal conductivity, etc. . pertaini Hit spe-
A Spertaimng to o el

feld used in this chapter. together with the initial and hou g)l N

ad boundary )

HOns. WOere analysed and input Equation (A-8a) and (A-8b) of ry condi-

A and the solutions in the form of reservolr pressures en?hal penix

. enthalpy, .

tion were generated by the computer program MULIKOM Thle» satura-

’ program

e of the agsuptions listed in section 4.2 anc
.2 and the further
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at the rock is porous and is saturated with the geotl
bl eotherm
al

asswmption th
The assunpti
> a ptions are valid
; 1(_1 for Olk .
aria
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FeSErVOLL. For example the second assumption stated in section 4.2 is valid
for Olkaria reservoir as the rock matrix at Olkaria is sufficiently per i
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mediu mode
tured reservoir due to tl
1© 1101re ¢
comput:
.(]_

handle the modelling
over. the results hasc
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model are
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6.4 Natural State Model for Olkaria Geothermal System

A plan view of the mesh used in the computer model is as shown in Figure
G.4.1. The surface of the field was divided into rectangles and squares.
large enough to include all the features in the conceptual model.
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Mass Flow (T /day)

(Thousands)

Caleulated mass extraction rate and enthalpics were compared to yearly

values of observed mass How and enthalpies for the field and the results

arc as shown in Figures 6.5.2 and 6.5.3. The model agrees fairly well with
enthalpy and mass variation with time for observed data up to the year
1995. In Figure 6.5.2 below. the total mass withdrawn, consisting of steam
and water drops steadily from about mid-1986 to a minimum low in 1994

it starts to 11C1ease agaill. One reason for this is that the power

hefore
1 on full load (40 MWe) all the time.

station has not hed

12 1
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!
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I act 1 . .
n fact in 1994 only 31 MWe werce being generated (Table 6
- ; a ablc 52)

T'\ = 0\
able 6.5.2 Yearly average power Load
’ a(

Year Average Load
] (MWe)

1981 15

1982 15

1983 30

1984 30

1985 45

1986 45

1987 38

1988 37

1989 36

1990 35

1991 34

1992 33

1993 32

1994 31

1995 -_,,ii__,,____
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In simulating the first 14 years of productiop from Olkaria East field, ,
aer B oup 10 hayg,
of flujd f lowe,

' ¢ drop was experienced iy |
problem of severe pressure droj ]

halpy into layer B effectively lowering the overal] Productiey, euthaly.
enthalpy mto layc | . .
ituation is attributed to continued overproductio, from t];q Layey
This situation is att .
this problem, a pressure dependeyt mass flow relatio, for

To overcome thi

ibed. This relation whicl js Sometingey reforpe to ag
layer B was prescribed. )

i ‘Sullivan, 1992) is of the form:
i il r tl(’ll (() l‘l
deliverability op

P](])rmv - .[)())
4m = {

(jlll(l.l'

(6.5.1)
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into the block. 7 is the productivity index of the block which depends
on the properties of the well and the feedzone. Initial values for the PJ
for cach block are obtained from well test analysis data, Do s the

es I :
block pressure while Py is a down hole well pressure helow whicly no How
will oceur from the well. If the caleulated block pressure is greater than
Py . How will oceur into the block otherwise flow is taken as Gumasr . This
pressure dependent mass How is mnportant as the wells are expected to
decline in How with reservoir pressure decline. By fixing the naxuu
an flow from layer B and keeping the bottom hole pressure to a fixed

stoeq

calue, the ln-mhl(‘ti\"it." index was varied till a reasonable enthalpy trend

was achieved. The pressure decline in producing layers for tlhe period 1981
(R

to 1995 were plotted against time to give Figure 6.5.4.
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wells or addressing the question of reinjection.

