
* MATHEMATICAL MODELLING OF THE 

OLKARIA GEOTHERMAL RESERVOIR "

jciiis tit i:v;>
1 T I  1*5 i v i t . i ;
\N i) A C • Y 

O X S i V  * j L i s I  • »

p ^  ! ■ : :n; a c c i h ’TBD i o n
. lB va ■ b.............................  . . . .  ................... ..

•AY D r • i. VCLD IN TUB: 
; arv.

ALFRED WANYAMA jjNJANYONGE

A thesis submitted in fulfillment for the degree of Doctor of Phi

losophy in Applied Mathematics at the (University of Nairobi.^

MAY 1996

4 V -« ; v v >' * 1% ' 1 »; '1 • ? * '• *•

1



D E C L A R A T IO N

This thesis is my original work and lias not been presented for a degree 

award in any other university.

Signature

A. W. Manyonge

This thesis has been submitted for examination with our approval as Uni

versity supervisors.

Signature............ ........................... Date. .

Prof. W . Ogana

n



ACKNOWLEDGEMENTS

1 would like* to extend my sincere thanks to my mentor and supervisor 

Prof. \Y. Ogana who started supervising me at M.Sc. level. He is the man 

who introduced me to real research work in numerical solution o f partial 

differential equations. I thank him for his tireless guidance throughout 

the period of research work for this thesis. I am especially grateful for 

his diligence and excellent supervision which he showed by sacrificing his 

valuable time to scrutinize my work. Also I would like to thank my second 

supervisor Prof. P.S. Bhogal for his excellent help in this work. I wish 

also to thank the New Zealand Government and the German Academic 

Exchange Service (DAAD) for providing me with a scholarship and a 

research grant respectively. The scholarship enabled me to study at the 

University of Auckland, a study which later proved invaluable to this 

thesis. The research grant enabled me to carry out the research work 

successfully. My thanks also go to the staff and management of the Kenya 

Power Company for their help and for making accessible to me their data 

for Olkaria. I am also indebted to my wife Pamela Manyonge who gave 

me moral support throughout the period of research. Finally I thank 

the management, o f the University of Nairobi for offering me the Tutorial 

Fellowship which permitted me to carry out the research.

m



DEDICATION

This thesis is dedicated to my wife Pamela Abinyi Manyonge and my 
‘hilclmi.

IV



TABLE OF CONTENTS

TITLE .............................................................................

D E C LAR ATIO N  .......................................................

A C K N O W L E D G E M E N T S ...................................

D E D IC ATIO N  .............................................................

TABLE OF C O N TEN TS ........................................

LIST OF SYM BO LS A N D  N O TATION .........

GLOSSARY OF TER M S USED ........................

A B S T R A C T  ..................................................................

C H A P T E R  ONE: IN TR O D U C TIO N  ...................

1.1 Characteristics of geothermal Hows and reservoirs

1.2 Role of modelling in geothermal energy exploitation

1.3 Characteristics of Olkaria geothermal Held ...........

1.4 Exploitation of geothermal resources in Kenya

1.4.1 Major geothermal resources in Kenya......................

1.4.2 Other geothermal fields in Kenya..............................

1.5 Objectives ....................................................................

C H A P T E R  T W O : LITER ATU R E R E V IE W

2.1 General Literature Review ........................................

2.2 Olkaria Literature Review ...................................

i

ii

iii

IV

v

viii

x

xni

1

1

4

9

15

15

22

24

25

■L i

V



C H A P T E R  TH R EE:

D Y N A M IC S OF FLUID FLOW  IN POROUS M E D IA  29

3.1 Structure’ mid properties of porous media .................................. 29

3.2 Behaviour of fluids in porous media ............................................  32

3.3 Conservation principle ....................................................................  38

3.3.1 Conservation of mass ..................................................................  38

3.4 Darcy's law for anisotropic porous media....................................... 41

C H A P T E R  FOUR: G O V E R N IN G  EQUATIONS .............  44

4.1 Introduction ..................................................................................... 44

4.2 Basic governing equations .............................................................  45

4.3 Alternative forms of the mass and energy equations ............... 50

4.4 Initial and Boundary Conditions ..................................................  51

C H A P T E R  FIVE: N U M E R IC A L M O D EL ........................  54

5.1 Introduction ..................................................................................... 54

5.2 Finite difference representation .................................................... 54

5.3 Development, of the solution of the non-linear system ...........  61

5.4 Iterative Techniques ........................................................................  64'

C H A P T E R  SIX:

A P P LIC ATIO N  TO O L K A R IA  G E O T H E R M A L  FIELD

6.1 Introduction .....................................................................................

vi



G.2 Conceptual Model for Olkaria Geothermal System .................  6'9

G.3 Numerical modelling of the Olkaria Geothermal System ........ 71.

G.4 Natural state Model for Olkaria Geothermal System .............  73

G.5 Results of production model for Olkaria East field ................. 78

G.G Results of modelling of future production from Olkaria North East 

field ..............................................................................................................  84

C H A P T E R  SEVEN :

DISCUSSION A N D  C O N C LU D IN G  R E M A R K S .................... 88

A P P E N D IX  A : .......................................................................................... 90

Finite difference representation of mass and energy equations 90

A P P E N D IX  B : .......................................................................................... 95

Derivation of the non-linear system of equations for the sample reservoir 

of 8 blocks ................................................................................................ 95

LIST OF REFERENCES ...........................................................  104

vii



LIST OF SYMBOLS AND NOTATION

m

,K

.V

Pa

.J

K

{)c
(

t

M\V(

]V

.4

c

C

D

h

k

k l

K

P

<1

S

u

r

V

: metre 

: sc'coiid 

: Newtons 

: -Pascal 

: .Joule 

: Kelvin

: degree centigrade 

: length 

: time

: Megawatts electric 

: Watts

: Cross-sectional area 

: specific heat 

: compressibility 

: distribution function 

: enthalpy 

: permeability 

: A1-matrix

: thermal conductivity 

: pressure 

: flow rate 

: saturation 

: internal energy 

: darcy velocity 

: Volume 

: porosity

vi n

O



/' : (lyuainic viscosity

(> : density

r : concentration quantity

u : Hux density

A : forward difference operator

V. : divergence operator

<£ : velocity potential

E : Energy content per unit volume

iJ : gravitational acceleration

A’,„ : thermal conductivity of a.

saturated medium

.U : Mass content per unit volume

r : Temperature

C? : central difference operator

» : time level

bar : 10" Pa

ppm : parts per million

P I : productivity index

<h : energy flowrate per unit volume

q,n : mass flowrate per unit volume

Q< : energy per unit area

Q jh : mass per unit area

V : kinematic viscosity

V : gradient operator

ni.n.s.l. : metres above sea level

IX



GLOSSARY OF TER M S

Active margin

Contact lilies between two geologic plates.

Basalts

Astheliosphere melts.

Caprock

Nearly impermeable rock covering the top of the reservoir. 

Compressible fluids

Fluids with varying density.

Continuity equation

Equation obtained by conserving mass.

Convergent movement

Moving of two geologic plates towards their contact line. 

Convergent plate boundary

The boundary of two geologic plates moving towards their contact

line.

Enthalpy

Energy per unit mass.

Fumarole

A discharge feature mainly of steam in a geothermal system.

Heat flux

Rate of movement of heat through a porous meterial. 

Incompressible fluids

Fluids with constant density.
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Lateral perm eability

Permeability in horizontal direction.

L iqu id -dom inated

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

M agm a

Molten rock deep in the earth.

M agm atic heat

Heat from magma.

N ew ton -R ap h son  m eth od

A numerical method for solving non-linear difference equations. 

P erm eability  zone

Region in the geothermal reservoir with high permeability.

Plate

Tilt1 earth consists of tin* lithosphere and the asthenosphere. The 

lithosphere with continental crust is termed continental plate while litho

sphere with oceanic crust is termed oceanic plate.

P late tecton ics

The geology of plates.

R hyolites

Continental or crustal melts.

Separative m ovem ent

Moving away of two geologic plates from their contact lines. 

Separative plate bou ndary

The boundary of two geologic plates moving away from their contact

line.
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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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A B ST R A C T

The basic ('({nations 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 

procedure. 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 64M\Ye. In order to examine these variables by modelling, two 

models are set up i.e the natural state model o f 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

rying out this study is to model exploitation o f 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 tlit' 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 assigned specific values of pressure, temperature, enthalpy etc. 

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 11s to find the values of these 

parameters at any location and time in the reservoir. Production using a 

45M\Ve power station from Olkaria. East field was simulated for 14 years of 

production from 1981 to 1995. The production was then run for another 

20 years 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 

years 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.

xiv



C H AP TE R  ONE

IN TR O D U C TIO N

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 o f alternative sources of energy. One 

of these alternative sources is the use of geothermal energy to generate 

electricity and for other processes. Kenya, is one of the countries endowed 

with geothermal resources. Kenya being a developing country with little 

explored petroleum resources, any effort that may be made towards devel

oping new forms of energy will be a. step towards alleviating the problem 

this country has of depending on oil based fuels.

On the earth'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°Cor 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.

Geothermal resources can be divided into convective and nonconvec
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tive systems (Hoclistein 1992). Convective geothermal systems are usually 

calk'd hydrothermal systems while those without large fluid movement are 

called geopressured systems.The term convective system is used to de

scribe 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, 

or 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 liq

uid dominated or vapour dominated. In this description only geothermal 

energy from hydrothermal systems is considered. A geothermal reservoir 

consists of a 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

(c) 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 flow of deep meteoric water which acts as recharge to the 

reservoir, static pressure, transmissivity 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 instance, 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. Knowledge 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

ness. Overlying the geothermal reservoir may be a cold water zone sealed 

from the reservoir by a caproek. 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 

thi s case however,the liquid phase is sparse, widely dispersed and immo

bile. The recharge/discharge areas to the reservoir include recharge inflow, 

base 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 ston'd in the rock and hot water already resident in the pores.
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WIkui exploitation of the field starts, the pressure starts declining thus 

increasing the pressure difference between the inside and outside o f 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 conies 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 

the 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 continuum 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 numerical methods are usually the only viable approach. An ex

ample 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 differential 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



from well test analysis and calibrating it with the history of the field under 

exploitation. The model should incorporate:

(i) the source of water,

(ii) 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,

(vi) the cooling of aquifer liquids by near surface effects and

(vii) impervious 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 steam 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 each 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 steam 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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bdiincl and the loss of steam with time builds up a concentration gradient 

of increasing salinity. The impermeable caprock prevents further rising of 

the steam and 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 (Bliogal, 1989).

Modelling in geothermal studies may be divided into two main cat

egories, namely, free convection models which examine the geothermal 

reservoir behaviour 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 into 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 o f 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

/



that tlu* 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 and 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.

Then' an' a number of numerical methods that can be used to 

solve the mathematical model, namely finite difference, finite element and 

boundary element methods. The last two methods are efficient at han

dling complicated boundaries. 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 method 

requires modifications which lead to lower order approximations. Pro

gramming of nonlinear techniques such as the Newton-Raphson method

8



proves more difficult for the finite element method than the finite differ

ence method. The difference equations that result are fully implicit with 

Newton-Raphson treatment of nonlinear terms.

1.3. C haracteristics o f  Olkaria geotherm al field

Olkaria geothermal field is located in the Great Rift Valley of 

Kenya(Figurel.3.1). It. occupies a surface area of about bOkm2 (Noble 

and
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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 lias 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 01 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 flow with a. sodium- 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 area 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 01 Njorowa gorge are exposed in the walls of 

the 01 Njorowa gorge containing blocks of soda, rhyolite lava up to lm  

thick. 01 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 01 Njorowa 

pumice tuffs in the central parts of the gorge. Grey white pumice tuffs 

and agglomerates of 01 Njorowa overlie the 01 Njorowa pumice tuffs. In

10



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. Thu overall stratigraphy (Figure 1.3.2)
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Figure 1.3.2 A section of stratigraphy in Olkaria field 

(adapted from Bodvarsson et. al 19S7)

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 basalt
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unit (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, ('specially in Olkaria West. The faults trend North-South 

(N-S) and East-West. (E-W) with inferred faults striking North-West (N- 

W ). South-East (S-E). The N-S faulting structures are associated with the 

main trend of'rift faulting that provides the ma jor vertical penneabilitv 

within the Olkaria area and largely controls the movement o f thermal fluids 

at deep levels. Lateral permeability at shallow depths throughout the field 

is primarily controlled by lithology and may vary quite considerably be

cause o f 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 intenselv 

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 the}' have been extensively fractured 

and brecciated. Areas of altered and warm ground are extensive through

out Olkaria and togethei with the piesent 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 30G-5G0m) and the hotter soclium-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-bicarbonate water is believed to be produced from condensation 

of steam and the gas formed from boiling of deep chloride water and mix

ing of cooler waters. Reservoir engineering studies indicate that a layer

12



of bicarbonate water extends over most, of the reservoir. Sodium-chloride 

water appears in all Olkaria East wells without any associated shallow 

sodium-bicarbonate layer. The sodium-chloride water in the east shows a 

chloride’/silica geothermomoter temperature of 300°C . The chloride water 

in the west is more’ dilute due to mixing with overlying sodium-bicarbonate 

water and gives a 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 area. Two major upflow zones, one to the west and the 

other to the north-east of the field have been identified in the area (Figure 

1.3.3). Both of these upflows are related to the Olkaria fault. Boiling
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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 19S8).

The Olkaria area has been defined by two separate geophysical anoma

lies, namely, low rock electrical resistivity and low magnetism both indi

cators of a deep heat source underlying the area.. Resistivity data, indicate 

an area of altered rock of 80km2 (Hochstein et a 1. 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 15km2 (Mwangi and Bromley 1986). Olkaria north

east area occupies an area of as much as 12km2 with about Gkm2 proven 

by drilling.

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

Figure 1.3.4 Permeable zones in Olkaria field 

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

permeable zones are located within a range from sea level to 1400 m.a.s 1 

Permeable zones in Olkaria North East are at 1000 -  900 m.a.s.l. and 

around 000 m.a.s.l (Figure 1.3.4). Well measurements data show that 

theie is <i lhim 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 p„or 

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 is characterized bv 

randomly distributed permeable zones throughout its thickness

1.4. Exploitation of geothermal resources in Kenya.

1.4.1. M ajor geothermal resources in Kenya

There are three extensively explored geothermal fields in Kenya, namely, 

Olkaria. Eburru ami 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 A —1 and A —2 were drilled (Noble and Ojiambo 1975) 

The well -A -  1 was drilled to a depth of 502??i and could not discharge 

any fluid. Steam was encountered at a depth of 370m and a maximum 

temperature of 12Q°C was recorded. The well A  -  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 resumed (Noble and Ojiambo 

1975). The exploration was undertaken by the United Nations Develop

ment Program (UNDP) and the Kenya Government 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 A' -  2 with depths ranging from 900m to 1350m ( Grant, 

ct cil. 19S1). Under the UN Program, 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 8 th October 1973 to 

3 rd March 1974 to a total depth o f 1003???.. The well had a maximum 

recorded temperature of 126°C. The second deep well, OIK -  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 A' - 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 2 M W  e o f electrical equivalent 

o f 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 15MH e turbo-alternator was 

commissioned in June 1981 using 7 wells. The second and the third units 

of 15iUU'( each were commissioned in December 1981 and April 1985 

respectively bringing the total amount of installed capacity to 45M W e,
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Iii th(' early 19S0s more exploratory drilling was carried out in two 

areas, namely. Olkaria North-East and Olkaria West fields (Figure 1.4.1).

Figure 1.4.1 Well Locations and major structures 

(adapted from Mwangi et. a1. 1986)

These fields are located in areas with low resistivity and surface ac

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

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

station (Anibuso and Ounia 1991). Exploratory well drilling in Olkaria 

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



OH’ — 701. It was drilled to a depth of 1800/7?. By 1988, five more wells 

had been 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 field. Most wells in this field attain a temperature of 300°C at 

below the depth of 1S00???. The range of electrical production equivalent 

per well is between 1.6 and S.OJl/T'I'e.

