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ABSTRACT 

Analysis of transient pressure tests for Olkaria West wells 
shows that both infi ni te acting and double porosity models 

can be used to analyse the well behaviour and infer 
reservoir properties from fall - off steps of long enough 

duration, 1n wells where no significant thermal recovery 

occurs. The double porosity model gives better estimates of 

reservoir properties than the infinite acting model, for 

long fall - off steps in wells intercepting fractures. 

Semi log methods give fairly good estimates of reservoir 

transmisslvlty for the long f all - off steps but are highly 

inaccurate when used independently. especially for the 
short fall - off steps conducted 1n most of the wells. 

Double porosity models can also be used for recovery test 

analyses where two phase transients are not siginificant, 

but semi log methods are more practicable for the long 

recovery steps conducted as long as the end of the two 

phase condition can be identified by considering the effect 

of Carbon dioxide. 

The depletion study of the entire Olkaria reservoir area 

shows that only 22% of the fluid mass remains after 35 

years of production with an average output equivalent to 

250 MWe, using an effective porosity of 2%. Dry steam is 

produced from most of the areas after 20 years. 
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NOMENCLATURE 

b 

C 

c 

F 

h 

k 

K 

m 

m 

n 

n 

P 

AP 
P 

q 

Q 

r 

s 

s 

S 

t 

At 

T 

T 

x 
v 

Greek 

, 
" 
~ 

w 

y 

T 

p 

average width of fracture 

well bore storage coefficient m3/Pa 

compresslbility l/Pa 
defined by Eq (21) 

reservoir thickness m 

permeability m2 

Modified Bessel function of the second kind 

defined by Eq (29) 

slope of semilog 11ne Pa/cycle 

number of fractures 

mass concentration kg/kg 

pressure Pa 

pressure change Pa 

Laplace transform of P 

flow rate m3/s 

flow rate l/s 

radial distance m 
skin factor 

Laplace transform 
formation storage m/Pa 

time 5 

time change s 

temperature °C 
transmisslvity m3/Pas 

fracture half length m 

volume m3 

symbols Subscripts 

defined by Eq ( 27) O,d: dimens l onless 

dynamic viscosity Pas e effective 

porosity f fracture system 

defined by Eq ( 27 ) m matrix system 

defined by Eq (29) s skin zone 

defined by Eq (29) t total 

density kg/m3 w well bore 

x based on fracture 

half length 



1 0 

1 INTRODUCTION 

1.1 Scope of work 

The author was granted a UNU Fellowship to study reservoir 
engineering at the 1985 UNU Geothermal Training Programme 

held at the National Energy Authority in Reykjavik Iceland. 

The training programme began with introductory lectures for 

six weeks on all aspects of geotherrnal energy development 
and utilization which included geology, geophysics, 

geochemistry, drilling, reservoir engineering and electri 

cal and non-electrical uses. This was followed by eight 

weeks of specialized training in reservoir engineering and 
borehole geophysics. Before commencing the work presented 

in this report. two weeks of field excursslon and seminars 
on various Icelandic geothermal fields was undertaken. 

The report covers analysis of well test data from the 
Olkaria West exploration area, with specific emphasis on 

transient pressure tests. The data used on this aspect of 

the report was collected by the author in his work as 

Measurements Engineer for the Olkaria Geothermal Project. A 
depletion study of the entire Olkaria field was subse

quently undertaken using reservoir permeability values from 
the transient pressure analyses. 

The topics chosen and the emphasis put on particular 

aspects were purposely aimed to provide the author with 
useful practical knowledge on application of different well 
test analysis methods and methods used in computer simu l a 

tion of geothermal reservoirs. The computer programmes used 
in the transient pressure analyses were written by Ragnar 

Sigurdsson and Omar Sigurdsson, both at the National Energy 

Authority. 



1 1 

2 THE OLKARIA GEOTHERMAL FIELD 

2.1 Geological structure 

The Olkaria geothermal field ls located within the East 

African rift system, to the south of lake Naivasha, at an 

altitude of about 2000 m. The aerial extent of the field as 

defined by a resistivity anomally is approximately 100 km2. 
Initial field development was concentrated 1n an area of 

4 km2 located to the south - east and referred to as Olkaria 
East. The development proceeded in small 

commissioning of the first 15 MWe turbine 
stages wi th the 

in 1981 To date 

25 wells have been drilled 1n this area and three 15 MWe 

turbines are currently installed with available steam 

sufficient for 50 MWe. 

The Olkaria East field is underlain by a 250 - 300°C boiling 

reservoir at depths below 800 m which is capped by a 2~OoC 

steam cap of varying thickness from 50 to 250 m. The 

pressure within Olkaria East increases northwards and the 

steam cap diminishes as indicated by well 26 (KPC 198~a). 

Tra c hyte lavas and tuffs with generally low permeability, 

constitute the bolling reservoir with most of the steam 

produced from fractures and joints in the basaltic and 

pyroclastic horizons at 500-800 m depth. 

Production capacity of the Olkaria East wells is low, on 

average 1-3 MWe with the highest production corresponding 

to 6 MWe from well 16. Transient pressure tests on these 

wells indicate average transmissivity of 1 .0 - 2.0E-08 m3/Pas 

(Table 1), but recent history match of production (KPC, 

198ilb), indicates higher permeability. Production causes 

boiling within the reservoir and the average enthalpy of 

productive wells is 2000 - 2600 KJ/kg. 

In order to delineate the Olkaria geothermal field and 

define a new area for development seven wells have been 

drilled to the north and north-west of the present field 

(Fig. 1), referred to as Olkaria West. However, at the time 

of writing this report data from only six of these wells is 

available, and is summarized below. 
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2.2 Summary of well test data 

Well 101: Th is was the first well to be drilled in Olkaria 

West under the exploration programme and was sited to the 

west of th e Olkaria f racture zo ne. The we l l was completed 

on 7/3/82 to a depth of 1616 m. The p r oduction casing Is 

set at 632 m and loss zones below casing shoe were encoun
tered at 6l.10, 910 - 990 m, with total loss of circulation at 

1020 m. Below 1040 rn, aerated foam was used with loss zones 

detected at 1320-1350 and 1520-1530 m. Th i s was further 

confirmed by completion tests . pressure and temperature 

recovery, and flowing tempe r ature/pressure profiles which 

indicate the major permeable zones to be at 632 - 700. 800. 

900-1050,1150 and below 1500 m. The well cuts through a 

near vertical fracture zone in the i n terval 6~0 to 1500 m. 

The four step injection test was conducted at 1000 m after 

thewell had been under continuous cold water injection for 
over eight hours, with the last step of 27.3 lis las t ing 
fifty two minutes. Injectivity increases with injection 
rate and exceeds 5 . 0 Ilslbar , butinjection steps lasted 

only q5-55 minutes and this value of injectivity could have 
been influenced by well bore storage . The fall-off step 
lasted 41 minutes, but the well recovers very rapidl y in 

temperature at 650 - 750 m and non-isothermal effects 

probably influence the result of the fall-off step. 

Prio r to major well discharge, the maximum temperature was 

232°C at 800 m with an average of 203°C at 900 - 1400 m a nd a 

bottom hole temperature of 232°C. 