6.6. Results of Modelling of future production from Olkariz

North East field
To model the future production of the reservoir with eXtension to ¢}, Ol
<a-

ria North East field. production exploitation was assigned to grid bloc]
ck

. :
and 57G (Under thjs hotation, the numb
er

clements 55B, 60C. 65D, 56E.
refers to the location of grid and the letter refers ¢ o the layey. see Figune
6.4.3 and 6.5.1 to represent production from wells located in these areas
The total amount of fluid production required to sustain G AMWe from the

Olkaria North East field was calculated using the Proportions fyy, each
layer required to maintain 45MWe from Olkayia East field. The fly; d
extraction rates from the Olkaria North East fiel( Was put on ¢l,0 s
schedule as in Olkaria East field. i.e. layer B wag put on deh\’f‘l'a.l)ﬂjty
vers extracted Huid at

ontion while the rest of the layers ex

a}l)proar('h is justified since Olkaria North East field s similar jy, Propertjeg
to the Olkaria East field. The relatively smaller rates of eXtraction ape ex-
p‘(‘(‘f‘(‘(l to give moderate pressure drops hence 111a.xi111izing the Productio,

ife of the reservoir. .
. drilling (Mwang et. al. . 1986).

id extraction was limited t¢ - . ;
Fluid extraction we Lto an areq of Shm? ay,

oven by
area 1)1()\911 -2
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The caleulated percentage contributio from e layor g I
3 vas showy gy,

Table 6.6.1.
Table 6.6.1 P(‘l»(-mltilg(‘ contributioy from eqe

production layer i Olkaria Nort] East field

‘—_‘ .
Laver / Production
B Sse
C 20
D 20%
E 20
G S

Conditions at 14 years of production were used o start t]. St
TR e sy,

lations for a period of 20 years. The stnulate Productioy, j, termys of
! S O

pressure drop and enthalpy variation wit], tme is show,, i Figipeg 6.6,

to 6.6.3. Starting with Figure 6.6.1. the pressure (11-()1)8 off f‘ail'J."’ l”“.ﬂ’l‘luh-'

in layers B and C up to the vear 2009 wit]) very litt]e (lmp ““‘1"‘“”&(‘1'

m layer C'. Figure 6.6.2 shows pressure variation iy Layerg D ang G
A ) E " - T,

s minimal pressure drops during the peps - )
Layel‘ G shows minimal I ] 24 Period of pl()(hz(.(;m“.

P " 1 1 grve . Ceiggee T
Pressure drops of 0.3~ 15 bars are expected to oe urin the Teservoir wigy,

the highest drop occuring within the B layer an the lowest withiy the

G layer.
Figure 6.6.3 shows the variation of average enthalpy wig], tie duriyg
gu AR a
1 luction period. The average enthalpy rigeg mttially ap falls wig,
the product Co L '
after the year 2009. The initial rise j, uthalpy js Abtribige
14348 .

no major fall | |
lized boiling around the producing wells. Ty,
to localized 1 _

linked to induced recharge into the LOSEervoir g A result

fall iy field Werage

(2
1 o due to natural recharge of cold fujls mto the resop
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When individual block enthalpies of producing elements are plotted

VOIL.
against time, clement 57B shows greater decline in enthalpy with time.
Because of the proximity of this block 57 to block 54 which contains well
ol - 704’ with an observed inversion at depth. it is possible that cooler

fHuids from the north are causing the above enthalpy observation.
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Iy well incorporating all production wells in individual grids, would defi-

nitely increase the accuracy of the predictions made by the present maodel

and would highlight the individual variations in enthalpy of the producing

wells.