Eburru geothermal field is situated within the Great Rift Valley of 

Kenva (Figure 1.3.1). Geologically the area is covered by pyroclastics 

which art' themselves covered, in some areas, by younger obsidian and 

rhvolitic flows. 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- 

itv channels. Geophysical surveys, particularly resistivity, indicate the 

Eburru geothermal resource to have an areal extent of about 5A:???2 .

Geophysical mapping of the Eburru geothermal area was first done in 

the 1960s and early 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 

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

completed a comprehensive survey (geothermal exploration) of the area 

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

studv of the' geothermally active zone on the northern slopes of the Eburru 

hill In 19S6/S6 further extensive study in a much wider area, was carried 

out bv 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 

started in the late 1980s. Four exploration wells were drilled in the area
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bc-rwcvn 19SS mid 1990. The first well to be drilled in Eburru was code 

named £ 1 1  - 0 1 . Drilling commenced on 30th December 1988. The 

well, designed to test the main upflow area, was drilled to a total depth 

of 2404m and had a measured temperature o f up to 285°C . The well 

was stimulated and discharged brine of high salinity with enthalpy values 

varying between 1 10 0  -  nWkJ/kg. A report (ICPC 1990) on this, noted 

that Eburru EW  -  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 

150kJ/kg. The loss in enthalpy relates to the absence o f any shallow 

steam zones feeding the well and possibly the cooling or dilution o f 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 reservoir permeabil

ity is moderate compared to Olkaria production wells. Calculation o f the 

electrical capacity equivalent give the well a production of 2.&MWe at

6.0 bar pressure. This was equal to the average of the Olkaria production 

wells.

The second well in Eburru E W  -  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 27S0m and could not discharge. A maximum temperature 

of 140<JC was measured in the well. Reservoir engineering tests on the 

well indicated low permeability. The third well EWr -  03 was located to 

test the northern extension of the upflow zone. It was drilled to a depth 

of 2590m 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 24 th November 1990, EW  -  04 was located to test the
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southern extension of the upflow zone. It was drilled to depth of 2466?7? 

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

Eburru E\Y -  01 confirmed the existence of a. high temperature 

geothermal resource. Wells E l l  -  02 and E lY  -  03 are nonproductive 

due to poor permeability and insufficient, temperatures. FAY () | p,() 

duct's largely water with practically no steam suggesting good reservoir
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pressures aiul 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 

generation because of its proximity to Nairobi, main power transmission 

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

Lake Bogoria geothermal field, the third field of interest, is located 

on the floor of the Great Rift Valley of Kenya as shown in Figure 1.3 .1. 

It lies between eastings 36°4' and 36°13' and northings 1°20' and 1°24'. 

Geological mapping and characterization of the area has been done. Re

sistivity surveys indicate an area of altered rock o f about 5 fc?n2 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 

o f at least two distinct hydrothermal systems. Geochemical sampling of 

springs mid 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 impiessive hot springs, there was no evidence 

o f young magmatic heat souices. Its heat is probably the discharge zone 

for waters that have circulated deep in the rift fault system. Lake Bogoria 

geothermal field is therefore considered to be of secondary importance as 

a prospect for high temperature resource but it may be useful as a low 

temperature field. There has not been so far any exploration well drilled 

in the area: this probably explains the low keyed scientific work that has 

been carried out in this area.

When the U N /Kenya Government recoginizecl the need to develop en

ergy sources that are cheaper than mineral oil or fossil fuel in the face of 

increasing oil priors. geothermal energy prospecting was mainly targeted
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for electricity generation. Therefore tlio main thrust of scientific work in 

Konya in the exploitation of geothermal energy was concetrated in this 

area of geothermal energy utilization. Development was focused on Olka- 

ria. Elmrru and Lake Bogoria fields. However, there are numerous other 

geothermal fields in the Kenyan Rift. Valley, which we examine below.

1.4.2. Other geothermal fields in Kenya

(a) Domes, Suswa and Longonot fields

Reeonaissanee exploration has been done in these fields. Geochem

ical studios of fumarolic and steaming grounds emission has been done 

in Dome's, Suswa and Longonot and some waters from Lake Magadi and 

Kedong \alley. The exploration results showed that steam in Suswa and 

Longonot areas is derived from two sources namely, meteoric water from 

rift scarps which is shallow in origin and from water which has been evap

orated to some extent or from a mixture of rain water and evaporated 

water. Gas geothermometry temperatures suggest temperatures in excess 

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

(b )  M e n e n g a i, S ola i fie lds

Glover (1972) examined geohyclrochemical data form surface, thermal 

and shallow borehole waters and fumarolic emissions from the areas be

tween Lake Elemeiitaita to the south and Lake Bogoria to the north. This 

report suggests that the hot springs at Lake Elemeiitaita are an outflow 

of a geothermal reservoir in the area.

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

murunu and Lake Logipi Barrier)

The British Geothermal Survey has examined the northern part of 

the Rift Valiev covering areas from thesouthern shores o f Lake Baringo to 

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 20 0°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 fluids may be used in the drying of pyrethrum and other crops 

at Eburru.

• A number of scientists, both local and from overseas have contributed 

immensely to the existing body of knowledge about geothermal explo

ration in Kenya. 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 ofaieas of highest subsurface temperature 

and suggest the most favourable aieas foi a future drilling programme and 

to give a survey of the heat flow. Three favourable areas in Olkaria. were 

identified, 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

trical resistivity prospecting in the Rift Valley o f Kenya has been done, for 

example Bhogal (1978) outlines methods of exploration and their applica

tion at Lake Bogoria, Eburru and Olkaria geothermal prospects. Contri

butions by various other scientists in this field in Kenya, particularly on 

modelling, air outlined in the literature survey given in chapter two of the

present study.

A l t h o u g h  i n d i v i d u a l  s c i e n t i s t s  a n d  c o n s u l t i n g  c o m p a n i e s  h a v e  b e e n
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carrying out research in geothermal energy in Kenya, they have clone so 

as consultants to either the Kenya Power Company or the Ministry of 

Energy. Among the disciplines of geothermal energy research that are 

costlv in terms of consultancy fees is reservoir modelling. Furthermore not 

all information regarding the model will be available to the Kenya Power 

Company or Ministry of Energy from the consultants as they prefer to give 

model results only. There is therefore need and justification to develop 

local expertise in this discipline. This way the local companies such as the 

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

costs of modelling and retain much original information.

1.5 O b je c t iv e s

The o b j e c t i v e s  of the present study are:

(i) To develop a reservoir model for Olkaria which examines the response 

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

4 5 A/TIV from the time the wells went on line to present time(1995),

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

posed installation of a M M W e power station,

(iii) Tf) (,x .imine how the overall reservoir pressure and enthalpy are chang

ing over the model production period and

(■ ) T ' ,-sess if t.his area can sustain the above capacity and for how long.
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CHAPTER TWO

LITERATURE R E V IE W  

Gcusi jiI Literature Review

This lih'nirurc survey examines the efforts that have been ,nade over time 

h. solve the gootiiermal flow equations. The first reservoir 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 and was used to simulate the two-phase steam-water be

havior o f the Wairakei geothermal field in New Zealand. Faust and Mercer 

(1979) reported that other workers applied lumped parameter models to 

geothermal reservoirs with varying reservoir properties such as liquid and 

gas Pbases distributed throughout, the reservoir and also assuming that 

the reservoir is dosed i.e. nothing enters or leaves the reservoir Harlow 

and Pracht. (1972) considered the problem of extracting heat from dry k

using a distributed parameter model which simulated r^ i- -r . .
1 iOCiv fracturing and

single-phase liquid or vapour flow. The first application o f 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 f™* f
101 temperature

and pressure was areal (i.e. vertical component o f flow assumed negli

gible) and was restricted to liquid-dominated reservoirs only Faust an 1 

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 satuiation 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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<'ls that existed were either for compressed water or for conditions on the 

saturated vapour curve. An evolution in the modelling process occurred 

m 1970 at the United Nations symposium on the development and use 

o f geothermal resources.held in San Francisco. Three independent groups 

presented distributed parameter models capable o f simulating both liquid 

and vapour-dominated geothermal reservoirs. Faust and Mercer ( 1 9 7 5 ) 

applied both Galerfcin finite element and finite difference techniques to 

approxima te a pressure-enthalpy formulation of the multi-phase flow equa

tions in two horizontal dimensions. Garg et al. (1975) and Lasseter et a1 

(1975) formulated multi-phase flow equations in terms of fluid flow inter 

al energy and density. Garg et al. (1975) used finite difference techniques 

to approximate their equations whereas Lasseter et ai (1975) used a ‘ 

tegrafed finite difference technique. Both of these models were capable o f 
treating three dimensional problems.

n

Later. Selnoeder (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 numerical method used, space discretization o f the governing equa

tions is achieved witli the integrated finite difference method. This method 

allows a very flexible geometric description because it does not distinguish 

between one-, two-, or three dimensional regular or irregular geometries 

Time is discretized fully implicitly as a first order finite difference. This 

process yields non-lineal diffeiente equations which are solved using the 

Newton-Raphson method. The set of linear equations arising at each iter

ation step is solved by a matrix solver. Two examples o f matrix solvers are, 

AIULKOM computer code, a new version o f SHAFT 79 developed in 1983 

at the Lawrence' Berkeley Laboratory, and TOUGH (Transport of Unsatu-
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rated Ground Water and Heat) developed due to Pruess( 1987). TOUGH 

is a multi-dimensional numerical model for simulating the coupled trans

port of water, vapour, air and heat in porous and fractured media. The 

program was initially developed to study high-level nuclear waste isolation 

in partially saturated geological media. The numerical methods used are 

similar to those used in SHAFT 79.

T0UGH2 which is a more general version of TOUGH is closely re

lated ill methodology to TOUGH. T0UGH2 was developed by K. Pruess 

in 1991. It is a numerical simulation program for multi-dimensional cou

pled fluid and heat flows of multi-phase multi component fluid mixtures 

in porous and fractured media. It is designed for a variety of uses e.g. 

thermal reservoir engineering, nuclear waste disposal and unsaturated

zone hydrology.

2.2 Olkaria Literature Review

W c now turn to literature survey concerning m odelling work related to the

Olkaria geothermal field. Several com puter m odels to simulate the perfor-

of the Olkaria. geothermal field have been developed. Simulation

i i in 1980 and 1981 to test the reservoir behaviour understudies were aom iu
1 •(.. n The first study by Bodvarsson (1980) addressed the ques-

fi\, .j-. ()f  the vertical permeability on the production capacity tion of the ertecrs
f  the field and subsequently on what would happen to the production

-t f  the field if production was from the steam zone or water zone

.• ,,uP vertical 1 -D model with reservoir area of 12 km 
or both, using a s

j • ]• . s of l950m. The results showed that excessive production

} . t . 1U /()lie would lead to localized boiling and pressure decline

1 l then limit the productive life of the reservoir. On the other

1 1 roduction from the liquid zone leads to counter flow of 
hand consider*'™’ p



bol l, strum und wutcr resulting in optimal depletion o f the reservoir. The 

serond model. Bodvmssou and Pruess (1981), considered the effects of 

both horizontal and vertical permeabilities on the production capacity of 

the field. The results obtained indicated that a power production 45MYVe 
for 30 years was feasible at Olkaria.

A three dimensional model for Olkaria East, field was developed bv 

Bodvarsson et a1. (1987). The 3-D model allowed calibration using data 

from individual wells and hence had the capability to predict the perfor

mance o f each well. It was a three layer model with 54 elements modelling 

the steam wait?, upper and lower liquid zones, with a total reservoir model 

area o f 9 km and a thickness o f S50m. The model had boundary condi

tions o f zero mass flow through the top and bottom with open recha •
c '

through th(' sidrs. The model was calibrated against rsniiiM, o.o years o f produc-
tion history from July 1977 to December 1983. The model matcher! well 

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 o f 45  UWe 

and 105 MWe and the effect of injection on well performance and reser

voir depletion. These modellers concluded, among other 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 such as pressure 

enthalpy were determined by the Lawrence Berkeley Laboratory's general 

purpose simulator MULIvOM.
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CHAPTER THREE

D YN A M IC S OF FLUID FLOW  IN POROUS M ED IA

3.1 Structure and properties of porous media

Fluid flow in porous media is described by a number of basic concepts 

which will first' 1,,. explored before we can adequately consider the formu

lation o f basic equations which govern flow in porous media. A porous 

material is any solid containing pores or holes or voids either in a regular 

or random manner, provided such holes occur relatively frequently within 

the solid (C'ollins. 1961). We now identify some of the important gov

erning parameters required in the formulation o f the geothermal reservoir 
equations.

3.1.1 Porosity

Porosity denoted by the symbol <f>, is defined as the fraction o f the bull* 

volume of the material occupied by voids. If Vp denotes the volume of 

the pores and \ )i the bulk volume of the material then

0
F„ (3.1.1)

The portion of the hulk volume’ not occupied by pores is termed the matrix 

o f the material. Thus if F, denotes the volume of the solid matrix, them

V$ V„—  -j— — =  1 
V B  V b (3.1.2)

This means that
, , _  F,

*  “  Vii

Two classes of porosity occui in nature, namely absolute or total 

porosity and effective porosity. Absolute or total porosity is the fractional 

void space with respect to the hulk volume regardless pore connections.
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Effective' porosity is the fraction of the bulk volume constituted by inter

connecting port’s. Effective porosity is an indication of permeability (see 

below).

Porositv depends on the distribution of grain size of the porous mate

rials. Compaction; which is a process of volume reduction due to an exter- 

nallv applied pressure; has the effect of changing the porosity. Chemical 

leaching and physical erosion due to the flow of ground water through the 

porous rocks enlarge the pores and thus has a direct effect on the porosity. 

On a microscopic scale, porosity may vary greatly throughout a system. 

I n  fractured rock for example, </> may vary from little more than 0 in the 

rock itself to unity in the fractures (Freestone, 1992). On a large scale,

i •,venuie porositv is defined and it is this value which is usedh o w e v e i .  a i l

in the analysis of a reservoir.

3.1.2 Permeability

Permeability. denoted by fe’ ‘S defiued aS tliat property ° f  the ^orous
. , , • i characterizes the ease with which a fluid may be made to

material winin
f l  t h r o u g h  t h e  m a t e r i a l  due to a pressure gradient. Permeability may

i • ,i;ffprent from one direction to another. A system with be directional, i.e. dineiri
n n e r m e a b i l i t y  is said to b e  anisotropic. A system indirectionally van mg i

. .... • i-Itp same in all directions is said to be isotropic,which permeability is m ■
have anisotropic permeability (Freestone,Geothermal systems hequ. O'

i :0 pvmessed in the units o f area, namely. m l .1992). Permeability is e.\pi

3.1.3 Thermal conductivity

, K  of a material is a measure of its ability
Tlic thermal coiiduc i . .  • ‘

.  .  U v  c o n d u c t i o n  a l o n e ,  w h e n  s t r e s s e d  b y  a  t h e r m a l  
t o  t r a n s f e r  h e a t  e i m g }

 ̂ ^  re \ V a t t / m K .  Typical values for rock are in the range

of 2- 2.5\V/mb"
30



3.1.4 Compressibility of rocks

Mechanical properties of porous materials are not usually important, in 

problems of fluid How through porous media. However, in the particular 

case of deeply buried sedimentary rocks, these properties may have some 

bearing on the flow of geothermal fluids in porous media. Compressibility 

of rocks denoted €,■ is defined as the ratio of change in total volume of the 

rock to the product of total volume and change in pressure. In symbols, 

it is defined as:
Cr =

i d\ B
VB OP

(3.1.4)

Where OP denotes externally applied pressure. Thus if pr is the 

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

be shown that
1 O  O r

(3.1.5)Cr = Pr dP

3 .1 .5  O th e r  p a ra m e te rs

The relative permeability- denoted by kr , is defined as the the permeabil

ity of the porous material at a given fluid saturation to the permeability of

 ̂  ̂ ovons mHterial when it is 10 0 % saturated with the same fluid.