Results of discharge, show the average output to be 

10.3-13.3 kgls with enthalpy of 1260 - 1640 KJ/kg at 6.5 bara 
WHP. However, these r esults were certainly i nfluenced by 

the large water carry over from the concrete wall silencer. 
The discharge lasted 387 days and a flowing pressure 

profile prior to shut in showed a d r awdown of 30 bars at 

1000 m. When the well was shut in it recovered to 99% of 

the maximum recorded pressure at 1000 m in about four and a 

half hours. Pressure was monitored for a further 55 days 

but showed excessive fluctuation probably because of WHP 
leakage. The maximum pressure at 1000 m after o ne year of 
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shut 1n following discharge Is 52.3 bara and temperature 

runs show that temperatures have recovered considerably. 

The maximum temperature Is 252°C at 1580 m while the 
temperature at 1000 m is 236°C. 

Current output tests on this well using a cyclone silencer 
show an average discharge enthalpy of 1085 KJ/kg, with a 

mass output of 15.1 kg/s at a WHP of 6.6 bara using a q" 

lip pipe. The average output after a further 45 days of 

discharge on 5" lip pipe was 16.3 kg/s at 5.3 bara and 1085 

KJ/kg enthalpy. Thus it Is not clear how much of the 

observed higher enthalpy during the first test was due to 

water carry - over or actual boiling 1n the reservoir caused 
by the observed drawdown during discharge. This has to be 

confirmed by the current discharge test over a similar 
period. However, by comparison with other Olkaria West 

wells the value of the current discharge enthalpy has been 

used to correct previous test results and recalculate 

transmissivity. 

Well 201 : This well was completed to 2116 m on 25/3/83 and 

had been heating for 2 days prior to completion tes ts . 
Ind icated aquifers from completion tests, losses during 

drilling,and chemical analysis of circulation fluids, are 
at 960 - 1000, 1080 - 1120, 1220-1260 m, with minor aquifers at 

1340-1350, 1456-146 0, 1600-1700 m, and at 1900 m. Thi. 

well, is 

fractures 

located 

in the 

on the Olkaria fault and 

interval 960 to 1460 m. 

cuts through 
Injectivity 

increases with injection rate and exceeds 1.67 llslbar, but 
injection steps lasted one hour on average except the first 

step which lasted 5.5 hours. Following 20 hours of cold 

water injection, injection was stopped for 24 hours 

followed by a single step injection of 25.2 lis for 160 
minutes and a fall - off step of 60 minutes. with the 
pressure instrument located at 1900 m. 

Temperature recovery shows a maximum of 231°C at 1000 m 

with an average of 225°C at 1200 - 1800 m and a bottomho!e 

temperature of 193°C. The well mass output is 34.2 kg/s at 

4.5 bar a WHP with average entha!py of 1085 KJ/kg, but 

slight water carry over probably influences the results. 



1 4 

E'ollowing 

last rate 
281 days of discharge at various rates with the 

lasting 84 days, the well was shut in and 
pressure recovery monitored continuously at 1000 m for 4 
hours, followed by further recovery monitoring for 35 days. 

The pressure at 1000 m recovered to 97% of the maximum 
measured 
value 1n 

After 86 

bara with 

this well 

Well 301, 

3/10/83. 

val ue 1n only 40 minutes and reached the maximum 
6 days, followed by a reduction which fluctuated. 
days of shut 1n the pressure at 1000m was 39.2 

temperature of 235'C. A repeat discharge test on 

shows no change from previously measured values. 

Well 301 was completed to a depth of 1912 m 

During drilling from anchor casing at 333 

on 

m, 
circulation loss was encountered at 350 m and drilling 

continued with no returns . .At a depth of 520 m, steam 

discharge started and continued to 658 m, when a return 

fluid discharge with WHP of 4.2 bar a was maintained, while 

pumping in 16 . 7 lis of cold water. A discharge test at this 

depth showed that the well produced in excess of 25 kg/s 

with estimated enthalpy of 1600 KJ/kg at a WHP of 6.3 bara, 

but gas sampling showed 50% of the steam discharge was C02. 

A pumping test at this depth showed the well had very large 

permeability (no measurable increase in pressure with 

increase in pump rate). The casing shoe was set at 519 m 

and the well drilled to 1912 m, with continuous steam 

discharge. 

The well had been heating for nearly 24 hours when comple-

tion tests began. Indicated aquifers are at 520-650, 

900-1000 and 1250-1350 m. The pressure pivot point indi

cates that the major aquifer is at 1200- 1300 m. Injectivity 

increases with injection rate and exceeds 4.33 lis/bar, but 
injection steps were not continuous due to problems with 

water supply . The last injection step lasted 70 minutes at 
a pump rate of 31.6 lis followed by a fall - off step for 42 

minutes, conducted at 1000 m after a total injection period 
of 9.5 hours with some interruptions. The well was located 

on the Olkaria fault and cuts through a near vertical 

fracture zone in the interval 520 to 1500 m. 
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Temperature recovery shows a maximum of 300°C at 1895 ID and 

an average of 225 - 235°C over the interval 520 - 1300 m where 

the highest permeability is encountered. 

Long term discharge testing of this well has not been 

possi bIe mainly due to enviro nmental constraints on waste 

water disposal. The short discharge test conducted 1n March 

1985 showed that the well produced in excess of 65 kg/s 

with enthalpy of 1575 KJ/kg at WHP of 22.5 bara, using two 

silencers with 6" • and 8" discharge pipes in parallel. 

However, the output dropped rapidly to 3~ kg/s with 

enthalpy of 1725 KJ/kg at WHP of 6 . 3 bara, when two 8" 

discharge pipes were installed. On both tests accurate de -

termination of discharge enthalpy was not possible due to 

enormous quantities of carry over water from the silencers. 

However, the tests show that using larger discharge lines 

probably causes flashing within the formation around the 

wellwhich impedes liquid flow. The measured C02 content of 

this well is much higher than encountered in any other well 

in Ol karia and the rapid reduction in output cou l d also be 

due to calcite deposition either in the well or the 

formation . A long term discharge test is currently under 

way but no results are available. 

Well 401: This well was completed to a depth of 2505 m on 

21/4/84 and had been heating for about 13 days prior to 

completion tests. Aquifers were identified at 1000-1200 and 

1800 - 1900 m. Pressure pivot point indicates the main active 

aquifer to be at 1200 m, while temperature recovery 

indicates an aquifer cased off at 800 m (casi ng shoe at 

877 m) . 

The first fall-off step was conducted at 1100 m after 

continuous cold water injection at various rates for over 

20 hours with the last rate of 26.9 lis lasting 2 . 5 hours. 

The fall - off step lasted 2 hours. The second fall - off step 

was conducted one week later at 1000 m, after a three step 

injection test using 12 . 3, 17.4, and 27.9 lis for two hours 

each. The fall-off step lasted 130 minutes. 
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Temperature recovery shows a maximum of 225°C at 800 rn, and 
a bottom hole temperature of 208°C with an average of 
2QQ-20Boc over the 900-2000 rn interval. 

Discharge test shows the well has a mass output of 22.8 

kg/s at 4 . 9 bara WHP with enthalpy of 985 KJ/kg, but the 

large water carry over certainly influences this result. 

Assuming 

sponding 
the well discharges at saturated enthalpy corre

to 205'C (875 KJ/kg), the output is 25.9 kgls, 

this discharge rate being equivalent to a water carry over 

of 20%. No shut in test has been conducted on this well. 