89




=

Appendix A
Finite difference Tepresentatioy, of the Mmass 5,9
<

énergy eq uations

Consider the accumulation terms:
ﬂ’[:(ﬁ/} (‘4‘1)
E=éph (1~ ®)p,h, (4 %)

from which we have
oM _ 0{ op)

ot~ o (4~ 3a)
0E 0
—_— = — h 1~ h
55 = Flrth+ (1~ gy, he) (43
Expanding the right hand side of Equation ( A-3) yvields:
M de 9py 9p. Ok
-(—?t— = {p(’;}' + ¢(ap )/,}at + ¢(87))77 E (.-1 _ 40)

%) or
OF 99 L a9 = )pre, (2L 1 Ip
237. — {(/?p__/),/),)dp +¢]?(ap)/, +(l ¢)Pr6‘:(0p )}l}al‘
Oh (‘4*46)

oT
+ {gb/’z(g—;?)p +(1- ¢)/Jr6r(55) +¢p}07

in which we have assumed that

hy =¢,.T (4 5)

1 ¢, denotes the specific heat capacity of the rocj and T the tempey-.
where ¢, '

ectively. This shows that the rock enthalpy aq defineq above, ig
ature respec ' T

"voIr erature,
el fun('tion of the reservonu temp te
cl

Define the coefficients B, C,D and E thys:
e

By
B:P(_[;;‘F(/ﬁ(aj))k‘ C d)(ab » (A“G([}

d¢ QL) 1=9)pe, QZ
D — (/)/? """/)I‘b")(?; +(ﬁ/?(5]))fl +( ; )/) C (8‘1) ),1 (“.l - 6{))
90



. Substitution of Equation

B op orT
E—sb/?‘(b—,;),ﬁ(l ¢>)/M:(a,) + ¢p (A - 6c)

(A-6) into Equation (5.2.4) yields:

aP oh 1
B— C — (V. m Vi — 7l q
PTG TG (VAT VP = (Tmwped + Tnspsd) ] + @ (4 = 7a)
OP oh 1
D——— g v Tev - wLmuw q q
ot + By of =V [ { P~ (hwTmwpog + heTmspsG) + T/.Vh}] + g,
| (4 —7D)
Equations (A-7a) and (A-Tb) can be written in cartesian coordinat
ales as
follows:
OP ah 1.0 oP 0 oP o
— C—-’-‘ = 7 - Tnu + - Tn” _— R ap
B a{ + at i [ e ( a ) ay( y a'lj) ) (Tm:'bf)

3}
":(me:/):g + Tmsng!])] + dm
(A — 8a)

op  oh_ 12 9 070y, 2 g OF
- = = l|l7a. Tel Te o
8 oh 0 oh 6 a[
+ - (Thl 61’_) + 8y( hy ay ) + a: (Th,: a: ) - E (ll an,u.:/)u'g

+ hsTmszpsg)] t Qe
(A~ 8b)

e equivalents to the spatial and time derivatives i
tives in

g finite differenc

Fittin
( A-Sb) using fully implict formulation for pressure

(A-8a) and
in grid block
Ly Crn = M)

b1y prtl -
B (P —2ni g kR

Equations
gives the following equations:

and enthalpy

Bk
At
1 n+1 X . n+1
1T ,-+1/zjk(P,-'5§§,j.k’Pi.j,k) ~ Toimajzik (B - Py
m 3
— _‘__;[ A.l2 A?
1
prtl = Pigs) Tonij-1720 (Pigw = PiiZua)
T+ 2E i+ Lk ’ - : Pirm
+— Ay’ ay?
n+1 — P"+Ll) T"HAJ'I\‘—I/Z(I)" + P-"ﬂ_l )
. (Pi k1 [T A = AIJ k tj.k—1
L8 =2

T"+<1- _ pntli
) ( mai, j,k+1/2 mast. g k=172

1+

—_—

(Tt gkt il? -
(e
(P 9a)
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Dn+] n-1 n
(Pr+l—pro) BN -h)

.1 k ?,Zik "]vk vJv" "Jk k
» o IIJV.
17, t Pt y
_ ei+1/2,7 g
_ T[ gk (PEiL = PU)  Teicapeju(PL — P!
T _ e 1,5,k z—l]L)
Aa?