It is a dimensionless quantity.
f /.nnadtv of a material, denoted cr is defined as a The specific heat capatiij

unt of heat energy which must be supplied to raise a
measure of the

rial pv \°K . Hence it is given m terms of energy
unit mass of tin tin

t' A typical value for rock is lOOOJ/kgK, where J 
per mass per degiee v . *

,  c u , r g v  in - J o u l e s  ( F r e e s t o n e ,  1992).
is the

r .1 n roCk is defined as a measure of the ratio of mass
»density pr ot r,uTin

to volume nveiag<
, , . ( l  ( ) V e r  t h e  m a t e r i a l .

• *fv of a water saturated rock depends on both the 
T h e r m a l  conduc tP 1 ,

i Ucdf and that of the fluid, i.e. it is a mixture of 
. • f fhc rock i« conductivity
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rock and fiuid properties:

A — (1 — (f>) h r +  4>hf (3.1.6)

where K r and K j  denote the thermal conductivities of the rock and fluid 

respectively. Since (!) is usually small, the value of K  depends mainly on 

Kr •

3.2 Behaviour of fluids in porous media

The ability to predict the behaviour of geothermal reservoirs is closelv 

related to the ability to predict the flow characteristics of the fluid in the 

reservoir. Darcy performed an experiment from which he deduced what is 

called Darcy's law of flow through porous media, see for example (Collins, 

1961). A fluid was passed in a horizontal column filled with a porous 

material (Figure 3.2.1).

Figure 3.2.1 Darcy’s Experiment

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

o f the column, q the flow rate and A P  the pressure difference at the ends

of tli<. column. Darcy deduced that

,A A P
<7 =  ~ k (3.2.1)

. . .  , ocrnieability and depends on the properties o f both the
where k i-s tll( 1

iwi the fluid. In fact k =  k / f i  where k is the penne- 
porous medium and

, .c medium and p is the shear viscosity of the fluid
ability of the p<>i<>us
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Therefore
kAAP

/‘C (3.2.2)

Tims, rate of flow of a homogeneous fluid through a porous medium is 

proportional to the pressure gradient and the cross-sectional area normal 

to the direction of flow and inversely proportional to the dynamic viscosity 

o f the fluid. This is the statement of Darcy's law. The flux or Darcy 

velocity r . is the average volume flux or flow rate per unit cross-sectional 

area of the porous medium.

• Dimensional analysis of Equation (3.2.1) shows that k has the di

mensions of length squaied. Hence k is loughly a measure of the mean 

square pore diameter in the poious medium.

One special unit often used is the Darcy which is approximately equal 

to l ( T l2//r  or millidarcy which is approximately equal to 1 0 “ 15?>?2. Satu

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

by 5 ] , is defined as:

Volume o f  fluid in the medium 
Si =  Total volume o f voids in the medium

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

Si +  S2 — 1 (3.2.3)

aturation is dimensionless quantity.

B 1 >w wo summarize some fundamental thermodynamic and trans- 
. • nf water. As pressure increases, so does the saturation.rt properties 01

. 1 nt wllidl watpf Krtilc
►rt p r o p e r t i e s

1 t|.p temperature at which water boils, .nperature, namely the V

, and steam densities denoted by p w and p ,  resSaturated wat< i an
the ratios of mass to volume of water or steam

ely are defined i,s

espec- 

or steam
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units are usually kg/111 . At saturation temperature and pressure, i.e. on 

the saturation line, the density of each phase (water/steam) is different

Internal energy denoted by u is a measure of the total amount of 

heat stored in a material. The specific internal energies i.e. energy stored 

per unit mass due to liquid water and steam are denoted by uw and us 

respectively. The enthalpy of the fluid denoted by /?, is a measure of the 

sum of the internal energy and an amount due to work stored by the action 

of pressures. Specific enthalpies i.e. enthalpy of fluid per unit mass due 

to water and steam are denoted by hw and hs . The two types of energy 

measure are related by
hw = n w -j------

Piv
1 , plift = --

Ps

where p is the pressure. Both quantities are measured in units o f en-

ergy/mass.

The dynamic viscosities of water and steam denoted and / /s, 

respectively, depend mainly oil tempeiatiue and vaiy only slightly with 

pressure. Units often used are Pascal second (kg/ms), and Nm~2. The 

kinematic viscosities Va^w are ^ie quotient of dynamic viscosity divided

by density (/' — f(}) •

A two

pore space.

phase flow system exists when two fluids exist within the same 

The fluids are separated by boundaries called interfaces, across

which discontinuities in density and pressure exist. An interface is made

possible by the existence offerees called inter-facial forces that act. only at 

, , • . 1 wuveen separate phases and are tangential to the boundaries

When boundaries cun'ed; 38 the>' USUaUy ^  in POr° US metlia- («■•«■
C' )llins 1901)- the tangential inter-facial force produces pressure disoonti-

• • „ .i„ . interfaces. The pressure difference denoted by P,. is ealle.l
unities at rrn mi
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the capillary pressure. A\'lic'ii 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 11011-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 11011-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

rt v .
. . ... ; M A iH O S I  t f U f i A K  

U N i V e ^ 1 1



saturated with the non-wetting fluid is called the imbibition curve.

Figure 3.2.2 Capillary hysteresis

fm ation curves have been employed to infer what isCapillary p r e s s u r e - s a t u i a u u

1 c .• tl pore size distribution of porous materials. If a porous mate-

êpd of a collection of pores having some distribution 
rial is viewed as composed

• . *„n«iHons which relate this distribution function toradii, then there exist equatio
,!;=H'ibution function. For example for a cylindrical

the capillary pressure distn

;u!>e of radius r,
Pc(r i

2712  cos 6 (3.2.5)
* l

• fc 1 and 2 refering to non-wetting and wetting 
1 with subsciip
?hrre l12' •- the surface tension in both non-wetting and wet-

uid resp< - trjbution function,D{ri) is related to Pc as follows(
ng fluid and the <hs n

’ollins, 1961)- Pc4> d$2  (3 ^ 6 )
D( r i )  = x ./p u;» t

Up determined from a capillary pressure (J$3. can oe w
e expression {\\>c . -fv Gf naturally porous structures defies

The complex1
uratit>U'cU1' e* . g ven so  ̂ simple definitions such as those

ts to define povr size' 
attem pt ro
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employed above do have some utility and contribute to our understanding 

o f 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 and compressible. Incompressible fluids have a constant den

sity. slightly compressible fluids have a measurable change of density with 

pressure and compressible fluids have a significant density change with 

pressure. Isothermal compressibility C of afluid is defined as

- l d V  
C ~ V dP (3.2.7)

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

that
^ 1 vp

(3.2.8)r - l ^ -
pd P '

where /) is fix’ density of the flukl aud P  is the Pressure. Integrating this

equation wo have:
C l n —»n)

(3.2.9)p = p0eĉ - ^

1 .„wl are reference density and pressure respectively. For
w h e r e  po <U1U

■1,1.  fluids c  = 0. For slightly incompressible fluids, C «  0mcompiesMOie nilu L1

|iel,ce the density is given byand
C 2( p - p o ) 2

C(p-ro) =  po[(l + C {p -p o ) + -------2 (------- +  •**] (3.2.10)
p =  po<

• i  >- • h v  u s i n g  T a y l o r  s e r i e s  e x p a n s i o n  o f  t h e  e x p o n e n t  i n  
w h i c h  i s  o b r a i n r n

0 0\ c i n c e  C «  0 ,  n e g l e c t i n g  s e c o n d  o r  h i g h e r  o r d e r  t e r m s
Equation

_  / q  9 1 0 )  y i e l d s :
i n  E q u a t i o n  ( < > • - • i U '  •>

p = po(l + C(p -  po)) 3.2.11)
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Reservoir waters are among fluids that are slightly incompressible. 

For compressible fluids e.g. gases, the truncation of the series expansion 

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

In fluid saturated porous media, there can be as many as three fluid 

phases present-. In rocks saturated with more than one fluid, the ability 

o f each fluid to move under an applied pressure gradient is a function of 

the relative permeability of that phase. Thus

k,-t =  y  (3.2.12)

where .subscript 1 denotes fluid 1 and k denotes the permeability of the 

medium.

3.3 Conservation principle

3.3.1 Conservation of mass

M n nf the most useful mathematical tools is that obtainedIn fluid now, out ui
from the principle of the conservation of mass, momentum or energy. From 

the conservation of mass we can derive the continuity equation.

.pier in the field of flow, an element of volume in the form of a 

i ovnllMeniped having sides A.t i , A x2 , and A.r3 in a field ofrectangular paiaueiti- y
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Let rlic' concentration of the quantity be G, expressed in units per unit 

volume, the flux density of the quantity be denoted by ft expressed in 

u n i t s  t r a n s p o r t e d  per unit time per unit area and the physical quantity in 

question be released within the field of flow at a rate of G units per unit 

time per unit volume. The quantities T, G and ft are variables.

The conservation of the physical quantity can be mathematically for

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

e l e m e n t .  Lot ft, ( .n , .r2, 0  be thc avcra8c valuc of over the face

with sides A.r-2 and A.r3 located at .r, and ft,(* i +  A .r,, .r2, .r3. t) the
..f O. over the corresponding face located at .r, +  A.r, . average’ 'aim ^

Similar d e f i n i t i o n s  can be made for the other faces. The amount of the 

j h y s i e a l  quantity entering the volume element during the time interval t

to f +  At is
[ft i ( 11 .r->, .r31 ) A .r2 A .r3 4  ft2(*t l * •* 2 1 •* i i t,)A.v\ A .r3 

4- ft3 (.r i . .t*2 > -t‘3 </ ) A-n

S i m i l a r l v  the amount leaving the volume element during this time is:

ro (r + A r ,  ^ , . r 3 T)A.r2A^3 + ^ 2(-ri..r2 + A .r 2 .A .r3 ,G A .r 1 A.r3

Also during this time, an amount

G(X,. .r2• * 3 , t) A.r 1 A.t’2 A .1*3 At

\ ^Minnie element.. As a result of the possible excess of 
is released within the von

, wl flic release of the material within the element of 
inflow over outflow and tne

. r ,.]1C physical quantity within the element, changes, 
volume, the 01

• \f bv an amount, 
during tl"' turn' ± t .\ )

(r(.n
I 4- At) -  r(.ri,.r2 ,.r3 ,/)]A .r 1 A.r2A.r3

• ,  ,  .V > •  ■* 3  ’  1 n
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Since the physical quantity in question must be conserved, it follows that:

^Amount ̂  _  ^Amountj  ^  ^4mounf generated^ =  Increase in content

(3.3.1)

Substituting in Equation (3.3.1) the expressions given above, and dividing 

through by A x j. A.r2 ,A.r3 and At and taking limits as A x ,, A.r2, A.vs 

mid At are each allowed to approach zero, there results the equation:

,dsix on2 dn3, „ or
+ ~cT~ +  -a7~) +Ct =  ^7d.i'i d'i'2 dx dt (3.3.2)

which in vector notation becomes

-V .Q  + G
dr
dt (3.3.3)

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

tions as described below.

(a) Single-phase incompressible flow

For incompressible fluids the volume of on element o f fluid is not 

altered by changes in pressure. Hence fluid volume is conserved and in
n „  o  h e r o i n e s  t i l e  v o l u m e t r i c  f l u i d  d e n s i t y  i . e .  v e l o c i t y  V . 

E q u a t i o n  ( 0 . 0 . 0 ; .  1
. P becomes the concentra tion o f fluid volume which

Also the concentration
. T h u s  E q u a t i o n  (3.3.3) b e c o m e s :  

i s  t h e  p o r o s i t y  v -  ^ I l U S  1

_ d<p
- V . y  + G = w  (3.3.4)

,,-liich governs a single-phase incompressible flow, 
’his is the equation winci g

i ronipressible flow
b) Single-phase comp

r ..nnressihle fluid through a porous medium, the vol-Intheflovvofcon .p l
f the fluid may change due to changes m pressure

me of nu element
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Therefore. fluid volume is not conserved. However, the mass of an ele

ment of fluid remains unchanged. It can readily be shown for this case of 

single-phase compressible flow that

pv =  Q

and
T = d>p.

H.m.v substituting these expressions in Equation (3.3.3) we find

d(<j>p)
-V.{pv) + G =

df
(3.3.5)

,  r , ,ibes the flow of an incompressible fluid in a porous 
E q u a t i o n  ( o . o . o j  a (

iiK'diuin.
Multi-phase flow of two immiscible fluids

flow of immiscible fluids, two independent con-
(c)

For the simultaneous
. • 1 ,„icf be invoked. If we denote the fluids by subscriptsservation principles must

i fnr non-wetting fluids, respectively, then Equation1 aiid 2 for wetting and toi

( 3 . 3 . 5 )  b e c o m e s  ^  ^ d(Pi<t>S,)
-V\p\v) + G -  Qf (3.3.6)

S i m i l a r l y  d ( p 2< t > S * )

— V.(p2v) +  ^  — {ft (*T3. 1 )

1 /q q 7) describe multi-phase flow of two immiscible 
Equations (3.3.0) and (3.3.0 -

fluids in a  poions niefliiun.
, for anisotropic porous medium 

3.4 Darcy's law . .
• -Pi -rv‘s law of flow through porous media, it. is as-

In the diM us. ability and relative permeability are independent of

sinned that tlu 1 ^phin the medium. This is not generally true
the direction of fl-u-l* 0
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of Ml the porous media. For some porous materials such as sedimentan- 
ro'-ks. the fluid trm,suability is not the same in all directions. To take tins 

characteristic of the porous media into account requires a further gener- 

tdizafion o f the Jaws of flow. The correctness o f such extensions can he 

established only by appeal to experiments for confirma tion of predictions 

based on snch-extensions. The most general linear relationship between 

the components o f velocity V, and the components di/dxj that can be 
postulated takes the form:

T- P *
' ~ ~7>k'Jd7J = 1’ 2’ 3' (3.4.1)

W

In which <I> is the velocity potential. Here the nine quantities k,; (,' _

1.2.3../ =  1 . 2 .)  form the elements of a tensor. The nine elements form

dint is cnllcd the A*—matrix. If a rotation of the coord * •cu t axis is consid
ered . the maimer in which the k-matrix transforms under S1,ei

u r n  a -  r o t a t i o n
am he investigaf<*(l. Such an investigation shows that if tl^ /. , .

m i l  tx m a t r i x

is symmetric, then the rotation of the axes to a particular orientation pro 

duces a diagonal matrix. Thus if A'p =  Â ,, / =  1,2,3 j  =  i 9 3  £^%

particular set of rectangular axes .r-, i =  1,2,3 (i.e. particular orienta

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

the AJ -  matrix).
( k x 0 0 \

" i o °  0 1 )  <3-4-2>

The directions of the particular set of coordinate axis to which the k- 

n i a t r i x  c o r r e s p o n d s  are called the principal axes of the porous medium. 

Thus for the coordinate axis oiiented parallel to the principal axis of the 

porous medium having orthogonal principal axes, the postulated form of 

Darcv\s law becomes:
-A’, d$ .
---- Ptt-  * =  1,2,3// oxt (3.4.3)
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This rotation of axes also requires a change in the form of porosity. 0 . 

Tims since in general not one o f the primed coordinates is parallel to the 

vertical (direction o f the gravitational force) <j> must he written as'

3
0  =  •*’! COS °  * 

1=1

r ±
Jo P (3.4.5)

(Collins. 1061)

Herr the o,. / = 1.2,3 arc the angles between the respective primed 

fixes, i =  1,2.3 and x:i which was assumed vertical. The basic con

cepts of fluid flow in porous media having been explored in this chapter 

we arc* now in a position to consider the formulation of equations which 

govern flow in porous media in the next chapter.
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CHAPTER FOUR

GOVERNING EQUATIONS

4 . 1  I n t r o d u c t i o n

Scientists studying physical phenomenon are faced with the problem of

limlillM solution to some r hy*U,d processes that occur in nature. Nature

il(M.lf ,,,-iug complex, the solutions to these processes arc usually approx-

Nevertheless, these approximate solutions advance our under-

lj„ , „ f  the behaviour of the physical process in question. Modelling

()n 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

, - , nr(,cesses. In a very general sense, there are two typesof some physical pioasse
, . uhvsical and mathematical models. Physical models 

of models. nann 1} - 1
, , , rnnroductioiis of the original. Mathematical modelsare the sealed down icpu

, ...cf-pms of mathematical equations that describe 
on the other hand are bjsten . .