Well 501: This well was completed to a depth of 1801 m on 

16/12/8lJ I and had been heating for over 22 hours prior to 

completion tests . The major aquifer as inferred from losses 

of circulation and temperature profiles during pumping is 

at 1390-1500 m, with a minor aqUifer at 1140 m. The well 

cuts through a near horizontal fracture at 1390 m. Injec 

tivity increases with injection rate and exceeds 

3.33 l/sfbar . 

The first fall - off step was conducted at 1400 m 

continuous cold water injection 

13 . 3 lis for ~ hours followed by 

for 1 3 • 5 hours 

after 
with 

22.5 115 for 9.5 hours. 
The fall-off step lasted 5 hours and was followed 1.5 hours 

later by a four step injection test lasting a total of 11.5 

hours. This was followed by a second fall-off step which 

lasted 8 hours. 

Temperature recovers very rapidly below 1390 m and exceedes 

285°C at well bottom, but the average over the interval 

500-1300 m is 130°C. The well has not been successfully 

brought to discharge because of the cold water column above 

1390 m. 

Well 601 

to 2600 m 

This well 

depth, but 

was completed in early January 1985, 

no maj or aquifers were 

The well was drilled away from known faults 

intercepted. 

in the area and 

the maximum temperature after heating for 3 months is 325°C 

at 2590 m. 
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2.3 Pressure and temperature distribution 

Fig. also shows the isobars and isotherms at 1000 masl 

within the Olkaria geothermal field. Most of the wells In 

both East and West Olkaria except wells 501 and 601 have 

permeable zones within this interval. The pressure and 

temperature in East Olkaria increases northwards, while 

that In West Olkaria increases westwards. Both wells 201 

and ~Ol which penetrate to depths in excess of 2 km do not 

encounter high temperatures at depth, but show near 

saturated temperatures at depths of 1000 m and 800 m 

respectively, caused by lateral flow. Olkaria well 101 

shows saturated conditions around 640 to 800 m, with 

considerable departure from saturated conditions below. 

Olkaria well 1 drilled 2.5 km SE of well 401 and 4 km SW of 

the present production field. encounters only 126°C at 

1000 m. Well 501 encounters high temperatures below 1390 m 

where an aquifer was intercepted. Well 601 encounters more 

than 325°C at 2.5 km. but no aquifer was intercepted. Thus, 

in Olkaria West. the drilled wells indicate that most 

permeability is in the single phase liquid reservoir which 

is further confirmed by the low discharge enthalpy of these 

wells. 

2.4 Hydrological model 

The temperature and pressure distribution observed above 

suggests a hydrological division between the eastern and 

western part of greater Olkaria. The Olol-Butot fault forms 

the eastern boundary, while the Olkaria fracture zone forms 

the western boundary of this dividing zone. This dividing 

zone drains from the eastern and western Olkaria and from 

shallow outflow of Lake Naivasha which 

cold component. Both well 201 and 

laterally to the western system . If 

apparently 

401 are 

this is so 

forms the 

connected 

then the 

western system obtains its recharge from deep drainage 

along the western scarp, while the eastern system obtains 

its recharge mainly by deep drainage from Lake Naivasha. 



1 8 

2.5 Review of past simulations 

To date four simulations of the performance of the East 

Olkaria geothermal field have been carried out. The first 

was in 1980 by Bodvarsson (KPC,1980) using a vertical model 

and dealt mainly with the effects of vertical permeability 

and the effects of exploitation levels on field life. The 

main conclusion was that production from the steam zone 

alone limited productive life. 

The second simulation by Bodvarsson (KPC 1981), showed that 

productive capacity is greatly affected by horizontal and 

vertical permeability. If the values of horinzotal 
permeability were as small as measured by transient tests 

then 45 Mwe could not be supported without e xtension of the 

production area. 

A study by Waruingi (1982), using a two dimensional aerial 

model showed the area could only support 30 Mwe for 12 

years using the measured values of permeability. 

A detailed study by Bodvarsson (KPC 1984a), involved a 

history match with the production data to obtain effective 
values for reservoir permeability and porosity which were 

then used to predict future performance. In general the 
results show higher permeabilities than inferred from well 

tests, indicating an average permeability of 7.5 md for the 

steam zone and an average of 4 md for the liquid zone. 

Inferred values of transmissivity from this simulation are 

shown in Table (1), along wi th the measured ones . 

Performance prediction shows that for 45 Mwe for 30 years, 

the area has to be extended by 2.3 km 2 . Generation of 
105 Mwe requires an area of 9 . 5 km2, with injection greatly 

reducing the requi r ed area. 
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3 WELL TESTING 

3.1 Types of well tests 

Various tests are usually carried out on geothermal wells 

to determine individual well and overall field perfomance. 

The parameters obtained during individual well tests and 

interference tests between wells are primary inputs into 

the reservoir model which can be used to predict f i eld per
formance. 

In the upper parts of the well, befo r e production casing is 

run, one is mainly interested 1n formation static tempera 

ture and pressure profiles . Static pressures can be 

measured whenever l oss circulation occurs. However, 
measurement of actual static formation temperatures may 

involve halting of drilling operations for several days. 

Therefore several methods are used to estimate the tempera

ture. This can be combined with study of cores and cuttings 

for high temperature alteration minerals and is necessary 

for isolation of low temperature shallow feeds prior to 
setting production casing . 

The tests that are carried out at the completion of a well 

depend on the information required and the available 
instrumentation. In Iceland for example, these tests 

include transient pressure tests, injectivity. formation 
denSity , nat-Y lithology), logs (NN 

resistivity. 

poros i ty, 
caliper 

y-y 

logs, differential temperature, 

temperature and pressure profiles. In Olkaria the tests 
include transient pressure, injectivity. water loss (using 

spinner and temperature instruments) and temperature and 

pressure profiles. 

After completion tests, the well is allowed to recover in 

temperature and pressure with regular monitoring. This is 
followed by a discharge' test which lasts up to several 

months, to establish well output characteristics. 

The discharge test is followed by a shut-in test in which 

pressure recovery is monitored for up to two months, in the 

shut-in well. To date no interference tests have been 

carried out in Olkaria. 
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In this report, transient pressure tests of fiv e explora

tion wells in the Olkaria West field are analysed using all 

standard transient pressure analysis methods to obtain 
values of reservoir transmlss1vlty and near well formation 

properties. The tests include fa l l off steps following cold 

water injection and recovery following discharge . 

3.2 Objectives of transient pressure tests 

The objectives of transient pressure tests in geothermal 

wells are: 

1. Measurement of average transmissivlty. mean formation 

pressure and formation storage. These are primary inputs 

into reservoir simulators. and can also be used to 
estimate well productivity. 

2. Determination of skin effect, which can be used to 

decide if the well can be improved by stimulation. 

3. Determine the well flow characteristics and near well 
reservoir characteristics e.g the influence of frac-

tures. leaky or impermeable boundaries and where 

possible shape or size of the drainage area. 

~. Determine optimum well test design e . g duration of test 

steps to get beyond the well bore storage period and 

minimize nonisothermal effects. 