Tc n+1
i.g+1/2, k( - P P!
P ;+1 v = D) C Teij-yk (P — prt

’J’ vJ_I I\)

Ay?
Y Ay2

Tci,j.k—{-l/? (P,"]+l.]+] P,n+l) T. .
TP - P

A~2
Thi (hH n+t1 A -2
u+l/2,J.’-( i+1.,k h’i,j.k) T"i—I/Z,j,k(l /I"'H
Al“ - .A,J “ i=1.j, )
T s ) n+1 x
hij+1/2.k (] ,J+1 k — . idh L) _ ﬂ'i,j-—l/‘z,k(h?fl_ _ prt
Ay? A‘J‘Z‘ Pmk)
Y
T ;1. (1-]-1 _ n+l
; Ty uriyp (i ~higa) _ T 1o (R = B
Lk gk — )
Ag« A 2 9]1 1
4
n-+1 n+
((mez, k+1/2 mw:,J L—-l/z) (T’?P:-ilyj,k-{-l/g __ 1
pu' + 7"3i‘j,k-_L)
A" 2
z Psg)J + q",‘“
. (A _ 81,‘]"-
Equation (A-9a) and (A-9b) can be re-arranged and wri %)
vritten as fol
ollows:
Tn+l Bgr»_i—l 1 ’
T"Z-—]/ 'Jr P.n‘i'l' — { Ivj)k + (Tn+l
AIQV i-1,7,k Af A2l mi+]/2,j,k+T;:'z?:_ll o ) pr+]
Tt gt 120,67 [ 2 d gk
ml+1/2,] k Pn+ + nii, 1'1/2 kb pnd1 { 1
2 ! 1.k 2 g1k T (77!
Al I Ay x Asz, ( 77?i,j+1/2‘k
n+1 n+l
T)'H ]"1/2 L)}PIJJ‘
n+ Il+l
T"l 12k Pn+1 + Z’_’L’_L_L.:lﬁz—p'ﬁl 1
2V AR Vi (T
AJ ¥ o A2V mi, k4172
T pnt]
/28 pnt Tk
n+1 ntl 4 Tmigtorn p g Jmidkolf2
D . +
Tm1.]. /_)_)} i,k Ay 2y 1J+] k =i i"lj’k]__l
+1 T"+l
: R ALIE LT
{A 21’ (Tl ik  Tniji- 1/2)}P’M‘ Ay / Pl
~ 1
/)w ntl _ppntl
- C’I"]"'L]/ "‘j—‘l 1_\ (Tmuz Je k+1/2 Tnnm’ ]";\-_.1/2)
B"+'P" a1
+1 Lk Clrhy!
pPsd n+l — ”--._,1.,)'*‘ 1.3k k
A-I (Tnml,j'k'*'l/‘l msi.Jk /2 At + Y
n+1 —
+ qmigk 0
(A~ 10a)
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n+1 +
n+1
1

CIA—I.{Q‘..]'J: "Hil')\ _ 1,7,k + +
21 i—1,5.k (7t
e o+ ey Ttz + Tl ) j P
ci+1/2.j n+1 ei=1/2.5.k ij.k
/ -J-kP.n+l ei,j—1/2,k ”
[_\‘[-2‘.' i+1,5,k A 277 P'nTH - 1
!/”‘ t.g—1,k Ay? .( ".+.1
o ;J-l’ e, j+1/2.k
n-41