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

1 t nations are complex, non-linear partial differential
reservoir work, these (q

f the complexity of these models, a computer is
equations and. because o ■ ' ,

ifnnl* svstem of cciucitioiis. i\lntlieni<iticcil mod- • ,ra to solve the resultant sw
I(<llU1  ̂ -titive process in the sense that when the modeller
idling (an ^  ^  parameters in the model, the model simulates

inputs data \\q1(ni the produced results are analyzed by the
and produces results. _
‘ 1 i q to improve or modify these findings i.e. the

i ii , • there imp b( u
1110( 0 ( 1 ‘ . . ted until the upgraded results are reasonable.

)  ̂|«i   ̂ 111J.) 1  ̂̂   ̂ ^
process . u develop an efficient and a fairlv reasonable
In this wav the modellers

i f • the process under study, 
predictive tool fm 1
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4.2 . Basic governing equations

The mathematical model for geothermal systems describes the three

dimensional fl<«v o f  w a t e r ,  s t e a m  o r  b o t h  a n d  t r a n s p o r t  o f  h e a t  in p o r o u s

media. These equations which express the laws of conservation o f mass.

1 d v in a geothermal reservoir are non-linear parabolic momentum and (iidg j &
p a r t i a l  differential equations. D e r i v a t i o n  o f  t h e s e  e q u a t i o n s  h a s  b e e n  d o n e

, t r .nOhors For example Faust and Mercer (1979) give a
bv a number <■« tUUUU1

, , • ,■ „  Hie eciuations and state the major assumptions useddetailed derivation oi i

while Grant et al.

e(ptatioiis <liscusM'( 

assumptions whit h

(19S2) give a more general derivation. The balance 

1 in this section are based oil the following simplifying 

are assented to hold:

_ oirP effects are negligible1. Capillary pressmeence

. exist among the steam, water and rock
2. Thermal eqmhbiiun

, -ijfv is a function of liquid saturation3. Relative prrineabdd) is c
• •1p-comPolieu  ̂ wa4er consisting either of one or

4 The reservoir is sing

two phases
sidered functions of temperature

5. Viscosities ait toi -
. • ., linear function of pressure

C Porosity is a hu
, nenneability are functions of space 

7 Rock density and pen
• . linear function of temperature.

5 Rock eiithafp.' rs a , . .
1 . are discussed as we develop the equa-

r flipsC
Some oi ii ‘ equations may be expressed in terms of pairs

ous. The basic g°u l  ^ quantities as independent variables, for

■ hnsic unknown th^ e or density and internal energy,
tha-lpy alK P ’.stance, liuid (’lir f '* ....eClirP and saturation. These models Ik

•essui

or
tlialpy alK 1<,lir f ’ ’ * ,fllirP and saturation. These models how-

„ .,tllrc or PrebM,,e and tenpundo
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ever, hfive their inherent restrictions. The pressure-temperature model is 

for example restricted in its use to hot water geothermal systems only 

while* the pressure-saturation model works only in two-phase reservoirs 

on the saturation vapour line. Faust and Mercer (1975) point out that 

fluid pressure-enthalpy formulation is preferred because these parameters

uniquely define* the* thermodynamic state of the system in single-phase* hot 

water or superheated steam flow and two-phase flow consisting of both wa- 

te*r and steam, conditions that are commonly obtained in geothermal field 

situations. In addition, this foimulation offeis the advantage of avoiding 

the* necessity of using three unknown parameters which is the case when

the pressure- temperature-saturation formulation is used. The basic field 

equations which express the laws of continuum mechanics are given below.

(a) conservation of mass

Conserva 

in section 3.3:

tion of mass is governed by the following equation, as derived

dM  , ^  _——- -f~\-Qtn — (Jin ’
dt (4.2.1)

where M is the mass content per unit volume and is given by

jij = (f>{psSs 4- PwSw) (4.2.2)

, • medinni porosity, pw and ps are the densities o f wa
in which o  is

, f.,umectively. TIie quantities Sw and 5 , are the water
ter and steam

. fI/1I1S respectively and satisfy Equation(3.2.3) ofehapter
and steam  satiua  - .

n.ii/1 density p of the steam-water is defined by
three. The average Hmu

t) — p u' T P 3 o'* (4.2.3)

■ flic mass contribution from sources aud sinks. The
The symbol q>» lfi

A is given by 
mass flux, Qw ^

Q m = Q » > « ' + Q<“ >- (4.2.-1)
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"■iinv the water mid steam fractions are Qmu. (mc| A
* 111 lIK1 V///.9 respcv'f]-  ̂ ,

me given iiy a modified form of Darcy's law: ‘

kkrwpw
it ~ Pwg) , ,t*w (4.2.5a)

Q m w 

Q m $ kk't SpS
— {V P ~P'S) (4.2.5 b)

(b) Conservation of energy

Conservation o f energy is governed by the following ennnf 
► ecJUatjon, as de

‘  3 (except that the quantity to be conserved is the en
la.ss): m etgy

lived in section 3.3 (< 

rnthcr than the mass):
d £  ^  A 
—  + V.Qe =  qe

in which E. the energy content per unit volume which ic  ̂  ̂ . ..is a contnbution c
energy from the rock and the fluid is given by

(4.2.6;

E =  ( 1  -  (p)prhr T <f>(pwSjlw +  PsS8ha)
(4.2.7)

wliere hr . pr arc the rock specific enthalpy and rock density respective! 

h , mid h s m e the specific enthalpies for water and steam
yuases respec

tively. The symbolq€ is the eneigy fioin souices and sinlcs The t t 1

enthalpy of the water-steam uiixtuie is defined by

pwhwSw -f- PahaSa
(4.2.8)

h =
P

The energy flux Q, is $‘ v™ hY

Qc — hwQew T hsQes A ,,, TT,
(4.2.9)

see for instance (Freestone, 1992). The vector qualities i„ Qrw ^  ^  

are as given in E</uatiou(4.2.5). The ^  in E<<uati°n (4.2.9) repre
sents the  imergyumvetneiit resulting fron. conduction. Here T  rep,,.

Splits
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the temperature of the reservoir while K , „  is the thermal conductivity 

of the saturated porous medium and is a sum of the thermal dispersion 
and conduction terms for the rock, steam and water. This combination is 
reasonable and is based on the assumption that local thermal equilibrium 

among the phases is achieved in an instant, since the movement of steam 

and water through porous media is sufficiently slow and the surface areas 

of all the phases are sufficiently large.

Since pressure and enthalpy are two basic thermodynamic variables, 
. T ill Equation (4.2.9) is a function of pressure P andthr tempera tin e J- 1

tl lpy h Thus the gradient vector VT can be expressed as follows:

CT = ( § ) ! .  v , . +  ( f ) l , v i , (4.2.10)

/ \ , , ( arfi are partial derivatives evaluated at constant
where ( $ ) l *  fllul l - W 1'’

i for steam and water phases, which arc func-R(dative pernieabilitie
, • express the fact that the presence of one phase 

tions of water saturation* i
. ,  ̂0ther. These relative permeabilities are therefore 

impedes the fhm ° .
uiitv if both phases are present. iliey approach unity

noriiialh h ■c* i 1 n*
c Other phase approaches zero, bach relative per

ns the saturation of «ie ot . r ,
c ‘ ^  zero even though the saturation for that phase is
meabilit} . ' concerned is immobile and the saturation of the

The fluid phase concern
not zeio. oCCUrs is termed the residual saturation. These
fluid pha*- 'Vhk'11 tlU 
ideas are illustrated i« Figure
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J.O

Figure 4.2.1 Relative permeabilities to steam and water

of .sandstone (adapted from Grant et. al 1982)

(4.2.11)

Tin- exact functional forms of krw{sm) and krs(sw) are poorly h

Relative permeability functions are a property o f the reserv ' •
011 r°ck and

they depend on pore structure and the geometry of fractures tj
liie  coni-

uioulv used relative permeabilities for homogeneous media, are those 

gested hy Corey (1072), namely,

/. _  0*4Arw — u> i

•<*2 \/ i ci* \2
(4.2.12)

"h o le  (S — S )

Sw =  (1 -  S,,r -  S»r)

in which 5,,., and S„- the residual saturations at which the water and 

■steam phases, respectively, become immobile. For Olkaria reservoir, water

relative perineal 

S„.. This leads to the equation

k'rw

X ■ ’ *
ihility kr» 's assuined t0 be a linear functio*> of saturation

5„, -  0.3
0 .6
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ill which the \vnter residual saturation Slv)- is assumed to be 0.3. This 

choice of made a satisfactory match to the observed enthalpies in 

Chapter six. Equation (4.2.13) is derived by assuming a linear function 

through 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 2.4) into Equations(4.2.1) and (4.2.6) yields equa- 

tions of the form.

OM
.Of

OE
Of

-  V.

-  V7.

kkru-pir l^;p _  pwy) +  ' ̂  * ( VP  — pa(f) ~ qm — 0 (4.3. la)
~ 7 7 ~  '

II x HVi/>j/n n  ->\ I kkrsPsh/,.
'kkrwpw — p„,a) +  — ' (V P  psg) +  ^  ( V P  — p sg)

pw
-  <7f = 0

Define the following symbols.

5̂ =
kA-kyspS rn ________  J- w

kAkrwPt

(4.3.16)

(4.3.2a)
Ps

dT

ili terms, where A is the cross-sectional area 
railed the tiansmi Urection i„ a grid block. Substituting the

perp en d icu  ai  ̂^  ^   ̂^  jn ^0 Equation (4.3.1) yields Equations

' ” 1 „ 0Ilservation of mass and energy respectively.above quautitk

(4.3.3a) and (4 .3 .3b) f°i

tbU __ v . f ( ^  + T^ Vl
Of

(4.3.3c/)+ V.(T»pag + Twpwg)

rr + V. ( T s h s P s H  +  T w h w P w S )  -  (1< =  0 (4.3.36)
(T ,S pJrTc ' V

•ontributioiis qm '<md *  ’ from sollrces or sillks ^  
The mass ami em ib> represent, the amount of mass and heat

termed source/shlk

OE
Of

-  v .
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lost (gained) to sources or sinks. For two-phase, the flow mass rate loss 

to a s o u r c o / s i n k  is defined as

qw =  Qs + q™ (4.3.4)

„„d the heat rate loss to a source/sinlc is

q( = hsQs 4" hw<hv, (4.3.5)

.. l„cc would indicate a loss from the reservoir. The 
when' a negative i<>

esent mass source terms for the steam and water
duaiititic’s (j$ and (hv 1 1

. , . F(,uatious (4.3.3a) and (4.3.3b) are the final three-
nliases respcctivel\- 1
1 . describing two-phase flow of heat in a steam-water-
dnnonsionnl < qtt sl,biect of study in subsequent chapters,
rock s y s t e m .  They wdl be

< ,  , 4 * 1  » ■

d consequeutly energy movements in a geothermal

Fluid movement- ai noulenon which occurs in space ( . r - , y -
i viewed as a Pu

■voir may ,)C ,,t ff we consider the reservoir as a
• a and in time (/)•

- - dini(lllSU,llh . „ ncSible to state two facts related to it.n  .n boundary, it is possi
confined v) L , . vstenl must cross this boundary,

niters or leaves u * j
ly. any H" " 1 tliat e tbe system can be described by a given

,nUy. at some » " tia tatenie])ts describe the boundary and initial

f ,-(,i,difiollS' TllP tW°  ' tjveJy. If some P ^ ameter of tllc reservoir, 

jtioiis of SyStPlU l̂ p y ,  is considered, three possibilities arise: 

[Stance press'"1’ 01 boUlldary, no observed flux of the pararn-

.vithin sou"' ^ ^ ‘ ^ m p b - i n g  a «radie" ‘ ’
..... crosses the b o "" ' ‘ ^  may be a known flux of the
t«' the

n so ""' the reservoir.
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(iii) there may bo a section in the boundary which is defined by a fjxpcj 

value of the parameter.

Parabolic partial differential equations describing geothermal flow are 

either initial value problems or initial boundary value problems The 

boundary conditions can be one of the following three types.

D iriclilet boundary condition: The solution here is prescribed 

along the boundary. If the solution takes on a zero value along the bound- 

arv. the condition is termed homogeneous Diriclilet condition.

N eum ann boundary condition: Here the derivative of the solu- 

tion is specified along the boundary. We may also have homogeneous or 

inhomogeneous Neumann boundary conditions.

Mixed boundary conditions: In this case the solution and its

derivatives arc prescribed along the boundary. We may also have homo- 
• i mixed boundary conditions.geneous or inhomogeneous imxt<-

The most common boundary condition in geothermal reservoir mod-

... . ,, cn„ rifiCation of the fluxes. Usually the flux is specified as zero,oiling is tlie s p e c «• 1

fi.nv boundary condition. When mass flux is specified, theindicating a no now »
,. , ‘c*h is derived from Equation(4.2.5) gives mass flux following equation uinen

„ l xvntcr must be specified:for steam and uutu*

Q m
kkrsps i

= - ( - -------- +/h

k'fy't trPw \ 0{P p€[) 
fiw dh (4.4.1)

.  .ified m a s s  flux at the boundary and d/dh is the 
(' spe ̂

C o r r e s p o n d i n g  to the s p e c i f i e d  mass flux, awhere i" fil<' sl’‘ '
outvvanl normal derivative-

tiuX must also be specified according to an equation
com •octive energy 

sim ilar to Equ»tlou
(4.3.5):

9h (4.4.2)
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W,,m’ l>: i” 1<l K  !W the "team and water enthal ■

t‘V< ly' >Wd ^  m‘d qt ‘W  the fractiouai and water ^
ti vely. at the boundary. Since the total energy flux con,' t , 1PSPeC'

nux consists of the r
fi'-e and conductive heat fluxes, a conductive heat fl„x af tI , '
c;i„ he determined hy ' ' b° ‘ “ ‘d « y

Q/t -  hmdT/dh boundary
(4.4.3)

Tin ‘ derivations of Equations (4.4.1) to (4.4.3) mav t
3 be fo"»d  in Faust

eiicoun-
. and Mercer (1979). A constant pressure condition can also he

tried. This means a mass flux at the boundary lias to be calculat j f

Equation (-i.d.l) and used in Equation (4.4.3) to determine the conv t'

energy flux. Initial distributions of the principal parameters such

sure, enthalpy. temperature and water saturation in the reservoir i ]

be specified. For example the reservoir may have initial watei-
1 saturation

as one. The specific initial and boundary conditions that were apph j 

to tlie Olkaria reservoir are outlined in Chapter Six (Section 6.2). The 

model conations developed in this chapter are used as the basic model for 

obtaining the numerical solution inChapterfive and its applications ^  fJ j  

Olkaria reservoir in Chapter S«.