3 . 3 Typical completion test programme for Olkaria wells 

Various combinations of completion test programmes have 

be en used at Olkaria and inj ection steps used on some of 

the earlier wells have been as short as 20 - 40 minutes . At 

present a standard test programme at completion i s as 

follows. 
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1) Water loss test using temperature instrument at low 

pump rate; 2) Spinner flowmeter run at low pump rate; 

3) Spinner profile while pumping at high pump rate; 

4) Temperature profile while pumping at high pump rate; 

5) Step injection test followed by a fall off test . 

In the water loss test. the movement of cold injected water 

is monitored with a series of temperature profiles during 

pumping . This test lasts about five hours and requ i res that 

the well be allowed to recover 1n temperature for about one 

to three days following completion of drilling before it is 

conducted, in order to identify the 

well. The spinner flowmeter runs 

have been used with little success 

upper loss zones in the 

during water injection 

due to erratic records 

and the fact that no caliper logs of the open hole were 

taken to aid in the interpretation of the spinner speed 

records. For some of the wells, the step injection tests 
have been s pI it. Some of the injection steps have been 

taken simultaneously with or between tests 1 - 4 above, with 

the last step injection test consisting of only two steps 

at higher pump rates followed by the fall-off step . The 

injection steps last on average 2-3 hours while the 

fall - off step lasts 2-5 hours. 
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4 THEORY OF TRANSIENT PRESSURE TESTING 

4.1 Theis solution 

The basic equation describing flow of a single phase fluid 

through porous media Is a combination of Oarcy's law, 

conservation of mass and an equation of state. It is called 

the diffusivity equation and can be written in radial 

coordinates as: 

a2p 

ar2 

ap 
+ -.-

r ar 

4ll.lCt ap --- ( , ) 
k at 

Assumptions inherent in this equation are horizontal flow 

(fully penetrating well). negligible gravity effects, the 

medium Is homogenous and isotropic, wi th constant 

permeability, porOSity and th i ckness; pressure gradients 

are small and fluid flow Is isothermal with constant 

viscosity and compressibility. In dimensionless terms 

equation 1 becomes: 

a2Po apO apO ( 2 ) -- + -.-- ---

ar2 
0 rO aro ato 

21Tkhl!.P kt r 
where: Po to $]JCtr~; ro 

qV rw 

This is the basic equation for well testing and can be 

solved for various boundary conditions and mod i fied to 

account for assumptions above which become invalid, (Kjaran 

and Ell iasson 1983; Earlougher 1977; Lee 1982). 

One solution is the continous line source solution for an 

infinite reservoir where the well is represented as a line 

source so the initial and boundary conditions are : 

Po - 0 at to - 0 for all rO 

PD 0 at ro = • for all to > 0 

lim (a po) - - , t > 0 
rD-f-O aro 



The solution 

inititial and 

to the diffusivity 

boundary conditions 
equation 

is the 
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with these 

exponential 
intergral solution, also known as the The1a solution: 

Po(ro,to) : - O. 5Ei( - r6/4to) (3 ) 

The logarithmic approximation to Eq 3 in SI units is given 

by, 

( 4 ) 

and is accurate to 2% 

rO ) 20. 

if tD/rD2 > 100 or tD/ro2 > O.5for 

Equation 4 is widely used in well test analysis where 

wellbore storage and skin are unimportant as in observation 

wells. during in t erference testing. 

For a well of finite radius the assumption of a line source 

well Is not always valid and the wellbore boundary condi

tion becomes: 

- 1 tD > 0 

Po - 0 at to • 0 for rD > 1 

with the outer boundary condit i on remaining unchanged. The 

solution is: 

Po(to,ro) -

where u '" 

2 
rO 

4tO 
and J o • J,. are Bessel functions of first 

kind and order 0,1 

( 5 ) 

Yo , Yl, are Bessel functions of second 
kind and order 0 , 1 

When rO > 20 and to/ro2 > 0.5 or to > 25 for ro - 1, the 
above solution reduces to the exponential intergral, with 

the same l ogarithmic approximation of equation 4. 
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4.2 Wellbore storage and skin effects 

a) Wellbore storage 

During injection of water into a well, fluid inflow into 

the well does not equal outflow to the formation at all 

times. Similarly during discharge of a well the inflow from 

the formation does not equal outflow from the well at all 

times. For example, when a well is shut-in fluid continues 

to flow from the reservoir into the well. These effects are 

called wellbore storage. measured by the well bore storage 

coefficient, which is proportinal to the effective well bore 
radius (1.e well bore volume) and fluid compressibility. 

Presence of yugs and fissures greatly increases well bore 

storage capacity. 

Thus it is necessary to correct data for wellbore storage 
where the solution does not take into account well bore 

storage, by calculating the sand face flow: 

Qsr - q(l-
dP w c- ) 
dt 

( 6 ) 

For a well with a free water level, the well bore storage 

coefficient C can be approximated by: 

C - Vu/pg where Vu - rrr2h; h - 1 meter (7) 

A log-log plot of 6P vs 6t has a linear unity slope 

characterising the well bore storage period from which the 

actual value of C can be calculated. 

The dimensionless well bore storage coefficient CD is 
defined as the ratio between well bore storage and formation 

storage: 

C 
( 8 ) 
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Thus to account for well bore storage 1n a well of finite 

radius, the wellbore boundary condition for the radial 

diffusivity equation is: 

.PD 
(rD- ) - - 1 -

arO rD~1 

b) Skin effects 

.PD 
CD-

OtD 
( 9 ) 

QUite often there is a zone near the wel!bore in which the 

permeability ls altered due to drilling, precipitation of 

solids during flashing in the formation or presence of 

fractures. This zone is called the skin zone and to account 

for it the effective well bore radius is defined such that: 

s .. skin factor ( 1 D) 

thus, a positive skin r epresents a well of effectively 

narrow radius with increased pressure drop from reservoir 

to the wellbore. whereas a negative skin represents a well 
of effectively large wellbore radius with decreased 

restriction to the fluid flow. 

c) Analytical solution 

The solution for unsteady liquid flow, including well bore 

storage and skin, for an infinite acting reservoir is given 

by Agarwal et al (1970), in Laplace space by: 

Ko(lS) + S(IS)Kl (IS) 
( 1 1 ) 

The above equation is solved by numerical inversion of the 

Laplace transform in the infinite acting reservoir analyti 

cal model, used for fitting transient pressure data, using 

a computer programme. 
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d) Logarithmic approximation 

The complexity inferred In the solutions to the rad i al 

diffusivity equatIon with wellbore storage and skin only 

refers to small times for large Co For large times or 

small CO. the logarithmic approximation in SI units is: 

6P • + 0 . 3514 + 0.8686s] ( 1 2 ) 

This logarithmic approximation Is valid with error of less 

than 2% for to/ro2 > 25. 

For drawdown and injection testing, the time to expect the 

beginning of the semilog straight line described by Eq 12 

is : 

6t > 
(9 . 55 + 0 . 557s)C 

kh/" 
or to > (60 + 3.5s)CO ( 1 3 ) 

For fall-off and recovery testing this time Is given by: 

6t > 7.96 0.14s 
--Ce 

Kh 

" 

Q.3 Seml10g analysis 

4.3.1 The MOH method 

or O. 1 4 s 
to> (50Coe ) ( 1 4 ) 

Taking equation 

approximation of 

12 as the basic equation for logarithmic 

the solution to the radial diffussivlty 

equation. a plot of P vs t on 11n-Iog scale 1s called the 

MOH plot and has a slope m given by: 

( 1 5 ) 

from which the transmlsslvlty T - kh/)J - O.lB32q/m can be 

cal cuI a ted . 