T

+ n‘+.1 n41 et j+1/2.k

Tcz.J-l/‘Z.k) P+ —oav 2 prtl |+ hiz1/2.g.k
Ay?V ij+1.k — o

Ar?l’ i—1,5,k

n+1
_ {Ei,j,k + 1 (T"_H +T"+| n+1
RN A vk s a) i 4 ALk
Tn+] 7 Al'z
]I”+l hi.j—1/2,k n+1 1 '
it1.7.k + /Ayﬂ" h'i.j—l.k — {S—T(T”--H
NPT higthk
+ T,n.+.| n+1
+ T"- 'l )}hl_r-!-l + H'J+l/2,k n+1 hiik
1:1,]—-1/2!: ik A 917 I +—'M:I—/2
, g 2 hatLE o+
Y Az2V h',j,k—]
1 n+t1
_ n_—i—l n+l n+1 hi,j k .
{_r:;g‘.' (Tyii k172 + T/.i,j.k—l/z)}"-;,j,k + —%""’ﬁ ]
z4V Lk
3 hwpwd (T"H it hspsg
A"V muwigk+1/2 mwi.j./\'—l/2) - ——( ntl
z AzV mast,jk+1/2
Df'+1P7'. En+l n
—_ T"+.l. ) + I‘J‘k l,],k + __—-————i'j'k ’i’j'k n+1
i k=112 At At + Qi =0
(A - 100)

The transmissibilit)r at the positions 1+£1/2,j+1/2 and k£1/
2 a 2 9 ar
g follows: B
Tmiil/z’j‘k -
P = 1/2(Tmi ik + Toni j1.k) (A -11
A—11)

evaluated a
1/2(Toni ik + Tonit1,j,k)

I’mi.jﬂ:l/Z,
—n 9 ..

Tonij kE1/2 7 1/2(Tmijk + Tonijk1)
; expressions written for Te and Th .

with simila

the variable pr
ressures ai

s and enthalpi

g “-Iples

ficients for

Define the co€
The coefficients for Equation (A-10)
are:

block-

at each grid
OkJ}:» M, Tk

(‘,,(],'.Fiqfivgi‘

and s¢ where

a;, bi

S
Bujk 1 g (Twitt/20 ™ Toicijpga)}  (A-12)
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B ’ l‘itill ! l i 1 ] C -~ .
. [] 1011 (A )

he simplified to:
g Bijk
([, = {_X]t— -|-(l,'+C,'},d~ = M
T Ayl
f' — m,j+1/2.k
J A_t/'—""
ej =fi+d;
_ Tonjik-1/2
gk = TAZ2V
Tm,j,k-:'z-

I =
A2V
ar =gk +l
Ci ik
m; = -—Kf—'*.
e = mei,j,k-*—l/?, - mei
' AzV
sp = :rmwi,j,k-f-l/‘Z — Lmwi,j k=172
- AzV

jon similar to the one carried out on Equation (A-1
-12) i
2) 15 used

A simplificat
( A-13) and (A-14). Based on the same definitions ab
bove i.e.

on Equations

(A-12) through ( A-14), the coefficients for Equation (A-10
' -10b)

Equations
are:
a/ _ Tei_l/Q,j,k C,~ — T1Hi+l/2.j,k
1 Ax?l’ ¥ 7 A2V
Diik 11 o Teij-1/2.k
, g A 4 = =L i Lo
4=ﬁ+@
(4 —15)

Tei Wk 2
oI —-1/- f /
._-——‘—’-‘-—_— 3 = .
) Ok—gk+li., mf:M
Az"’.- .

Teijik=1/2 [} =
/a k A22I"r

, —
Gk Az2V B
, Thit1/25k v} = {-——'—1—- +sh4mih, 2= Thij— 4.k
lei ) .
Lo . P = _———————yjik—l 2
o = Thi /2K uj =g tvi kT A~2I’/ L oup= Thipdtiy:
= il o N
1 Ay 13 ; ’ Azl
g3 = Uk + we,
_ mu,'i,j‘k"l/z ll’i _ Tyyzsi,_ivl\~+l/2 - Enqz Jok=1/
s , St ) k=172
Azl :
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Appendix B

1

for the sample reservoir of 8 block
cks

We use
se our sample resery of

l SCIrvoll ()f S blo(‘ks Surroullde(l ])\' ]) l

nQ e : . . >l DY boundary
as an illustra - k ary blocks
ation of how to derive the svstem of non-li chs