CHAPTER FIVE

NUMERICAL MODEL

5.1 Introduction

The reliability of predictions of geothermal reservoir behaviour depends on 

how well the geothermal model approximates the field situation. Simpli

fying assumptions must always be made in order to construct a model be

cause the field situations are too complicated to simulate exactly. Usually
to solve the mathematical model analytically the assumptions uece.ss.aij to so -

<■ . p.-amnle, an analytic solution would require that are fairlv restrictive, toi exm j
tlK, be homogeneous and isotopic. To deal with the situation more

the geothermal equations extremely complex realistically, however, makes tire g f
i i ic therefore the only way that a solution to this 

and a numerical so u 10
1 obtained. The numerical model m tins chap-

svstem of equations can oe
,.rr method for obtaining the solution to the 

ter presents the finite difference

model by using a compute* •

5.2. Finite difference
hod entails two basic ideas, namely, that the 

The finite chficicn ^  partial differential equation is subdivided by

domain of the soluti 0jnts and that the derivative of the
, finite nuillber ° f P

a net witn a placed by a finite deference approximation. The

function at ea< b Pobl ^  derived by making a Taylor series expansion

finite difference ('(lUcl solving for the required derivative.
• given point and tne

of the function ai < & rfferential equations by finite differences, the
!n order to solve the partial3olve ^ geothermal reservoir, is divided into grid. kjfis case r.nt g
region of interest, a1 parh reservoir blorlr )i»c o

blocks, usual 

volume V and «

interest, m Suppose each reservoir block has
, .fUig^arluSl Pcitallv let f adjacent block by an area A termed

nnected to
t , flow is perpendicular to the area .4.

,  „ rea such that the 
the interface ai

54



The basic Equations(4.2.1) and (4.2.6) can be rewritten using Equa- 

tions(4 .2 .4 ) and (4 .2 .5 ) by first defining the forms below:

T„, = Tmu, + T„ (5.2.1)

i -r mwl T are defined in Equation(4.3.2a) and \vll(T(’ l„nr ailll
( dT

Tr =  hwTmw +  hsTnts

- i dT\Th =  E,n ( Q}) V

(5.2.2)

(5.2.3)

1 null r refer to mass enthalpy and energy respecll(Trthr subscripts m. h  a n c l e

, ,  „  , re substituted into Equations (4.2.1)
,-c'ly. The quantities are

yield:

and (4.2.6)

^  T „ p) _  V.(T,„wPw9 + Tm,p,g) +  <?™' (5.2.4a)
V . (-L nt ' 1 1

dt
..DM

OE
dt

)t
r- /rp X7h) -  V.(hiVTmivpw9 E haTmspsg) +  qe \

V7 IT  V P )  +  (Tl>V }w  } (5.2.46)

0f view, in a two-phase geothermal reservoir,
v tlierinodynainic P01 sure alone. Zyvoloski et al. (1979)

. i .. a, function ot pi ess
cature is strictly ^  d r o p p e d  since its effect is negligible

shut the coiidwt'O11 (5.2.4b) may be written as

&‘“ -

r „ .  < n T . ^ + T" ' - h J H * r  ( 5 1 5 1
. =  ? . ( T < W

•1.1 T and Txv as defined in Equa-
• (5.2-1) vVltil Xs

j  in Eqliatl° m ‘ as transmissibility term. Since it

a) is .sonieti»ieS directio„al, it depends on space coordi- 

)emieability whicbJ®^, ^  defined in Equation(5.2.2). Tm and 

and - • Si‘ llilarly '  transinissibility in that space direction. 
fiubsCitPtilldlCateS . transinissibilities in the .r-, y-space suo are tne

1 r  , and 2’" ‘
de i  //»•*''

9E
dt
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<111,1 - -directions, respectively, and are related to the total trwisinissibilitv
T m h r

Tn\ — Twri -f- Tmyj -f- Tm ~ k (5.2.6)

In order !o show dearly the derivatives involved, Equations (5 9  4 aj na(j 
(5.2.5). written in cartesian space coordinates yield:

V 0 M  _ d _ ,  W )  +  J L ( t  — ) + — It  d p \
~ 0 T  -  O r d.v ] + 8 y  ( dy  ' + d z {Tm : ^

0
— TT {Ttnnp$y  d“ T1Usp g )  4- I qm

a:

O E  0  W .  d  d P ) + d_( T  d p ,

' W  = dJ-{ "  d x  ] + Oy { '*  d y  > + dz d z }

— ~ ~  (h„.TmwPwS + hsTmsP.ig) + 1' <7e 
d :

(5.2.7a)

(5.2.76)

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

(5.2.4b) which will be useful in latter sections, are derived in Appendix A. 

The solution to the flow equations described above involves determination 

of pressure and enthalpy in space and time. To obtain this solution at 

discrete points in space and time, the spatial domain is broken into cells, 

grids or blocks(Figure 5.2.1). The time domain is also discretized into a 

number of time steps, during each of which the problem is solved to obtain 

new values of pressure or enthalpy.

5 2  l ( a ) :Sri<:1 s>rstem for a 2_D Probfe»i
Figu
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Figure 5.2 .1(b) :grid system for a 3-D problem 

]\i u- pressure p. and enthalpy h and any other dependent variables 

functions of the space variables .r, y and ~ and the time variable t .

1 r  -wIp the reservoir area into rectangular blocks of sides 
Suppose, we subcuviut

i o-iveii time interval At. In addition suppose that
A.r. Ay and at a gn

i , flip rell locations on the grid, then the .r, y and rj A' and n ait me u i
. v:n be given by x =  *A*, </ =  JA V M (1 * =  * A r  while

c o o r d i n a t e s  v n n  - b  . .
4. „r;i1 be given by t = nAt where ?, j  , k and n arethe time coniponeii •

- and t directions, respectively. Using this notation 
counters in t-he . m i / ' "

• for example, may be represented by
the pressure at npomt ( • - . ! / - ’ h

, ,  =  f e A -» A<) =  *’ *  * ’ n =  1 , 2 , . . .

, . . .  ]evel then (n +  1) will be the new time level. If the 
t f be the old time
ber triable at the new time level is computed entirely

i if the depeiiden '
vaiue .jie olcl time level, the problem formulation is said

of the values a
in terms concept of explicit formulation through

1. • j. We illustrate 
to be explmik
the following exmnP>e- 

ajvIPLE  i *
, Hl(. following P-tialdiffe.entialecp.atmn:

C o n n e r  tb< 1 02p = gp

dx2 +  dy2
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Replacing the partial derivatives in space coordinates with the central 

finite differences and the time derivative with the forward finite difference,

we find:

p'U i , “  d- p’i—i j  Pij+1 2PiJ + P ij-i
— :— A/2 W

P U+1i >,j - p i .
(5.2.9)

iXt

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

, +  j)  This equation can be rearranged to obtain the new pressures at

tin' previous time level, namely.

,P’U i.j ~ 2P̂ l L h i  + ‘- ,'j+1 ~ (5.2.10)
p ’’J  1 =  P h + ^  ( —  a ? 5 A y

This is tin- explicit finite difference quivalent of Equation (5.2.8). On
, unknoWn pressures or enthalpies at grid blocks 

the other hand if all tli .
i t h e  n e w  t i m e  l e v e l ,  t h e  f o r m u l a t i o n  is

...... S()lv(,i  f„r .simultaneously at
' . imDlicit formulation can be illustrated

r it The concept oi
t e r m e c  i m p  1 C  , R 9 g ]  a l l d  i t s  f i n i t e  d i f f e r e n c e  e q u i v a l e n t

■ i ' o ’ Eauation^—
by again common naniely, Equation(5.2.9) has only one
»  / r. 9 9). This equation,
E q u a t i o n !  o —  j .  U p  E q u a t i o n ( 5 . 2 . 9 )  t o  s o l v e  f o r  a l l

. P N+i • however, we cc
unknown. 1  ,V ' . fhe equation as follows:
the three P ,, 111 ^  , .

.+ i , , - a , - z r ; * + r , T .

A.r2
(5.2.11)

• o «ti eauation with all the unknowi. / k 9 11) gives an ^4
Simplifying Equntic*1̂  ^

sures at the now tune le' 2p«+i + p" + >

l & l j  -  2P,-J -  p mA . r *  /  » + i  _  P "  )

AT [p"> -J

n pres-

(5.2.12)
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m which wo lime assumed that the grid spacing in botJi and y direction^

,'<IU!,L We soh’° the unknown pressures implicitly. The implicit Suit 
differencing is a concept introduced largely to help wjdea the  ̂ ^

stability of the .solution to file partial differential equation

Implicit formulation applied to Equations(5.2.7a) and (5 9 7 5 j y- | j

1 ( t v - - *  ■

~h I
(5.2.13a)

+  _ L [ i , ( W ' ) J  -  + /, . r . . , , , , ,

+ 1 </«
(5.2.136)

The difference operator, <i. acts as follows:

Sr (TmrSr ptt+i) =  21mr/+l/2d,i-(^+l.l,A- ~ P  " / / )
(5.2.14a)

/ pn-f-1 _ pn-f-1 \
C /T* A ^  t i,j-j-l,k i,j,k /0,/[-‘■nil/0!/1 ’

( p u + l _  p «+ J 'j
— Ttuyi,} — ̂ /2)£ V i,j—l,k )

/  p »  +  J _  p « + l  \
, c p «  +  M  =  Tjnzi>k-bl/2fk'  /(>z (•*■ nizO2 * •

_  /p «  + i _ p w+I }

(5.2.146)

(5.2.14c)

^ isinissibilities i.e. those evaluated at positions / -fc 
The niter block ti (pjg 5 9.2) are weighted e.g. Equation(A-ll) of

1 / 2 ,y ±  1 / 2 .  3iul vis(.osjty are evaluated as arithmetic averages

Appendix A. D«*s,ty " ^  If say the i-tli block is connected to
o f the values in ^ ' « 4 'afen
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rhc j-rli block. then as an example, density is evaluated as follows:

P u ' i J  ~  9  ( P wi  "h P w j )  

P s i . j  =  9  { P » i  +  P s j ) '

i refers to water or steam density for both blocks i andwhere f)wt>, oi pm.j

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

Vilhlc at thr rid Mock having higher fluid potential. This rocedure ensures

. j. cfnhilitv of the solution. The absolute permeabilities to some extent the siauuno
;ir(, (, ll, ulat0,l  using harmonic means, i.e. total permeability k is given by

1
k

r 9 9  ̂ are the absolute relative permeabilities 
where h  and h  (Figure o— )

i 1 9 The letters d\ and d2 are the distancesin two adjacent blocks l a n d -
, • tprfice and nodes in blocks 1 and 2 respectively.

lie tween the intei rate

k 9 9*Adi8-cent Grid blocks
Figure n

, the formulation of the difference Equa- 
-j flics inhor^^

The non-lineal transmissibilities, T,„ and T , . the
i /r, 2.13b) are tne

s(5.2.13a) and t •  ̂ aud the accumulation terms ( , ! / "+ 1 -  M " )

■ce/sink terms 9»> al functions of pressure and enthalpy. Due
II 0f  which are turn

(£■»+1 - E " )  • al . difference equations, the Newton- Raphson

iis nonlinear ii»tlU'e theW is introduced in the next section.
.. „ed to line®112 

nique that *  ‘



5.3 Development of the Solution of the non-linear system

Nmnurirnl methods arc g.-n.-rally required to solve the complex geothermal 

flow equal ions. Most of the solution procedures or schemes that are used 

|„ solve these equations differ in three aspects. These aspects are space 

approximations, nonlinear techniques and matrix solution method. In spn- 

li;,l iximntions. we can either use the finite difference method or the

Huite element method. The basic difference between flu's.- two methods 

is in the numerical approximation of the gradient operator V and space
I* t] flmv region. For nonlinear technique's we use the fully diseret ization oi m

Wwton-Faphson iteration. Finally for matrix solution methods,

3 i,<Ga..ssinn elinrimrtion and relaxation methods are used. The aceu-

| ff ’ ncy of a model depend on the numerical approximation

,a<> ‘ . tlj(. spatial gradient V and the time derivative O/dl and

I p .rheme of the algebraic equations. Grid blocks arc laid
OH .  ̂ rcscrVoir area. The number of blocks depends on the

m<1 <M j  ̂ modelled, depth of deepest feed zones as indicated
reservoir area to >

,1 „ dctri’ce of accuracy ot the computed para.111- 
I V drilled wells and on the clcgr

*■ , | j.s 0f smaller sizes will be needed to increase
. , Obviously more > (

<>r<'lh‘ better control is required. The value of the
. mfinition in regions wild*

1 ])C calculated at the centre of the block
, parameter can

depcm ^|ie interfaces for two adjacent blocks. The choice'

or at the int*1  ̂  ̂ oUUdary conditions specified or prescribed in the

really dep< llc* tered grid is generally used with the Newmami

probleiu- rpjl(3 p^ter type of grid configuration is gener-
1 rV coiiditmm

tvpe bouiu • boundary condition. I11 the block centred
. , Dirieldet 1

allv s u i t e d  0 4 . . fiU(|v the value of the independent, vari-
. p - i l l  a d o p t  111 1 ‘

grid wliicb u<> s ‘ .. avriage of the values within the block
h • . ,u node i (T irS( 1
able at MlU jut('rfaccs on which the fluxes ar<' evaluated.

(’11<1()S<a, l  by sun<m‘
G1



Writing Equatiou(A-lO) of Appendix A for each grid block , we fi

-  {&<• + e i  +  +  C i P i + i j ' k

+  d , P i j - i . k  +  f j P ' . j + 1.*' +  !lkP i,],k, +  h -P i .j .k + l
l  D TDn i /

find:

( B . ^ k P ^ k  +  C i ^ k h l ^ )

-  » i , h i . j . k  -  I’kl>w9 -  n p , g  + At

4~ ~ 6

i./.t -  +  f ; + CTd Pi-'i'r + Ci/,i+l

+ d 'p , + 9 >Pi-i’k' + l[Pi’hk+'

j . k - { t  + ui + M hiJ'k + 8*hi+l’i,k

(D , j j A t i  +  S J i i a i l  + =  o
-v ' , i> „ - ! lh ,r -h hPJ+ A#

(5.3.1a)

(5.3.16)

- I'kl'ivii"«' *
ee dimensional problem, each grid block is connected to

° U blocks The number of nonlinear equations is 27V
at most six a . blocks. Since there are two unknowns p

1 v  is the number oi
wlieir " itaneously, each nonlinear equation has a maximum
and h appealing values for both pressure and enthalpy i.e. 14
of seven unknown g1K

i . c oer eciuatioii.
unknoum 1 t jie solution o f  the non-linear

2- Developm en

system  above explanation, suppose we have a reser-

As an illustration allKUlar blocks numbered 1 through
. ,itled i«to 64 lectm g

voir which is a"  vVe siiaJl denote our sample reservoir of
Fieure 5-3-1-

64 as shown m r b ^ ered t through 8 (see Figure 5.3.1(a)). Sup- 

8 blocks with blocks u ^  block-s three exposed surfaces are in

pose that each of m,mbered 9 through 64 as shown i
•.l the bouiia31^contact with tb

111

in

. act with the bouUJa1^  ̂ ^  ^  5 .3 .1 (d). A system of cartesian 

, r. 3 1(a). reservoir domain with the origin at
gm<'b ,,-iiuposetl 011

r  n f r - ' s  i s  s u p (L chnai ( •or



roprinh- location. Each block, for both reservoir and boundary is 

1 1 1 , , , ,,«•<! a position in terms of j  and k directions with respect U, this 
i i^in For this c a s e  X = S mid tlms we haw 1G non-linear equations as 

developed in Appendix B by varying ./ and k appropriately for grid 

bhx-hs 1 through S. For grid block l'. E<|itation(5.3.1) yields Equat.i»n(B-2).



A similar procedure is nmtiuiWil for grki ^  ,  

t,lr S-V'S" " 11 <)f '- - l in e a r  system equations § *° yidd

/(•?) = 0
(5.3.2)

' “ " ™  " ' " » » ■ »  11.0 ,.r tlll, n„fao,vra

. . . l , T l , J ' " " 0' 1''''
« . . . » ■  .V ,,,. (S m ith  , m r , h  T hj-Io i-'s |;„ v i< fa  <

Of doing tins and the method is usually referred to as Newtons "

Waking a Taylor series expansion about an assumed sol, ♦ • 'Uef'hod-
rnea solution o f Equa

tion(5.3.2). we can write the linearized set of equations as-

./V ) + Z f ^ ] V + l - , A , - 0
/ ' *'  °- (0.3.3)

where / .sums over the number of unknown variables at ea i 

Tin's number is 14 and comes from the fact that there are t\v
o variables

P  and // and each grid block is connected to at most siv a ?•
wx adjacent blocks

creating seven unknown pressures and seven unknown enth-n
nniajpv vaiues at

each grid block. This number 14 would apply to a general case f  
blocks or to our sample grid blocks.