The skin factor s can be calculated by rearrangement of 

equation 12, if porosity and compress1b11ity are known. 



s 
OP 

1. 15[-
m 

k 
- 1 0 g-----=-

4luctr~ 
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- 0.3514] ( 1 6 ) 

For observation wells, located at some distance from the 

acti ve well the skin factor can be assumed to be zero and 

hence formation storage S can be obtained by rearrangement 
of Equation 12 thus: 

S • 2.246Tto/r2 (171 

where to is obtained by extrapolating the MO H semilog 
straight line to zero P. 

4.3.2 The Horner method 

By using the principle of superposition the condition that 

occurs when a production or injection well is shut in can 

be simulated The well is assumed to PToduce/inject 

continuously at flow rate q for a pe r iod t + ~t. At time t. 

a flow - q ls added to simulate the shut in condition. The 

total response is simply the summation .of the effect of q 

for time t + 6t and - q for a time l:.t. The exponential 
inte r gral solution, Grant et al (1982), becomes: 

l>P • - + -- ( 1 8 ) 
21Tkh 

with the logarithmic approximation given by: 

qu t+6.t 
l>P • 0.1832 10g(--) 

kh At 
( 1 9 ) 

A lin - log plot of l!.P vs (t + 6.t)/6.t has slope m given by 

equation 15 from which T can be ca l culated. 

4.4 Wells intercepting fractures 

For wells intercepting fractures, the radial diffusivity 

equation still applies, wit h the well bore boundary condi
tion replaced by the fracture boundary condition. 
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The infinite conductivity vertical fracture solut i on 
assumes no pressure drop along the fracture plane at any 

instant in time and is given by Gringarten e1 a1 (1974) as: 

PwD(tDxr) 
1 0.134 
l,tDxr[ERF(~) 

2 tOXf 

- 0.018 
- 0 . 067Ei( ) -

tDxr 

kt 

0.866 
• ERF (Iti)j{f ) 1 

toxf 

-0 . 750 
0.433Ed ) 

tOXf 
( 20 ) 

For large values of time toxf > 3. the logarithmic approxi

mation is: 

PwD(tDXr) - 0 . 51n(tDXr) • 1.1 (21) 

For small values of time toxf < 0.016, usually called the 

linear flow period, the approximation is: 

(22) 

Thus, a half slope on a log - log plot of 6P vs 6t. for early 
times characterizes the presence of a fracture . 

The uniform flux fracture solution assumes the fluid enters 

the fracture at a uniform flow rate per unit area of 

fracture face and is also given by Gringarten et a1 (1974) 

as: 

PwO(tOXf) • iwtoxf 
1 

ERF( ,.,--) 
2.,.. toxf 

1 1 
- -Ei( - -t xr) 

2 4 D 
( 23) 

For large va l ues of time toxf > 2 the approximation is: 

PwD(tDXr) - 0.5 ( ln(tDXr) • 2.8091) ( 24 ) 

and for small values of time t < 0.16 the approximation is: 

/ntDxf (25 ) 
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The sol uticn for a finite conductivity uniform flux 

vertical fracture is given by Reynolds et a1 (1982). in 

Laplace space as: 

PwD • 
hfOFCO [hfOCfO S + 

hfOFCO 

( 26) 

krbf 
where FeD = 

k xf 
hro ., -; CfO 

h 

This equation Is solved by numerical inversion of the 

Laplace transform in the finite conductivity vertical 

fracture model used for fitting transient pressure data. 

after correcting for well bore storage using equation 6. 

4.5 Double porOSity systems 

Naturally fractured reservoirs are described with double 

porosity systems. where most of the reservoir fluid Is 

stored in mat r ix blocks whi ch have generally low 

permeabil i ty J whereas the fractures and openings 1n the 

blocks form vugs and 
permeability, but very 

interconnected channels of high 

low storativity, (Oa Prat (1982), 

Moench (1983). Therefore most of the fluid transport takes 

place in the fissures with the blocks acting as fluid 

sources. To take this into account Warren and Root (1963), 

defined th e interporosity flow coefficient A and the 

relative fracture storativity w as follows: -

ar~ w = (27) 
(~Ct)f + (~ctlm 

The solution to the radial diffussivity equation for block 

to fissure flow in an infinite double poros i ty system, with 

well bore storage, skin and fracture skin, is given by 

Moench (1983). for a 

horizontal 

impermeable 

becomes: 

fracture, 

barriers . 

fully penetrating well 

confined above and 

In Laplace space the 

tapping a 

below by 

solution 
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s[ (Is+QO)Kl (/s+QO)+COS{KO(/s+QO)+S(/s+qO)Kl (/s+QO) I] 

where QO ,. 
y2 mtanh(m) 

for slab shaped blocks 
+ 8rmtanh(m) 

The parameters rn, " and Y. are defined as, 

2 
m • --; T - Y -y kf bf 

( 28 ) 

( 29 ) 

and are related to the Warren and Root parameters by, 

,2 
y2 kmbs --, SF -Sf kshm 

and T is the inverse of 

sibility belng negligible 

compressibillty. and the 

la) wi th the block 

the 

( 30) 

system compres 

fracture system compared to 

block system thickness (average 

fracture spacing). fracture width and reservoir thickness 

included. 

Equation 23 Is solved by numerical inversion of the Laplace 

transform, in the double porosity solution of pressure 

transient data. 

4.6 Type curve match 

As has been shown above. combining boundary conditions of 

well bore storage, skin, influence 

reservoirs and other reservoir and 

tions, no simple solution of the 

of fractures, bounded 

well boundary condi

radial diffussivity 

equation exists and various analytical and numerical 

solutions have been presented. For a single well in an 

infinite system with well bore storage and thin skin Agarwal 

et al (1970), presented the sol ution in the form of type 

curves of for Po vs to for various values of Co and s. For 
a well of finite skin affected zone (composite reservoir) 

Watenbarger and Ramey (1970), presented another set of type 
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curves for various values of dimensionless wellbore storage 
and skin radius. Type curves for infinite conductivity and 

uniform flux vertical fractures, reservoirs bounded by 

linear faults, leaky aquifers and more recently for double 

porosity systems, have been presented and can be used to 

estimate reservoir properties. For more detailed treatment 

of this subject see Earlougher (1977). 

For the infinite acting reservoir with wellbore storage and 
skin (type curves). a plot of the change in pressure wi th 

time. on the same scale as the standard type curve of 

Agarwal et al presented in Earlougher (1977) can be used to 

estimate reservoir and well properties. The principle is to 

select a match pOint and solve the equations for reservoir 

and well properties from the definitions of the 

dimensionless parameters. 

kh 
T • match 

( 3 1 ) 

s = ~Cth • 
T .t 
-z(-) 
r tD 

match 

The dimensionless well bore storage coefficient Co and the 

skin factor s are obtained from the match curve. 
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5 APPLICATION OF WELL TEST ANALYSIS METHODS TO OLKARIA 
WELLS 

5. 1 Fall-off tests 

The fall-off steps of wells 101, 201, 401. and 501 were 

analysed using type curve match, MOH and Horner methods. 