* -unear (\(ll ot

ations. T

R O

hegin with, we write Equatious(S.B.la) and (5.3.1b) for grid bl
1 in which 1 = - _ ) ' or1cd block labellec
Lwhich i=1.J=1 oud k=1 to yield the following e relled

quations:

arPoxn — {bl 42+ 01 }Pm + C1Py2y +d Py1y

4 fyPuy + g P120+ 11 Pz m iz T T1peg =
v S10s4 (B
— la)

(B]'_),IP;QJ + Cl'llhnz )
+ _’/Af 1 + gmi21 =0

ot Pony — v} + h + +ai jPin + ¢\ Payy + 1 Pry
+ f3 P31 +.‘I;P120+/;Pl‘-’2
1+ ll']hl'_),o + 11,111122 - U;pwg

/
+ oy — {r} + uz + 3] bigr}
(B — 1b)

+ a3

+oshan Jln
/ (DIZIP1'§| +E12|”i’21)
out superscripts are assuned to b
e at the tim
e level

All the quantities with
We can 1‘€W1'it(’ with the press
ssure and enth
alpy

(12> k) in the reservoir bloc

ame I
1l enthalpy valt
ese are known values prescribed by the | l
A youndar
I'y

Equation( B-1)

l\u ; I ‘.})

values at
refers to block 1 ather than block position relative to the origin. T
: in. The
wes in the boundar
: ary blocks retai
) s retain tl
he

rest of the

pressure al

15 Sice th
1s to the equat

P+ P+ dy Py + f2Pi3

) 1)()Hifi0l
This leac
{b, +ep T @ |}

ions helow:

(i.)- I8
conditions:

ay Pon =
4+ Przo + 4P~ yh =Py + 51PsY
. - B_‘)
". ]” ( _'(l)
(BmPf+Oyh)+le=0

+ A
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"Ilj’o_u . {1’1 + “,3 + ”’I }])l + (':Pz 1 ";1’:; + f.;PI:H

-} (/; 171 20) '}' l; 1)', '}‘ INIl]l();“ — {,Il -}_ Uy + j: }hl _{_ .\"' l}~) + j ]]
= <4240
4oy A wy o + ll’,/l;-. - l‘:,),,._(/h,,. -+ ll‘;/)_q'(/ (- 2b)
‘ (D PP+ Evnliy)
Af

+ g =0

This procedure can be continued for grid blocks 2
- , ks 2 through 8 to vi
0 yield an

cquation of the forny:

(F) = (a; + a;)Picr bk — {bi + i+ ¢+ Gt ok + 0lh} P

4 (e F )Pk T (d; + d)Pij = Lk (f; + F)P 1k

//

gk (I + /2.)17,.‘,_#“ + n):h,_,_j_k — (m; 4 rf T, 4 Ak
. Ik ik

1 (g + 9
bosl Dkt -1kt SUINEIN:
Wil ket = (e i) ey

(Bt + Dijix) (Ciix + E;
N, ) . L i ik
—_ ('“.I.' + t I\.h,q)/)s.‘] + Af P’.AI./\ + Af J ,')

+ ik + eigk =
(B -3)

+ ”'I\'l’l._[.k—l +

/’i~./~li'

where 1 i and kovary from 1 to 2 aud { varies from 1 through 16. Hepe

(e vector of the wknown variables p and h for all the 8 reservoir blocks
N . %

Is? h’_)121
Psz1

it

7~y
3
o)
—
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The f,. f» through fi6 are obtained by replacing 1. J. a.n('i k coun- 1

ters by the appropriate position values as shown in Table(B-1). Expandi
: . Expanding |

for [ =1 to 1 = 16 yields the vector equation:

the form of (B-3)

flry=0 (B — 4)