5 .4  Iterative Techniques

Let k denote the iteration level as indicated in t?
111 k'Cjua-

tion(5 .3 .3 ).Equation(5 .3 .3 ) may be written in the form:

J<l'(A.r) =  - / ( . f 'h ) .
(5.41)

where ./ is a 2.V x 2.V Jacobian matrix of derivative terms evaluated 

using the values o f the variables at the old * -  th iterations. A .r ^  

column vector o f 2 .V unknowns given by

-  y(*+n _  ft*) 

64
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m,<l *  by E qu ation fS .d .n  A
tion is given by ^  apPro»niation to the Soi(j

•'rU'+,, =  .fW +  A: **>

<Ui</ /(.,.(/)) )S (.oJlIIMU vectol. of 2N (o'4-3^

~ : : r  * -  *
stoI) /fTO- For example, CS ^  ° in ^ le  tiu le

/V ’0, =  po.o

WV therefore iterativeiy adjust the values of />«+! , „+, 
las: ’ ’M ' >i'M  US111« «ie fo„iUl_

p n + l , k + i  nn+Jtk t .
= P iJ,t' + A P ? , /r .(5-4.5}

obtained from Equation(5.4.3) where APP k aucf *

in the variables Ax =  (.r/'+J -  ) which nrP * ^  ĉ ailgesi t  / wiucii aie gjven by t]le .
<:iie linearized Equation(5.4.1). Each nodal value of tj °  U J° n ° f

vauables is
eessively updated until the maximum absolute changes of " U°~

thalpy over all grid blocks are less than the desired conve °Z ^

The actual number of blocks used in the modelling nfnn
® tkaria geother

nial reservoir in chapter six is 392 (from 8 layers with jq n
J blocks in ea j

layer). Out o f these there are 2 4 x 8 =  192 boundary blnrh* i
, . W ln S 200 as

reservoir blocks. This model theiefoie has 400 equations in ado
.  ̂ unknown

pressures and enthalpies. The equations derived for the sanml
w ^mciuonsin 400 uni-unknown

pressures and enthalpies. The equations derived for the sanml
simple reservoir

n be extended to this number of reservoir blocks which ’}} p

ptix.
blocks can be ext 

used in chapter six.

The efficiency of the numerical model depends on how w e ll  tl ,
•He algo-

rithm for solving pressure or enthalpy worts. Solving the matrix equation 

is the most time consuming part of the simulation process. It is there
n . . .hnt f/n's operation be performed as efficiently *fore imperative that tins i as possible

6 5



^ t , o u(a.4.1) represents a system of simultaneous linear algebra!

^  Th<' SiZe ° f  thP * * • *  «  *  number o f noc!e ? *
number o f variables. For example in a region o f N „ „ des so,v ^  ^

taneouslv for the two thermodynamic variables p and h tl ^  ^

2.X x 2.X in size as we noted in our sample reservoir The^ "
.I, , o v  , i , , . -  * iile solution of
Mi, 2 A unknown nodal values m du- of Equation(5 .4 .1 ) can be obtai

through either direct elimination or iterative method. The metl 'UI1P<I

for any given problem, whether direct or iterative, depends on ^  ^

o f factors, one of which is: computational speed, namely the Umbei

machine operations required to solve the system. Computational 1 ^

an important element to consider when choosing- thp e
6 type o f matrix so

lution process to use in the problem at hand. A ccu rw  Q i
cy and stability pe

a measure the correctness of the solution are obviously signify t 

solution process. Another equally important item to consider is 

mine ease, which is a measure of the time and therefore
noney required

to develop a model under a given formulation.

Line R elaxation : The successive Overrelaxation(SSOR) can be apph j 

to a group of grid cells at a tune, say to a group along a line that is Col 

unm or row. This meMiod will relax one line at. a time and is referred to 

as Line Successive Overrelaxation(LSOR). As an illustration we consider 

the fully implicit finite difference formulation(Equation(5 .2 .9 )) o f Equa. 

tion(5.2.S). To implement LSOR, the pressure values on a line are soJved 

simultaneously. We can obtain some insight into how this method works

by examining Figure 5.4.1 below.
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A s s u rn &  d k n o u n
t I rorn p r & v i . o u s  i l e r a l i o n )

\

LSOR: Line Successive Overrelaxation

,  v i l u e s  o f  t l i e  p r e s s u r e  o n  t h e  p r e v i o u s  l i n t ' s ,  t h a t
A s s u m i n g  t h a t  t h o s (  < ,

1  , v v i i ( t h e y  a r c  k n o w n  s i n c e  t h e y  h a v e  j u s t  b e e n  c o m p u t e d )

i s  l i n  j  a l  a p p r o x i m a t e d  b y  t h e  o l d  i t e r a t i o n  v a l -
l  f l m t  t h e  v a l u e s  a  ■ J

all( ’ , uv row sav from bottom to top. Then theis swept row uv l^
ucs. tli<’ v.,.lues are solved for siiuultaucouly on a line.

ii + ,.* + l .(k-iteratiou level) - . »+i,t+i .
I>i.j 1 thc. next approximation to p, • -values

— * -are obtanu <1 *
,, + i.A + J 5= P ”f  

* i,j

n+1 + 1 (0.4.G)

r,„. The iterative procedure is continued
, xation l,aram

[iere i-s the relav satisfied. For instance, until the relative

t f . M W W  —  * * ' ' ' '

* e V i , j

(5.4.7)

where €  1S
. ... .S0 lU(: 1)1(

G7



Wr have dwelt at. length oil LSOR method for one good reason. The

Sliee Successive Overrelaxation(SSOR) used in the model in chapter six is

similar to LSOR in two dimensions, except rather than solve each row(line)

implicitly, each vertical cross-section(3-dimensions) in the grid is solved

implicitly The SSOR method relaxes one slice at a time Since pressure

•md enthalpy are solved for simultaneously, there are 14 unknowns per

nation Each unknown pressure and enthalpy are coupled to six other

unknowns in three dimensions. SSOR assumes that the values of pressure

. , ,i,„ nrevious row in a slice are known and that the values
or enthalpy on tne pi
iuthe m, t  row are approximated by the old iterate values.

r i fi, rlirpct and iterative techniques can be com- 
The advantages of both

block iterative techniques. In the block iterative methods. 
^1K ^ U1 . .fjfinned into blocks and all the elements of a
•.he coefficient matrix is partition
)lofki, e operated on during an iterative sep.

6 8



CHAPTER SIX

APPLICATION TO OLKARIA GEOTHERM AL FIELD

6.1. Introduction

The mathematical model for Olkaria geothermal reservoir in this study
' 9 -U-m2 and encopmasses the present production fieldcovers an area oi

of Olkaria North East field. This model has 8 layers and a thickness

of 1 5 5 0 ,» running from 1000 to 50m .a M .  This model thus examines
, zone and the deepest feed zones in the wells,the region above UK steam

i-i nf the Olkaria system covering an area of 22k m  A natural state model oi cne
provide initial conditions for the production model.

s q u a r e  is set up °
, . , r-r ti1P Olkaria East field were carried out for a

Production simulations
r ,, lQfil to 1995 to coincide with the theoretical . j  oj- 24 years from

1>cl C -oposed 64M W e  power station for Olkaria North
c o m m i s s i o n i n g  o  t 1 . ,

ilirfion from both fields was simulated for an a 
East field. Large scale prod

riocl of 20 years.
P olkaria Geothermal System
6.2 Conceptual M ° e

m a t h e m a t i c a l  representation of the physical be-

A reservoii mod develop a reservoir model, one needs first to
r j-i-jp reservoii •

haviour of reservoir based on its physical be-

i • lir To set UP havioiu •

. ,,i m0del of the resvoir requires the following 
a concept11*" lllu

data base:

( 1 )

. a three dimensional picture of the geo- 
• i hi ta which glV

1 ) Geologic*"  ̂field stratigraphy, lothology, faults and other

logical structuic regions of high and low permeability.
Ifie us to iolc

featured plia  ̂  ̂ includes geochemistry of surface manifesta- 9

(9) Geochen>ifal mld drilled wells can be used to infer fluid

tions- such as
6 9



movement and location of heat inputs. Chemical geothermometers 

help to infer deep reservoir temperatures.

(3) Geophysical data consisting of resistivity surveys can delineate the 

extent and boundary of the reservoir.

constructed HornA conceptual model of the Olkaria geothermal system

scientific data assumes the existence of a principal producing reservoir

, • 1 invpr of trachytic rocks. The aquifer consists mainly ofoverlain by a layc*
Kasalts and rhyolites. Trachyte rocks act as caprock the more permeable w**

> r wells intersect two distinct reservoirs. The upper
to the system.

mined and contains high enthalpy mixture of steam andreservoir which is tapi
, ,,.p nf 940°C and a pressure of 35 bars. It occurs

water has a temperafciue oi
, iQRflmasl  and is around 100??? thick. The lower at approximately 13u0ui.a.s>. •

i ibc fhe steam zone is liquid dominated, much thickeri-pservoir which uudeiliesti
. onn m a SX to sea level. Its temperature is assumed to 

i fpnds from 1 -
alK joint with depth curve(Bodvarsson et.ai. 1987). Boiling

1 ^ . (|e wafcer forms steam which condenses in the water 
mg^ , ,  .

follow tile boiling POIllt

o f deep ascending
cprvoir forming sodium-bicarbonate water. This

f in the upPer ie
PresellC , flip Qlkaria system is represented m Figure 6 .2 .1

1 ictUl'C OX
conceptua P vertically and flows along the Olkaria fault

c r)eep hot flinr
overleal. v  i along the Ololbutot fault. Lateral flow causes

, , _ 1 zone arid i
into a. cenua  ̂  ̂ ^  tjie formation of a steam zone over aliquid

phase separation ^  j ischarges to surface springs in the Hells Gate

laver. Some of the losfc to fumaroles along the Ololbutot
, .....rh and some ste.

re to the soul

fault*
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1 ,, sectional model of the Olkaria field
n  nreptual cl’obb~ "

Figure 6.2.1 Con l ^  (Ad#pted from GENZL, 1986)

along the
f the Olkana Geothermal System

• al M ocleIlillg °
3 • N ullier r̂ cei voir is a process that simulates

• of a ĝ otlierU
uneric-ai nu>^llillg ° £ Jn either its natural state or under a vari-

0 llP1forinauce o f  tlie lP tual reservoir condition is simulated
e l > ategieS'

of exploitation  ̂ cf interconnected blocks. The prop-

(, mlpnter tf®*1 „enneabilities. temperatures, pressures, rock
accn 1 . Clichas PtA

/Dcel’VO11 b
Mesoftl^1̂ 1 n



mid fluid properties, heat flow, mass flow etc. are assigned to each block 

based Oil the geology, geochemistry, geophysics and data obtained from 

well measurements. Fluid dynamics ill the reservoir is represented by the 

mathematical model in chapter four in the form of governing equations 

nII(, boundary conditions. The models in chapters four and five are appli

cable to any geothermal system i.e. it is a general model. It is important

• fi .0 n„ two geothermal systems can be the same, although 
t o  l O C O g l l l Z e  IK) h'VU 6

, , , behaviour like Olkaria and Krafla in Iceland. Thetlic'Y could InncMiuucv
norositv. permeability, relative permeability spe- 

parameters. for instant e, P° -
.. -1- thermal conductivity, etc.,pertaining to Olkaria

cific heat capacity oitoiK. . . . .  . . .
1 together with the initial and boundary condi-

fi(’ld used in Ms chaptei. h
., 1 • id input in Equation (A-Sa) and (A-Sb) of appendix

f i o n s ,  were a n a l }  s t  t  <
• i.1 „  f o r m  of reservoir pressures, enthalpy, satura-

4 mid the solutions in the loan
' ‘ bv the computer program MULIvOM. The program

tion were Seueia* ^  assumptions listed in section 4.2 and the further

is based oil w>iue ;md is saturated with the geothermal
.. o,.lf the rock is l)m< ‘

assumption f assumptions are valid for Olkaria
. . r ' 1 and vapour tornib.

fluid in hquK < SCCond assumption stated in section 4.2 is valid

reservoir. Foi exa111 r^ntrix at Olkaria is sufficiently penne-
■oir as the rodv lna-^1'

for Olkaria resen <> occur entitrly in the matrix. The
.five heat transit

able to allow eom < ..Duroxiiiiation of the Olkaria conditions
is an adequao <q- i

fourth assumption • socliuni-chloride type with about 200 -  500
. i *̂ re ot tne 1

as the reservoir fllllcS£ ^  is low salinity. The sixth assumption

m,m of chloride^11111'’ ' 0 Ikaria since we are assuming a porous
1 .  j s ( )  v a l i d  m i
al>out porosity n < *  ̂ fractured medium model for it is difficult to

medium model rathel ^  fra<.tured reservoir due to the more computa-

1 in  the modeling c rPSUlts based on the porous mediumhandle jfowever. tut

... . ...
1 .  . l i r  f o u n d  t o  m o d e l  an



6.4 Natural State Model for Olkaria Geothermal System

A i,km 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 feat,.res in the conceptual model.

Figl,rre 6 .4

Geothermal field and layout of the grid 

1 for the computer model

7 3



T l „  ,vl,id, of 8 ,aJ,m  w|t|i u  bhtt< ^

; " k  T h : ” i * - -  * - — * « - «  u , ; i ; r :

“ “  ” W i ™ >  *> ™ » - . 1 ...
■stat:o r< editions of the system before it was exploited. The bloclv

different sizes as shown in Figure 6 .4 .2 . The 2 /cm x 9&. . °
, r , , . . ~ m" S'n ds square?

were chosen for the blocks named 2 - 6  9 -1 3  1 6 - 9n 9**
• ~ J  a n d  3 0 - 3 4

The G k / » .  x  G A / » .  square grids were chosen for blocks j o  , o
ou,4 ^ ,4 3  and 49

The rest of the blocks are 2km. x 6km. rectangle m-irie
6 gucis. 1  he smaller/dock

sizes i.e. 2 km. x 2km. in the reservoir compared to the bigger block *• 

e.g. Gkm.xGfon. are used to increase the definition needorl n
uecl 111 reservoir

for hotter control of the parameters in the reservoir •,« cf. f  , .
cU statefI- 111 section

5.3. The model is three dimensional in space to niod^I 1
1 tlle deepest feed

zones as found in the wells (Figure 6.4.3)

Figure 6.4.2 Sizes of grid blocks

7 4



~ ~  " "T o f elements Thickness (m)
ronmber or

Layer __------ 49"
250

A 10049
200e 49
200L

D
49

200
49

200E 49
200

F

G

49
200

49

H

The natnr•al

1 f c fhe natural reservoir conditions before 
lei simulate '

l with the actual natural state data t h is obtained wir.n
0X1>loitati‘>»- A Uia ‘ ^  vo.r was exploited. The natural state model is the 

gained before the # nMmerical exploitation model is developed

°  ‘ . ^ a f r a n t e ^ ^ ’11"
used 7 5



to simulate the actual exploitation behaviour of the reservoir. After a

match is obtained with actual data observed or measured in the field, this

model is then used to estimate, with some degree of accuracy, the future

performance of the reservoir under exploitation. The natural state model

. the permeability structure and rock properties shownwas set up using r
i c 4 2 .with heat inputs of varying magnitudes at some elements

in the bottom layer. The rock properties shown in Table G. 4.2 are the 
,-ork formations in Olkaria. and are taken from the geologyaverage lor me

• mi.erring data- at Olkaria. The different layers representand reservoir engnueimg
i r ..j.JJe permeabilities. Horizontal permeahilities range' different rocks of vainun i-

The permeabilities m the layers Dy C, D and G , 
from 1 —20 tlarcy motics. 1 . ,

1 ter regarded as producing layers, were assigned values based

" 1 ir I 1  ^  nnined by the model for Olkaria East field(Bodvarsson
ld)() , those inferred from well tests because of the
ct a/. 19S7) rather tnai

' . , illlv in the well test anaysts.miceitunn\
6.4.2 Material properties for the reservoir layers

L a y e r Den
3 ,

( k Q / m *

Heat cap 

(J/kgK ^

Therma1 cond. 