The fall-off steps were also analysed by computer . using 

analytical models for an infinite reservoir with skin and 

well bore storage. the uniform flux vertical fracture 
without well bore storage and the double porosity slab 

shaped blocks analytical model. with well bore storage,skin 
and fracture skin. No good fit was obtained with the 
uniform flux vertical fracture model. 

The analytical models have been used 1n the analysis of 

recovery data from Krafla we lls by Sigurdsson et al (1985), 

which showed good fits to 

lower transmissivities 

measured data. but gave generally 

than initially estimated from 
injection tests at well completion. Double porosity systems 
have also been used in the interpretati on of interference 
tests at Ngahwa geothermal field in New Zealand in which it 

was found that reservoir response to production/injection 
was better modelled with a double porosity system than with 

the infinite acting system, McGuiness (1984). 

In the analytical fit to the infi nite acting reservoir 

solution, initial guessed values of transmissivity T, 

formation storage S, skin sand dimensionless well bore 

storage coefficient Co from the infini te acting reservoir 
type curve match were used. The programme then adj usted 

these values to obtain the best fit to the measured data in 
a series of iteration steps. Because the initial pressure 
prior to the fall-off step was known , its value was kept 
fixed during the iteration steps. For most of the wells the 

programme required 10-15 iterations to obtain the best fit 

to measured data. 

In the analytical fit to the double porosity system initial 

guess values of T, S, s , and CD from the infinite acting 
reservoir type curves were used, with values of T = lOO, 

Y • lE-4 and sf • 0.1 - 1.0 being used as initial guess . 
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The initial pressure was kept fixed at its known value. The 

programme required 10-20 iteration steps to obtain the best 

fit to the measured data. 

The results of the analyses are summarized in Tables 2 to 

6. An example of the appl i cation of the different methods 

of analysis is given below for the fall-off at 1300 m 1n 

well 501, followed by a summary of the results for the 

other Olkaria wells. The data for well 501 Is chosen 

because the longest fall - off steps were conducted in this 

well and the well does not recover rapidly in temperature 

above 1400 m, so thermal recovery effects are not signifi 

cant . The well has only one major aquifer and so pressure 

control ls at only one location. 

5.2 Well 501 fall - off at 1300 m 

5.2.1 Type curve match 

Fig. 2 shows the type curve match for infinite reservoir 

with skin and well bore storage. The match point is: 

s ,. - 5.0; Co .. 1E+05; Po 

lit '"' 1E+02 . 

0.17; t.P lE+05; tD 8E+04; 

The injection rate prior to the fall-off step was 27.67E-03 

m3/s. 

kh 27.67x10 - 30 . 17 .--
2'JT 105 

Transmissivity T • 

T 0.75x10-8 m3/Pas 

Storage 
T H 

S • 7(-) • 
r to 

0.75x10 - 8 
2'-_4 

(0.1082) 8x10 

1 02 
• 0.08x10- 8 m/Pa 

From the available data good type curve match could not be 

obtained because the early time fall-off data 1s misSing. 

From the initial pressure, the next recorded pressure 

during the fall-off step was after 7.4 minutes when the 

pressure had dropped by 8.1 bar. This is because the data 

have been collected mainly for analysis by semilog methods 

which do not require good knowledge of the early time 
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fall - off behaviour. The other reason Is that the fall - off 

step was recorded downhole using a Kuster pressure instru
ment with 24 hour clock, from which it is not possible to 

read accurately times of less than one minute ( 1 minute -
3.5E - OB inches on 24 hour clock). The same applies to the 

fall - off step at 1400 m and the fall - off steps of wells 201 

and 401. 

5.2.2 Semi log analyses 

a) MOH method 

The MOH plot of the fall - off step at 1300 m Is shown in 

Fig. 3. From the type curve match the time to expect the 

semi log straight line is given by: 

2 
Srw O. 1 4 s 

to > 50Coe or t > 50 
T 

O. 1 48 
GDe ~ t > 3089 sec 

Therefore we select a straight line after 3100 sec from 

which we obtain a slope of m - 4.3 bar/cycle. 

kh 
Transmissivity T -

q 0.1832x27.67x10-3 
0.1832- • 

m 4.3x10 5 

T 1 . 18x10 - 8 m3/Pas 

b) Horner method 

Horner plot of the fall - off step (also shown in Fig. 3) 

yields a slope of 6 . 4 bar/cycle from which we obtain 

transmissivity of D.79E - 08 m3/Pas. 

5.2.3 Computer fits to analytical models 

Fig. 4 shows the best fit obtained with the model for 

infinite acting system using this approach . The computer 

printout of the measured data is shown in Table 8 • while 

the calculated data is shown in Tabl e 9 • The data were 
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fitted to within 0.22% of the measured data with the 

following reservoir and well parameters , which shows fairly 

good agreement with the results of the hand fit above. 

Pi • 106.4 bar (fixed); T. 0.99E-08 m3/Pas ; S· 0.18E - 08 

m/Pa; 5 • - 3.5; Co • 7.0E+04. 

Fig. 5 shows the best fit obtained using 

porosity model , with the computer printout of 

lated data shown in Table 10. The data were 

the double 

the calcu

fitted to 

within 0.04% of the measured data using the following wel l 

and re servoir properties . 

P = 106.4 bar (fixed); 

m/Pa j s -4.6; Co 

sf •. 62. 

T • 0.69E-08 m3/Pas; 

6 . 0E+QlIj "( 1 03 j y 

S • 0.1 6E - 08 

2.73E-04; 

It Is not possible to Indepedently d etermine the actual 

values of S, s , and CO. by monitoring pressure changes 1n 
the disturbance well , because they are interrelated. To 

determine good val uea of S 1 t is necessary to conduct 

interference tests . However. all fits used on well 501 

consistently indicated a negative skin factor. indicating 

the influence of the fracture intercepted at 1390 m and 

he nce the very good fit obtained us i ng the double po r osity 

model . 

5.3 Summary of fall - off tests 

a) Well 101 

The results of the analyses are summarized in Table 2. The 

fits with analytical models are shown in Fig. 6 and 7. 

Because of the ve r y short duration of this fall - off step. 

the exponential intergral type curve match and the analyti 

cal models do not give very reliable estimates of CO. S. 

and s. The data could be fitted to a range of Co from 1E+2 

to lE + ~ and s from - 3 to O. with similar accuracy. However . 

both analytical infinite acting a n d double porosity models 

gave average transmissivity of 4.8E - 08 m**3/Pas, with the 

type curve fit giving a higher value of a.oE - 08 m**3/Pas. 

Both MOH and Horner methods (Table 7) give lower values. 
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mainly because no sufficient time was allowed for the 
fall-off step. The analytical fits of within 0.05% of the 

measured data was obtained using bo t h the infinite acting 

and the double porosity models. 

b) Well 201 

The results of the analyses are summarized 1n Table 3. The 
fits with the analytical models are shown 1n Fig. 8 to 9. 