in which fi through fie arc as wrtten below.
|
I

o lock 1. 1=1 for mass equation and /=2 for energy equation. . i
I
—y ”
A = ar "{b‘"e-o-axp + ¢ P +
1( ) “y 021 1 2 1) 121 1 224 d1P111 . |
|
4
)
f P . b ;
2 13t 9«20 r
. !
}
i
I
: !
») - mh "V’Pg"Sp.g_‘,B . e )
v ti‘ﬂz LSAPP P e s 121 121 121 121 + |
. " |
f
= 0 }
mni21 !
’ ’4+EFQ}P r P + d°'P ]
f _(—;: a aipozi (bx 2 121 1 221 2 s11 v
2
P
f P f Qg i
2 1312 g 12
' e AN + s h - .
+ m B 21"“"1 + U, f‘i 121 1 221 /3‘2;,1“ . |
" Li 122 1 O s
h - h\_.p,_,g - Nihspsg . |
\/h +L~Jh20+u ,22 "l
2 1214 1 ‘
.
h + =0
0 Pn + E121 g 21 qaizx
i1z £ g
\t v '
u ation and { =4 for energy equation.
g for mass edqu
- grid l)l()(‘k 2. 1
" + o 3P +c P + d_P +
(b + ez 1 221 2 a21 e
A a, 122 _
3 - B ripvg 51‘0 g +
+ L PZZZ 221 ]
1
f * gtpzzo
2 231
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B P 1 : I
221 221 221 7221 b« = 1)
e et 221
Mt At
{ (v )= aPp -(b e LS S A tC + d'pP '
1 2 121 . 1 221 2 3azy 2 211
r e v og P
2 221 1 220
o by r ouh - v h _n{) a - wih g+
1 270 1 2 1 w W 1 5 <
r .. m
n P s h =
221 224 ¢ 221 221 ‘qazzx_J
TTAE T At

For grid block 3. 1=93 for mass equation and /=6 for energy equation,
o )

N " - ot P + c P + d P +
f (v = a‘r’o“*'(.bl e, ! 111 1 211 1 101
f P ' &
1 121 9o
n
. - 5 2 + B P +
. P R - Fi/-“_,g P9 111 141
1 o112 111 At
- N
[- ] + q :O
B LL U NP
At
o P + ¢’ P - d'P +
— (b *+ e bt i 1 211 1 101
f (x )= a 1 1
& 1 o114
P + g P
1 121 94" 110
i ‘ h v s h *
(t’. 4 ut a fgl) 111 1 214
lu} -
' L1P117 Fm o 1
e R L
/x "1o1 1 17
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s s 111 1191
A
- r At
E t
111 141 +Qq =
r———— o111
lflt

For grid block 4. /=T for mass equation and /=8 for energy equation

f (% )= a P -{(b + e + o )P + P :
o 2 111 2 1 17 214 Cz J11 t d1P201 +
f P 4 P
1 221 1 240
.V
o b - mh - rp Q- spg+ B Py
1 212 2 1 = 211 214
At
r
€ oh' ,
214 211 *+ Q = C
—— e emmn m2414
At
-y _ ‘ [ N c' P 1 -
fn(" ) = a P o (o) €, 1 214 2 311 dlp,_l)t
(P r g
1 2214 -1 210
. _ -+ ou + 3)h + s h + {3 K +
FoL P + m h (r Y EVRAL 1 311 /1'201
1 212 2 41
v o h
1 221
. - w'hpepg + D n
. - v h p g 1 s s 214 211 +
@ b Pou h71? vV -
1 210 1 <2 At
& R -0
+ =
2414 211 092“
At

s equation and /=10 for energy equation.

: - 10 for mas
For grid block 5. /=9 for 1 P rc P + d P "
RSN o (b * e? + ’3‘1’ 122 1 222 2 112
(» ) = a 1 :
o 1 022
f r + P
szaz I PAPEE
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- - - * - > - -
L m}’l,z [agy® _g Szl)gg + B r,h .