(W/mK )

‘ ~ Poros i ty

" 20 2.5 oTl
A -2 5 0 0

2500 20 2.5 0.1

B 20 2.5 0.1

C
2500

20 2.5 0.1

D
2500

20 2.5 0.1

E
2500

20 2.5 0.1

F
2500

20 2.5 0.1

G
2500

2500
20 2.5 0.1

H ••

P e r m 4■abilil', ( x ! 0
- i  r> .r —

I — 20
u-I —20 0.1 - 2.0
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Both horizontal permeabilities ( , -  and y- directions) won- adjusted to
1 I n-i-r> 90 V n r  l5m2 , or 1 -  20nularcy . as those gave 

value's between 1 x 10  -  x
,  [•(■•isoiiahh' match to the observed temperature, in the field. Porosity, 

a.^sitv thermal conductivity and heat capacity of the various reservoir 

' T  t- (layers) were held constant with the values as shown in Table 

Z  \ "simulations were run over a period of 3000 years, ecp.ivalent to the 

, of the geothermal system over l o g i c a l  time. The m une,
( 1 the observed data. before exploitation is

lei that bust reproum cu
i('nl 11U,< ‘ , 0 ii<al.ja system. Comparisons between ob-

i „1 ctntC' model OI at
lli’ U1< 1 1 minted temperature profiles for typical wells in Olkaria are

served mid c,i cu a ))S01.Ved data for wells was obtained from
Fig-uro C-d-4.

ns shown b ' thcnlia.l Development, Data gathered and stored)
the GD Managei (G< 0 1 karia. The graph shows good agree-

C’ENZL and Kt
available at Initial and Boundary conditions

meat- at. most o uat.mal state model provided initial
• l ■ m conditions o

The n These initial conditions for the pro-
f fhe production 11KK .

conditions foi ™  ̂n>Uural state model are as shown in Table
,i,,rim£ layers obtained fr°,n

6.4.3. ^  coliditions for the production model
Table 6-4-3:



!UHl hrat frn... ail
mul the bottom. !HHl (l>) Xt'vo »««.-<,,s,s flow thiv, i

"W * the to,,

Figure 6.4.4 Temperature Profile For Natural St.
ate of*

Olkmm Geothennal System

.5 . Results o f  production model for Olka •
r,a field

Grid blocks numbered 12,13,19,20,26, and 97 r̂ *
{See -rJiriir,

6

igure G.4.9) f
natural state model were subdivided into lkm by Jk • ^le

gud sqililv ~
24km to provide a finer mesh as shown in Figure 6.5 f °* ar°a

wells iu Olkmia East field were assumed to be in block 69 •„ I>U,° tH'ti,,u

one "big" well. Based on the loca tion of feed zones i„ Qp ■ l>t<>d'lC('

production was mainly from layers B, C, D, B  with oulv «
' Wph O lr  _  }g
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with a deeper feed zone in layer G. Based on the data of cumulative mass 

withdrawal of steam and water from .June 19S1 when production started to 

.June 1995, an average mass withdrawal of 90kg/s per year was calculated, 

an estimated contribution from each layer is as shown in Table G.5.1.

Table 6.5.1 percentage contribution from each production 

layer in Olkaria East field

i p „ was run for 14 years form 19S1 to 1995.The P r o d u c t i o n  uas i

7 9
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Calculated mass extraction rale and enthalpies were compared to yearly

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

are as shown in Figures 6.5.2 and G.5.3. The model agrees fairly well with

enthalpy and mass variation with time for observed data up to the year

, r, r, 9 helow the total mass withdrawn, consisting of steam1995. In Figure b.o.-Z oeio»,
, t ..wlilv from about mid-19SG to a minimum low in 1994 and water drops stearin!

| k, m. i. kk Oi.c ,. » « » . i. that tl.o | „ „ „ ,

. i r . ,  ....... ....  « .o .ik .k

P (•, vrcii Observed and Simulated Mass Flow
)fii isnn

F igul
•e 6.5-2 Conn- ^  llK.tjon History

Foi‘
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Iii fart, in 1994 only 31 MWe were' being generated (Table G.5.2). 

Table 6.5.2 Yearly average power Load

, i r.ffpr with the picture in Table G.5.2 considerably 
n- nf the model cinn-i

rCSU S „ /./distant load of 45 MWc throughout thelei assumes a
Mise the mot .unount of fluid withdrawn is important

•iotl Reducing >’111
Ration Pel essure to recover after a substantial drop.

ii . flie reservou pi
? it alio" 3 Gf the wells. Figure G.5.3 shows there

i-«i' shutting ni
; is done . • enthalpy, especially towards 1994. This

the total n
small nse 111 . .h rPServoir. The average field entlialpv

. ()f boiling Ul(
x indieatioii ^ jir difference between the values of the

9950- 2450J /K&-
ps between — , i t}lose observed from the field agree

, , d  bV the 1110

• * »
i thin mea*urcUlC l

31



cOOO

Figure 6.5.3 Comparison Between Observed / c-
, .  p . .  . ; s,i,iuia^  B n t^ .
roi Production History

In simulating the first 14 years of production from n n .
, , r , . ki'mi Bl,st fieldprooInn of severe pressure drop was experienced in h 1 • r>

t*cr up to 10 I
at the 10th year of production, which causes induced How f‘H'  * ' !

enthalpy into layer D effectively lowering the overall nfY, ? . HU

Tin's situation is attributed to continued overproduction from tl

To overcome this problem, a jnessme dependent mass How
. lc 'atioil f()r

layer D ivas prescribed. This relation which is sometimes r
11Us referred t()

delivernhility option (0  Sullivan, 1992) is of the form:

II

r
ji

f  FI{Pre/t ~ To) j
(h"  ~  i <ln„u f

where ,,m is the vnte of nmss fkm into the block, 9m

S2

(0.5.1 )

is the "iftxinni,,, fi„n.



into the block. P I  is the productivity index of the block which depends 

on the properties of the well and the feedzonc. Initial values for (lie p /  

for each block are obtained from well test analysis data. P rcH js f}1(< 

block pressure while Pq is a down hole well pressure below which n(> flwv 

will occur from the well. II the calculated block pressure is greater than 

P0 . flow will* occur into the block otherwise flow is taken as qwn r . This 

pressure dependent mass lion is impoitaiit as the wells are expected to 

decline in How with reservoir pressure decline. By fixing the maximum 

steam flow from layer 13 and keeping the bottom hole pressure to a. fixed 

value, the productivity index was varied till a reasonable enthalpy trend 

was achieved. The pressure decline in producing layers for the period 19S1 

to 1995 were plotted against time to give Figure 6.5.4.

S3



A pressure decline of 3 fo 15 i„ .

iU 'ayer B and ]lpg%iWe decline in 1 ^  G ^  ^

d i“ "  — - f  « « ™ ‘l  ” 7 “ w * •
" * - • « *  "> “  *” * ' vi» ”

■l«™. „ *  ^  1 “  °  « * « *  Soes

*  ™ '  - > * -  " • " »  « ~ g  „  ....................
.lection of the fluid into the wells, to maintain same ^

the overall pressure decline in tlie reservoir will lead to di-tir^
wells or addressing the question of reinjection 1 °f inaJce' uP

6.6. Results of Modelling of future production froi
North East field r° m 0,kai'ia

To model the future production of the reservoir w'tl
CXt(?ngjQ22 to tilo On

rja iVorfcii East fieJd* production exploitation was ass' • iv'a~
J g n e d  t o  p j ' j s i  | | ,

elements 55B, 60C, 65D, 56E. and 57G (Under h,- . Q<dv
is notation, tî o 22̂

refers to tlie location of grid and the letter refers to the Jc ^  )er

6.4.3 and 6.5.1 to represent production from wells located * fj §Ules

The total amount of fluid production required to sustain C4 M\
041VI VVe from t/

Olkaria North East held was calculated using the proportion f  ^

layer required to maintain 45MW c from Olkaria East field ^
 ̂■ The flijl/i

extraction rates from the Olkaria North East field was
Put on the same

schedule as in Olkaria East field, i.e. layer i? was put deliver,.! y  

option while the rest of the layers extracted fluid at a. constant , * *  **

approach is justified since OUeana North East field is similar in ])rQpe 
• rri__t- Galrt The vehltivelv u n m llo i.......

. 111 property
to the olkaria East field.The relatively smaller rates of extraction

five moderate pressure drops hence maxinuaW tl„. , , ' ^
> 6 production• /^vir^phnn tv̂ ic Imn'fysJ j.

p o r ted  to giv ^  Production
life of the resenoir. Fluid extraction was limited to an area of

1 drilling (Mwangi et. al. .1986).area proven b\

84



Thr calculated percentage contril,ut,„n f 
Table O.G.l. wh lnv<"- -]V<'r is ,,s sJi(nvjl

Table 6.6.1 Parent:,orrentage contribution f..1 • J()l1 «OIU (Vlfii

\~on(inioiis nr. 14 years
—  ««<«! "W f Used U, sf

fiition.s for a period of 20 .years. The simulated prod,, f  '
pressure drop and enthalpy variation with "  t<>nns <>f

' is shown in Fig,,,,.,
fo 0.0.3. Starting with Figure 0.0. J, the pressure drops o /ffairJv . ^

n layers f? and C up to the year 2009 vvitli verv I tu " n,l'nmly
,v nttle chop f;

layer C . Figure 0.0.2 shows pressure variation it. ,. '' t<T
In,Yas JY) ujnj s~,

Layer G shows minimal pressure drops during the per' l ' ( ■

Pressure drops of 0.3 — 15 bars are expected to occur in tj ** ^(Hl'

t h e  h i g h e s t  drop occuring within the D layer and the h i ^
west, ivitlun f-L

G layer.

Figure 6.6.3 shows the variation of average enthalpy with t' 

the production period. The nveiage enthalpy rises initially and f. jj  ̂

no major fall after the year 2009. The initial rise in enthalpy is m  " 

to localized boiling around the producing wells. The fall ,,, hVj(| ^

' ■ could be linked to induced recharge into the reservoir ... ' ’MC
, .. /■/» unt.Jirnl rrvJi:iin/v ... 1 i ,Slil(:

III

in

tlmlpy
, i , “  ™ « resuj

o f pressure drop or due to natural recharge o f cold fh.h,,. illfo .
1 r e s e i -
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voir. When individual block enthalpies of producing elements are plotted 

against time, element 57B shows greater decline in enthalpy with time. 

Because of the proximity of this block 57 to block 54 which contains well 

Q\y _  7Q4 with an observed inversion at depth, it is possible that cooler 

fluids from the north are causing the above enthalpy observation.

„  r 1 Simulated pressure variations for layers D and C 
Figure 6 .0 . 1  di

, l 1 pressure variations for lav<Ts D and G
0.6.2 sii>u,*!111 p l '
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CHAPTER SEVEN

Considering the total simulation period f  H

& W - « - ™ - < W s d o , n  to a r .n g e ^  ' 3° :  r  ^  * .
mg layers. The pressure drop is m,w  evitJeii(. °'°  b#rs in «U Prod,,,,

<>f 15 bars at the end of the simulation period r  ^

” * !>'■“  * o p  o f 0.3 bars during the same 1 * *  ^

pressure in layers in P ,C ,R  and E  drop suU^tiaUy h T ^ 00' ^
layers where most production is taken The * CCrUl‘s<' fhese arc

u Pressure decline •
attaining an almost constant value from th~ S lmjfo*‘miv.

uc ix om the year 2009 up to H
fiie simulation period (the year 2015) The „  , Ciie of'

e pioduction enthxi
within 1350-1780kJ/kg after about 6 years o f , W' av« ^ e s

01 Induction aud ,
formly to attain a minimum value at, the curl c  ̂ c is off UllJ\

ucl ot the sinmlati
Compare this with the average Held enthalpy for qjj. . " ° U pevi°d.

karia East , i •
ranges between 2250-2450kJ/kg. The target of 64MWe lidl

years is met without enthalpies rising too hi ah mi ■ . 1021 °̂r
o • 1  ins is explained 1

low extraction rates from the reservoir which reflect tl } ^  dle
at Olkaria. Drilling-make up wells would mean r, * einiea^ i fy

au LIlclt the well fi ] /
Olkaria North East held has to he extended to n,.,„ • } aiea in

Provide sufficient ,tr
to supply the proposed 04MWe power station. Although t r  ' ^

model whose predictions may be less accurate, it does • r
1 eilnorce the c

rent mood of optimism that Olkaiia North East field r-m
, 11 SUŝ iu a power

generation of 64MWe. The long teim medium-scale nrnrl
11 °miction sinml-

tion based on the natural state model shows that the devd d
ueuioPment of tl

Olkaria North East field would not encounter major problems itl tp 

supporting a simulated 64MWe development. The results also s l ^  ^  
recharge from th, uorth n.ay be significant. A finer g„ (1 ^

88



by well incorporating all production wells in individual grids, would defi

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

and would highlight the individual variations in enthalpy of the producing

wells.

8 9



Append}# A
Finite difference represen ts

P o f t/le lllass and
enerSy equations 

onsjder t h e  accumulation terms:

II

M  -  1)
£  = v -  + (1 -  4,)Prhr

fi on2 which we have (A -  2)

dM _  d(<t,p) 
dt Qt

W  -  3a)dE d .
dt ~ dt + (1 ~ <t>)PrK}

M  -  36)
Expanding the right hand side o f Equation (A-3) vields.

dt dp 'd p 'O f t

ĈjEs defy
W  =  i (hp~ prhr)d f  + + ( 1 ~* ) p*r (%£ )  i dp

dp dT m dP h dt
+ ^ h(M )r + <1- * )/)' C' ( dh) + ^ } §

f-4 ' 4a) 

(■4 -  46)

in winch we have assumed that

h,- =  c r T

(a - 5 )
where cr denotes the specific heat capacity of the rock and T t]

ature respectively. This shows that the rock enthalpy ? r?
Py S above isa function of the reservoir temperature.

Define the coefficients B,C,D  and E thus:

9 0

(A -  Ob)



v dh'p

. Substitution of Equation (A-6) into Equation (5.2.4) yields:

OP , r dh __ J_rv  1t,„VP-  (Tmv.pwg + Tm,p,g)}] +g,„ {A- 7a)  
B ~dt+ dt ~ V 1

OP _  i_rv .|JeV P -  (hwTmu,pm<i + h,Tm,p,g) +T/,V/|}] +  q,
dt &  ’ (A-7b)

x i ( a tM ran be written in cartesian coordinates as 
Equations (A-7a) and (A-,h) can

follOWS: l d , d P , ^ d  OP 0 dP
^  +  c §  = f  + ^ (Tm9¥ ) +  ^ ( r ",: *  >

__ -̂ —{TmwzPzQ “b TmszPsQ)] “b
Q‘  ' ( A - S o )&

D 0 P + E ^ 4 l ^ J i )  + ^ ) + m i T ^ )

D - Q f  +  ^ d t  * d * .  *  d h ,  d lrr d h ,  a

$;r (7.1
+ hsTmszPsP)} +  <?e (/l -  Sb)

5ir*dpnts to the spatial and time derivatives in 
. difference equ^clie

Fitting finite  ̂ ^  ^  usiug fully implict formulation for pressure

Equations (A-8a) »»c . g the followiug equations:

and enthaW  ^ ‘d ^  _  ^ )

B "f H Pi U + ------S T “1X /’Pn + 1 PN+1 \

T j.1 n A.r2
i r ̂ —— A.r2 — ( pn+! _  p M+t \P"+.' ) T„u,j-\/> t (/ i.j.fc U ,j_ i t )

/ P'.., l- "  J ».J.* 1 -  ----------------\T2(■'j d + i i —— -----

T „ , i . j . * + ± £

<  „ . +n
";V+t - i i i i i  -  ------ ----------X -i( /r a + I

-  TvXjjizlB-l>w9 +

/rpn +  \ _  7"'+1 N1-* W3t J,fr+l/2 m s i . j . k -  1 /2 /
Ar PstJ

{A -  da)



E]____ tU’*' _l
At - -

^ - 1 /2 -  PP-V.i.k)-^ei+1/2
A / A /

A;r2
rp /'P» + J
-*■ ci.j+l /2,k\* j,j+l,k

An2
■ If f i  ) _  ^ci,jtA—l/1

Ay2

A x2

A . 9

r„-, ,-,«■+1 / a ( ^ + i ___________
A ~2 Aa

Ay2

>.*-■/» T O -*?;!*-.)
A -.9

+ a P  A -r2

+  ^ 2  A*/2

+ ----------------A ? ”
//71/1 + I - T n + ! ,-1-1/2) , (r ">»>J.‘ +l/2 ~  M■ {T m lu M W ^  p ^ t L M l - p wg + ---------------- +  9

( ! As

ancl (A-9b) can be re-arranged and written

(/l -  96) 

as follows:
Equation (A-9a)

t t W r « . .  -  ( S f  +  s 3 p P O « M . + 1S W > } ' 3 S— - ^ r r ~ r » -u A  l At 
A.r2V rr.H + 1  ̂ 1

j-i r T,+1" T ” i j+l/2,k pn + l mi,j,fc-l/z p » 4 i

. + A -'2T" w-‘ -  i,*-l/ 2 /J J 7^ + 1
,4-1 \ 1  n»+l 4 . _A!lAl^±iZip» + l

[ ,T „+ . , * - « / * ) + A--2,- t o + .