The best type curve match indicates a very large positive 

skin, with high well bore storage and a transmisslvlty of 

~.OE - 8 m3/Pas, which could not be fitted to the analytical 

models. The analytical fits give an average transmlssivity 

of 2.3E - 08 m3/Pas, and require a positive skin of about 10 

for good fits. The double porosity fit indicates large 

matrix storage. large fracture permeability with no 

restriction to flow in the fractures . The results could 

also be influenced by the fact that pressure was monitored 

far below the major pressure control point and by thermal 

recovery . The semilog methods (Table 7) give similar 

estimates for the transmissivity as inferred by the other 

methods. 

c) Well 301 

As has been observed in the summary of well data, this well 

has a very high gas content (about 3 . 4 % in total discharge 

(KPC 1985»), with average temperature of less than 240°C 

over most of the permeable interval. This high gas content 

results in two phase conditions between casing shoe and 

800 m, hence the ability of the well to discharge within a 

few hours after cold water injection. 

The fall-off step conducted in this well exhibits typical 

composite reservoir behaviour caused by thermal recovery 

within the two phase zone. During the fall-off step , 

pressure drops for six minutes, stays almost stationary for 

a further eight minutes before dropping again. After 42 

minutes when the fall - off step ended the pressure was far 

from stable (Fig. 10). This behaviour of well 301 is 

similar to that investigated by Garg and Pritchett (1981). 
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using a one dimensional vertical computer model to investi-

gate the effects of cold water injection 

reservoir. It was found that early time 

into a two phase 

of the fall-off 

step was dominated by condensation effects, with the 

condensation front acting like a constant pressure bound 

ary. At intermediate times, the condensation front begins 

to move towards the well (constant pressure period). The 

late time response is controlled by two phase conditions. 

In their analysis it was concluded that it Is not possible 
to o b tain absolute values of permeability from fall - off 

steps in two phase 

in this case can 
However, like for 

reservoirs. The value of the permeablity 
be obtained from the injection step. 

all Olkaria wells transient injection 

tests have not been recorded. Therefore the fall - off step 

of well 301 cannot be used to infer reservoir permeability. 

d) Well 401 

Two fall - off steps were conducted on this well, the first 

being at 1100 m after continuous water injection for over 

20 hours. The fall-off step at 1100 m lasted nearly two 

hours. The results of the analyses at this depth are 

summarized in Table 5. The fits with analytical models are 

shown in Fig . 11 and 12. The type curve match indicates a 

high well bore storage, a skin of +5 and a transmissivity of 

4.3E-OB m3/Pas. The infinite acting analytical model 

indicates lower transmissivlty of 2.4E-OB m3/Pas. The 

double porosity model indicates very high fracture 

permeability compared to the matriX, restricted fluid flow 

to the fractures and a transmissivity of 1.BE - OB m3/Pas. 

Both semilog methods (Table 7) grossly underestimate the 

transmissivity as no true semilog straight line developes. 

This prompted a repeat of the injection and fall-off steps 

one week after completion tests, with the test being 

conducted at 1000 m and the fall-off step lasting 130 

minutes. The results of the analyses at this depth are also 

summarized in Table 5 Fig. 13 and 14 show the fits with 

analytical models, which give similar values of transmis 

sivity, well bore storage and skin, with that obtained from 

the type curve match. The double porosity fit indicates 

large matrix storage, with smaller fracture permeability 

and less restricted fracture flow compared with the test 
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performed at 1100 m. The positive skin indicated in both of 
these tests Is consistent with the fact that a permeable 

zone Is cased off just above the casing shoe. The semilog 

methods (Table 7) give a fairly good estimate of the 

transmlss1vlty inferred by the other methods. 

e) Well 501 

Data from the fall-off step at 1300 

presented above. The fall-oft' step at 

m. has already been 

, llaO m preceded the 

one at 1300 m and was conducted after continuous injection 
for 13.5 hours, the fall - off step lasting 5 hours. The 

results of the analyses at this depth are also summarized 

In Table 6. The analytical fits are shown In Fig. 15 and 

16. The results show generally lower transmlssivity than In 

the test conducted later at 1300 m. The semllog methods 

{Table 7}, give similar results to that obtained from the 

type curve and the analytical fits. 

5.4 Recovery tests 

The recovery tests of wells 101 and 201 following discharge 

were analysed using the infinite resevoir type curve match, 

semi log and the analytical infinite acting and doulble 

porosity models. It was generally found that because of the 

initial two phase conditions around the well, the early 

time response could not be accurately fitted with either 

the type curve match or the analytical infinite acting or 

double porosity models. In the analytical models, the same 

iteration procedure to that used in the fall-off tests was 

used. Because no good type curve match was obtained, 

initial guess values of transmissivity were obtained from 

the semilog methods with initial guess values of CO. S. and 

s from the fall-off steps analyses. Similar guess values 

oft, Y and Sf as for the fall-off steps were used in the 

double porosity fits. The programme required 10-20 itera

tion steps to obtain the best fit to the measured data. The 

results are summarized below. 
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a) Well 101 

Pressure recovery of th i s well was monitored both at the 
wellhead and at 1000 m, following 387 days of discharge. 

Only data at 1000 m is considered for analysis, because 
wellhead recovery does not give true representation of 

total pressure recovery In the well below the water level. 

The discharge produced a drawdown of 30 bara at 1000 m and 

pressure recovers very rapidly to stabilized values 

indicating a very small radius of influence and high 

permeabilIty away from the well face. Estimation of the 

transmisslvlty assummlng a radius of influence of 50 m 

yields a value of a.5E-OB m3/Pas. 

The pressure recovery is influenced by thermal 

condensation In the the two phase zone. The 

which single phase conditions should exist 

recovery and 

pressure at 

in the well 

depends both on the reservoir temperature and and the gas 

content of the reservoir fluid. The total gas content of 

the discharge fluid of well 101 is 0.44% by mass (KPC 

1985). If the reservoir temperature is 250°C then the 

partial pressure of C02 is given by Sutton (1976), as: 

where 

n - a( T)Pc, 

n 

Pc 

a (T) -

mass concentration of C02 

partial pressure of C02 (Pa) 

(5.4 - 3.5T/100 +1.2 (T/100)2)E - 09 

Using the gas concentratio n above we obtain a gas partial 

pressure of 10.6 bar. The minimum pressure for single phase 

condi tions to exist is the sum of the saturation pressure 

at 250°C and the gas partial pressure. For this well this 

becomes 50.4 bara . Thus the pressure recovery of this well 

is completely masked by two phase conditions for the first 

two hours followed by near stabilized conditions. Because 

of these two phase conditions a fit with the infinite 

acting type curve or analytical models could not be 

obtained. 
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The large pressure drop close to the wellbore is probably 

caused by scale deposits (mainly calcite ) , in the formation 
around the well due to the high C02 content of the fluid. 

A similar interpretation was presented by Petty (1983), in 

the analysis of the effect of scaling on pressure transient 
data. which shows that erroneous results will be obtained 

if reservoir properties are calculated from the drawdown 

data , hence the small value o f transmissivity calculated 

from the well productivity index using a drawdown of 30 

bar. 

Riney and 

behavior of 

Garg 
well 

(1981 ) 

Saca 

analysed the 

4, 1n which the 

pressure 
effect 

transient 

of C02 Is 

considered. Their analysis shows that semilog methods can 

be used after single phase conditions exist in the well . 