2 123 2
2~ 122 122
At
- o)
C |
122 122 q = 0
b 122
AE
¢ Ly o= ap ~(b vel * P
M = a - i o + ' P +
(o 1 022 1 1 122 1 222 dzpuy *
(n ' CP
n 132 92 121
, L P + m' h —-(r o o3 h + s
4 123 1 022 1 2 122 th?zz -
N + v h
“7h112 2 132
L _ . n
i Pt h L _I3 (-J w’ h P gt D =
v “nhazi 5 423 AR 2 s s 122 $22
AT

E h N 3
122 1272 122
At
= - mass ¢ '
For grid block 6. =11 for mé

., _b‘_e-l-(_‘(}P + c P + dpP +
C T = angzz { , 2 2 222 2 azz 2 242
11
+ P
f7p732 gz 221
q - s.pa + B T
L - rnh227 B l"zp‘-__ I _%22 222
mn -0
- h = L
222 272 Anz22
At
oo o oal 3P v+ c P +od;
—> — a'P ’(bz v e? 2) 222 2 32z dZPZi?‘ '
¢ T(x ) T T2 127
12
e + g PzZi
f F232 z
2

100

quation and /=12 for energy equation



b /- ]
V23 mplpp- (F U 12 9n

222 " S’?h 32

12, Y

"
27712 7 Voloan

tW 1t
7 721 2 223 N2 hvpvs w_h Pg + D pn
‘' * B 222 222 m
At
222 222-1q -Q
- 722
At

For grid block i. 1= 13 for mass equation and /= 14 for energy equation.

fin(X) = ajPgj-(bg ~ oj & Paityg *CP., - 4P

FiP122 < 9Pt

t 5P '
2113 ... 2 W J - V\g 41 BIlZE
At [13
f'ii2hii2ml>1g =0
At
EFER L (- R TR B X S S I
f -P P
T2 "9 Tm
-p £tm'h -(r' + t h /?j )h » S'h
7 iia
i + Vv
g h,,« <
w h -V u3 2 VvV Vv 250:!: ]_1.2[112+—
2 111 At
=0
I:112 hAg_Klpi i2
At
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For grid block 8. /=15 for mass equation

q

and /=16 for energy equation.

a P  —(b + e
2 112 2

212 242 +



Hiock Position

(retat.to origin)

f (1,2,1)
1

f (L,2.1)
2

£ (2,2,1)
3

(2,2,
4

fo(L, L)
>

f (l,l,l)
(4]

£ (2,1,41)

f (2’131)
a8

fo(L,2,2)
o

f (1’2’2)
10

f (2v2'2)
t 4
f 2!2’2)
12

f (lyl':‘))
13
f (1:1’2)
14
f (2’1’2)
19
f (251’2)
10

Table B-1

tJ

w

&

pressu’

e

e arld er\thalp

boun
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v wvalues in reservoilitr and

dary blocks

Pressure /enthalpy values 7 ']
P P P P P I
021 121 221 1114 131 120 122 |
h h h h ]
021 121 221 111 131 120 122
P P P P P
121 2214 3z 251 231 220 222
h h h h R h "
121 . 221 321 211 231 220 2722
P P P P P P
011 111 211 101 121 110 Puz
h h h h n h h
o011 111 211 101 121 110 112
P P P P P =] P
111 211 311 201 221 210 212
h h h h h h
111 211 311 201 2214 210 h212
P P e P P P P
022 122 222 112 132 121 123
h h h h h
h022 122 222 112 132 121 h123
P P P P P P
Pizz 222 322 212 232 221 223
h h h h h h "
(22 222 322 212 232 221 223
p P P
Po1z 112 212 102 122 111 P113
h ] IR
h012 112 212 102 122 111 h113
P P P
P112 212 312 202 222 211 szs
R h h h 2}
h112 212 312 202 222 214 h2;.:-;
/_’d_-—‘__—_
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