 ̂ “■1' ,  ̂mwi,],k — \ }2
z~< it 4 1 
C ».>.*•

I t ^ t - A + i/2
LA~ 4-1 i ^ ( C w U * + l / 2

+ 16 ” k A “ T̂ p« + 1 Dll /~'H+1 ? n

1 — a ) + ~ ^ )

A ~ »
. n+l = 0

) + - L i i -  •2 ^  At

(A -  10,,
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rn 1 l +  \ . 1 ..
J d - i / 2 .j.k p„+i _ f »»>>* + ------- ( T n +\  .. 4 - T v+l UP'1

^ r2^r“  "i-J.M* l A# + A.r2V e*+l/2,j,Ar ei-1/2,.;,*J/■* i,
n + l t-’» + 1 i

. J’c/+1/2,j,i- D„ + l ei .i - l/2 ,k  p „ f l  _  l -------- .
+  A ,.2V~ - Pl'+l,j.»- + A(/2V lA j/2! ^  f>.2 + l/2.A-

-̂» + l jin + 1
.. , 1 n,,il . e i j+ l l '2 . t  pn+1 .  Â —1/2.J,* i il + l

+  ^ M - . / 2 , J ) ^  +  A ; / ~  +  A , ’ F  * W
r p nrpn +  \

, E ”i l  • 1 ,~„+i , T»+i )\h"+l + Zh2±UM±
-  j--hbi + Ai-2~v7 T̂'li+1/2-2-t' + ' >’i-k + A.r2

T'hU-1 / 2 , t , , . i + i  _ /  - — ( T " + l  ,

+ —A y t V hiJ-'-k '  A y2,/ '" 'J+3 '
r »+i T ,,+!

1 . i i  ^ / j i , i + l / 2 U‘ j , n + l  j _  1 / 2  ^ m +  1

+ + " A l ^ “  A --2,/ '■M ~1J-IV + I
, 1 ,1 , rpn + l )\hn + ] +  ^ M + 1 / 2 / ?» + l

_ / _ ^ ( r ; + ' t.+  1 / 2 +  T ' " ' . M - - 1/ 2 j /  A * * F  ■ • ' ■ * + 1

„ + 1 V hsPsQ ,rpn+1
_  h-wpu'9 (rpn + l  ̂ [ 1j/0 - - S n u ’ / j U - - ! / 2  ̂ A r F  m s i , j , f c + l / 2  

~  A ; V '  +  ■ -  ~
rnll + l ) -+" —  + 9“h * =  0 A< ,h

( / l -  106)

, T i oh Hie positions 1 ±  1/2,j  ±  1/2 and A- ±  1/2 are 
■he transmissibility at tlic 1

/aluated as follows: 1/2(r„„,M. + Tm i±i,m )

r  -4-1/2 a- = ( .4 -1 1 )2m» j i 1/2,
r  • jr-fcl/2 = l / 2(T"»'^fc + )

. .ions written for Te and T* .
ith similar expies .ltn b . £or the variable pressures and enthalpies

„ flip coeffic ê11 ,s
Defme u ^  coefficients for Equation (A-10) are:

each 8 ° d W * mk, n ,  and sr where

6,
Tw,,■+£/£££

a  =  A-**2^
93



By writing Equation (A-12) in terms of a, and c , , Equation (A-12) may 

he simplified to:
_  r i * 1 i 1 m,j-\/2,k

At +ai + Ci} ' d j - ~ A y * V

/ ;  =
TmJ+l /2,k

Ay*V 
Cj =  fj  + dj

^nij,k —1/2
gk = A r2V 

lk ~

Ok = 9k + lk

m* "  At ’
TmWij,k+1 / 2  ~

*** =  ‘ a TF”
T,nwi.i.k+1/2 ~~ TmwiJ,h-l/2

Sk =  ArT
• similar to the one carried out on Equation (A-12) is used

.  i o \  / A - 1 4 ) .  B a s e d  o n  t h e  s a m e  d e f i n i t i o n s  a b o v e  i . e  
o n  E q u a t i o n s  (A-13) *IlCl

1 0 ) through (A-14), the coefficients for Equation (A-lOb)
E q u a t i o n s  (A -M

are: Te<-i/2.i’k -  •r,ll,+1/2’-,’t
«! =  " A ? ! 7 - ’ * •

1 y/ " * »J 1 /
, j Djjhb. q- flj + ci 1 ’ f Ad/21

^  .  r t  , J

TeiJ — \f2,k rt   ^ct,j+l/2,A:
‘ 3 A y2V

c' = / j  + 4  ( A -1 5 )

aq. =  <7i- + 4 - 3*i--W: =  ----  ' 7
A21

A^2^ Ei , A- f . t\ .0/ Tfu,j-k,k
r M % r + * '+ m ‘ } ’

A2h T h i j .k - 1 / 2

3 W ± i£ £ ,  =  " ’* = '
"  Ai/2*' 4  = «* + « ’*■

Ad/21"
ti,j,k-
a T^T

d/.J. =  ^i,j,k+\/2

r H
m / 2r,msi,>,A-+l/2 ~ Twsl J k-| /2

r  Wt = --------------^ “
-  - A J
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Appendix B

Derivation of the non-linear system of equations 

for the sample reservoir of 8 blocks

oui. salllple reservoir of S blocks surrounded by boundary blocks 

as an illustration of liovv to derive the system of non-linear equations. To 

1 ,giu with we write Equations!5.3.la) and (5.3.1b) for grid block labelled

i • __ i 111C1 A- = 1 to yield the following equations:
1 in which / — 1' J 14

l, lP0, l - { b i + < i + ° i } p '>' + c 'P n , + d ' Pni

-|- f  P u n  + jt/ijP120 + l\P\22 ~ 1^121 “  i 'iP u '9  ~ s i P s 9  (B -  In)

+ 9* 1*1 = 0
+ --------------Jt

r/1 / 02 1  l 1 . .  j / j - i
/ p i  on +  I'.Pvii +  »>\h ~  I ' -' +  " 2 + J ' blfJV^

+ /-'Pi.l +</.F1- ° + 1 , (B -  lb)

+ >h„ l + j i h u > + * h'i i+ t t ''hr +tti 'Pw9

-U'\1ng +
rscripts are assumed to be at the time level

11 tities without suj-
All the qua1 ■  ̂ Equation! B-l) with the pressure and enthalpy

(»  +  !)■ V P ca n i . ,,jocks replaced with one subscript that
/ ■ • m  in the iesei

values at [i*J' tliaU block position relative to the origin. The

refers to block Iianl vnilies in the boundary blocks retain the
„ ,e aiid enthalpv vaiu ■

re.st of the pi‘essllie ‘  ̂ known values prescribed by the boundary

('•■/•O  1— r ; ; t<) theequatk>nsl>elovv:
Tliis leaob 11

conditions- in  ^ C\Pi T d>P\ + }>P\\\

"i 02 m i/n - ru’«,<J + *lP>y {B — 2a)

+ <hp'*,+ r h >l) _
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( B -  2b)

a \ l\ m  ~  {/>; - h U  n; } / ’ , T C [ P> -I- (l',l\  +

I //| B \  20 -K + n i ' \ h i m  ~  {r ! + 11’2 + ^I }^i + * \ h 2 4- : l , h K

I r>h\\\ -I- u'\h\>() 4- it\hr> — >'\ptrf/h,,. 4- t('ihs (j

[ D\n P" +  E\ >\hJ)_ + </r 121 — 0

This procedure can hr continued for grid blocks 2 through S to yield an 

('(jun11oii ol the foiHi-

/• (T) = ( a ,  4- a ' i ) P i - \ . j *  ~ ^  + l / > +  ( j  + r > +  ° k +  a k k } p i J , k  

_j_ (r# +  r ^ P i + i . j . k  + K , + ( l j ) p i ' j  ~  U ,‘ + <// +  f j ) p i . j + i . k  

-I- (.</<■ +</[)C, + 1 + + /* )P'•'•* + ' + -  ('»-• +

+ D j , j . k )  n  ( C , . hk I-
+ — "“ a J , v -----------  (.s‘*. 4- d'[.hs)(>̂  

T (Jnii.J-k
= 0

( B -  3)

1 /• vary fro m  1 to 2 mid / varies from 1 through 1G. Here' 

"  ^  1  ̂  ̂^ unknown variables p and h for all the S reservoir blocks
the vc

is: P l 2 l  
P 2 2 1 
Pi 1 1 
P2 1 1 
P 1 2 2 
P 2 2 2
Pi  12
P2 12
b i 2 l
b 2 2 1 
h ! 1 1 
b 2 i i 
bi 2 2
b 2 2 2 
b 1 1 2 
b2 1 2

9 6



The f  i h through ./16 are obtained by replacing j , and k coun

ters by the appropriate position values as shown in Table(B-l). Expanding 

tho form of (B-3) for / = 1 to / = 16 yields the vector equation:

/(•?) = o (B -  4)

in which / ,  through /ic, are as wrtten below.

e„ ,i  1 .1 -1  c — f"  " ' " sy

f i x )1
-(b  + e >- cl1>p,21 ’’ CrP: d P

f p
7. 1 3 1

+ S / i z o

' 1 i 1 17.2
_ rnh171

r p <9 1
s p  g1 s

B p17 1 121
At

C h 
12 1 121

At

- O
1 21

f ( * >
2

. o ' + ck )P _.
• P  2  ‘

4 r ' P +- d ' P *-1 221 2 i l l

-  a t ’ O 2 1

' Pf  ' p  + 9 1 120  
2 1 3 1

d- ,̂ i ^o2l 1

Ih + s ' h  +- /?h
• 4- U 1 2 1  1 2 2 1  2  111( ' . 2

- l i  1 ’  .  V ' h  p  g -  w 1h . ' V  +
. . 1 V V

v h * wi2 1 3 i

e _ , hi 2 i j : q0i2i
sO

At
„ „ua 1=4 for energy equation.equation ana

;= 3  f°r 1113, 1. V p  4- d P +■
, „m l l>l‘ ,ck * a >p-.,. c 2 3*1 2 211For S1 e i 22,(t> 2
T> ) ss a i 2 i  ~ r p  g - s  P Bg

•f ( X 1 2 __ rph _ „  4 I V  I s
3

f P 2 23*
+ Qi 220

h PZ22
2 2 1
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n p M «■ l: r,n
7 2  1 2 7 1  2 2  1 7 7 1  » q  = O-  -----  ------------  r„221

/ i t A t

f ( x ) = < = » '  P -  ( b ’ + e  ' f- a ' > P c  ’ P7 171 7 1 721 + d - P2 321 2 21,

r • P *- q ' P7 7 3 1  1 720

, w  f, ► u  h -  V  h p q - w ; h p y i-
1 7.2 0 1 2 22 1 v 1  ̂ s

0 P E h _ n72 1 2 2 1 _ f- 72 1 2 21__^0 0 2 2 , ~ J

A t At

Foj- grid block 3. /= 5  for mass equation ancl 1-6  for energy equation.

r ( X ) =  a  pn i o n  1
i- e t- c< } P  »- c  P + d P1 111 1 2 1 1  1 lOi

f P q P1 1 2  1 1 HO

p - mh
1 112

-  r  P  g  -  s > \ g  + 0 . .  , p . . .  *
111 1 I S 111 111

C h _ 0
111 111 + qm l i r

V *  > -  a , Po . . ' ( b ;
. + Ci- > P + c  ■ P d • P -h+ e   ̂ L i J i l l  1 211  1 i o i

f p  + g , p<io1 12 1

, r . + u " ^ ; > h
.. t - p f m h ‘

\ s ’ h111 1 211
1 112 Oi l

n h v h1 1 O 1 1 2 1
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W h » u f it 11 o 1 112 Vi hVPvg Wi hcp 9 1 0  p  n" ® HI 111 f
t  hi l l  i n  <-q =0

At-------0111

A t :

Fwr £ri(1 ,)Iork 4- 1=7 fo1' mass equation and /= §  for energy equation

f _ , ( *  ) = e ; + ) P _  4- c  P + d p
1 201

f P 4- q P i 2 ;! i ' i  2 1 0

l P  -  mh - r / j > q - s p g  +  B P  1212 211 1 ' -  I s  2 11 21!
A t

C h211 2 11 '‘ Cl = P------------  m2 1 1A t

f  ( X ) ~ rl P - f b '  1 e '  *- }P * c ' P  4- LfP
2 1 1 1  z 1 2 1 1  2 an 1 2 0 1

f ' P 4- q ‘ P
1 2 2 1  " i  zio

. . _ f r • 4- U 4- ) h *- s ' h + /? h» /. P 4- m h t r , 1 1 2 1 1  1 an ' t .
1 2 1 2  2 111 2 0 1

v h 
1 2 2 1

* w h 4 u'U 
1 2 1 0  1

v ' h P  9i V  V
w ' h p g 4- d p1 s & 211 2 11 4-

At

E h2 1 1  2 1 1  +q 
At

= 0
© 2 1 1

For grid biork 5. /
- 9  for mass equation and / = 10 for energy equation.

4- e<
f ( X ) =  a  P 022

(b  + e2 i 122
>P *- C P(72 1 4- cJ P 4222 2 113*

f P q p 212 1 3 2  Z 121
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i P -  ~ r  p  g2 123 1 72 2 >-•

C h12 2 12 2 q = 0
m 1 2 2

f (x) = a ' P ( b *'e 7' J 0 ' x 1 022 1 7-

) (• □ ' Pf '
7 1 3 2 '2 121

i-. r is  /.> q D F’ -h2 s  122122
A t

ct ’ ) P  + c ' P  4- d ' P1 127 1 722 2 112

. -  ( r ' t- u + / ? ' )  h +• s  ’ h *-• p *- m h \t  2 2 122 1 222
2 123 1

, , v 0/l F> 2 132
1 2 112  z

_ N.- h p  q -  w ’ h P g *- I) p n. , (., h ^  2 s 127 1 22 <•
t- W o  2 1 2 3  • ----- ~ r -----------

2 1 2  1 A L

E J \ ?7  +q = °122 1 2 2  1,9i 2 2

For grid block C. I

= a P 2

11 for mass equation and 1 = 12 for energy equation.

f ( >'• ) 
i  i

- ( b h e + e< >p ♦- c P d P 4-2 222 2 322 2 212
122

f 2^232 g7 221
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For grid block S. / —15 for mass equation and / = 1G for energy equation.
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