Using this method on the recovery data of well 101 both 

semi log methods (Fig . 17 and 18) yield a slope of 0 . 2 

bar/cycle 

17.9E-08 

from which we calcu l ate a 

m3/Pas. This value i s much 

transmissivity of 

higher than that 

obtained from the injection tests. These results are also 

summarized in Table 2. 

b) Well 201 

Pressure recovery of this wel l was monitored at 1000 m, 

following 281 days of discharge. The discharge produced a 

drawdown of 13 . 0 bar at this depth and a similar analysis 

to that of well 101 yields a transmiss!vity of 5.0E - 08 

m3/Pas. 

The pressure recovery is slightly influenced by thermal 

recovery and gas content of the discharge. The well has 

about 0.01% gas by mass, with a reservoir temperatur e of 

about 2~0°C. The gas partial pressure is 1.8 bar. There 

fore, single phase conditi o ns should exist at 36.3 bara, 

which occurs after only 20 minutes of shut in. 

Thus for this well both the type curve match and the 

analytical infinite acting and double porosity methods were 

used. No good fit was obtained using the type curve match 

and the analytical infinite acting model. Fig. 19 shows the 

fit obtained with the analytical double porosity model. 



Because of apparent fluctuation 

data up to 17 days of shut 

porosity fit indicates a high 
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i n later time recovery only 
in were used. The double 

transmissivlty of 11.2E - OB 

mJ/Pas with apparently large skin caused by two phase 

conditions existing around the well prior to shut In. The 

fit also indicates large well bore and matrix storage and 

relatively high fracture permeability, with no restriction 
to fluid flow in the fractures . 

The MOH and Herner methods (Fig. 20), both yield a slope of 

0.5 bar/cycle from which, we calculate a transmlss1vlty of 
16.1IE-OB m3/Pas, which is much higher than that obtained 

during the injection tests. These results are also summa 

rized 1n Table 3 . 

5.5 Analysis of well injectlvlty 

Values of well injectivity from the step injection tests of 
wells 101 to 501 have already been presented in the summary 
of well data. This injectivity is obtained by measuring the 
static rise in pressure at each pump rate during the step 

injection test. For Olkaria wells injectivity has generally 
been found to increase with injection rate and also with 

the duration of pumping. Thus to obtain reliable values of 

injectivity it is necessary to conduct injection steps of 

long enough duration to eliminate well bore storage effects. 

The value of the well injectivity obtained during cold 
water injection into a hot water reservoir is a non
isothermal value but can be related to the isothermal 
injectivity index, and be used to inf e rr well poductivity 

and transmissivity as long as the radius of the cold spot 
can be evaluated, and the apparent viscosity obtained, 

Sigurdsson et al (1983). 

Because of the increase in injectivity with in j ection rate 

and the fact that in j ection steps of short duration were 
used on most of the wells, no reliable estimates of 

transmissivity are 
injectivity. However 

possible from 

since these are 

these values of 

the only values 
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available for estimation of the transmlss1vlty of well 301. 
an estimate of transmisslvlty is obtained by assuming an 
effective radius: 

2.303II 
T • 

2. 
11 • Non isothermal injectivity 

index 

The value of re assumed does not make a large error once 

the log term is taken and we use a re _ 50 m. The values of 

transmlss1vlty obtained 

in Tables 2 to 6, in 

from this estimate 

which it is found 

are summarized 

that generally 

higher estimates than obtained from the transient tests are 

obtained. From this estimate the transmisslvlty of well 301 

15 found to be higher than 4.8E-OB m3/Pas. 

5 .6 Reservoir permeability 

The tabl e below summarizes the values of reservoir 

transmlss1vlty obtained for the O!karia West field together 

with the permeability thickness product and the absolute 

permeability of the reservoir assuming the reservoir 

extends over the interval in which permeability was 

encoutered in the well. 

WELL 

NO. 

TRANSMISSIVITY 

m3/Pas 

E- 08 

a. FALL-OFF TESTS 

1 01 5.0 

201 2.2 

301 >4.8 ? 

401 2.2 

501 0.85 

b • RECOVERY TESTS 

1 01 17.9 

201 1 4 • 0 

TEMPERATURE THICKNESS kh k 

m d-m md 

250 1000 5.5 5.5 

240 500 2.5 5.0 

250 1000 5.3 5.3 

240 1000 2.8 2.8 

250 500 0.93 1 . 9 

250 1000 1 9 . 5 19. 5 

240 500 1 5 • 8 31.6 

---------- ----------- -- ----------- ---- ---------------- -- ---



43 

In calculating the kh for the reservoir using the fall - off 

steps, the value of hot water viscosity Is used. This Is 

consistent with the results of Cox and Bodvarsson (1985), 

1n their analysis of non isothermal injection tests 1n 

porous and fractured media. 

In calculating the kh from the recovery tests. reservoir 

properties of saturated liquid are used. because two phase 

conditions 1n the well are only transitional lasting only 2 
hours in well 101 and 20 minutes in well 201, 

The fall-off 

permeability 1n 

steps 

excess 

indicate an average reservoir 

of 5.0 md for all the wells in which 

extensive fracture zones are encoutered. 

indicated 

permeable 
for 
zone 

well 401 

at 800 m, 

Is due to the 

while well 501 

intercept a large enough fractured zone. 

The smaller value 
casing off of a 

does not seem to 

Recovery following discharge, indicates much higher 

reservoir permeability, but these results have to be 

confirmed from the repeat tests as there was considerable 

scatter in the later time recovery data. 

5.7 Comparison with Olkaria East 

Table summarizes the reservoir properties of the Olkaria 

East field from the initial well test analyses, history 

match and a reanalysis of the recovery tests and some 

fall - off tests by KRTA Ltd (KPC 1984b). The major conclu

sion from these data is that well tests performed on the 

Olkaria East wells generally do not give good indications 

of the reservoir properties. The fall - off tests generally 

over - estimate the transmissivity, because for most of the 

Olkaria East wells the injection steps lasted only 20 to 40 

minutes followed by similar duration of fall-off step. Non 

isothermal effects and well bore storage greatly influenced 

these resul ts. 

The recovery tests of Olkaria East wells on the other hand 

generally under-estimate the transmlssivity mainly due to 

two phase transients predominating in these wells during 



discharge, because the Olkaria East field shows saturated 
liquid conditions below the steam cap. 

Comparison of the results obtained for Olkaria West with 
those of the history match of Olkaria East wells, shows 

that the reservoir permeability of Olkaria West wells 

intercepting fractures compares with that indicated for the 

best wells in Olkaria East. However, larger outputs should 
be expected from the Olkaria West wells because of the low 

discharge enthalpy of these wells. 

5.8 Recommendations for future testing 

In order to obtain reliable estimates of the reservoir 
transmissivity the following testing procedure should be 

adopted. 

1. Well testing should start immediately after drilling is 
completed, without allowing the well to recover in tempera

ture, in order to minimize the effects of thermal recovery. 
At present the wells are allowed to recover in temperature 

for periods of over two days in order to perform water loss 
tests, for identification of permeable zones in the well. 

This is not necessary and permeable zones in the well 
should mainly be assessed from losses during drilling, 

temperature profiles during pumping and from temperature 
and pressure recovery during heating prior to discharge. In 

some of the wells, e.g well 401, completion tests have been 

delayed for several days in order to perform water loss 

tests. 

2. During injection tests pressure instruments should be 

kept at a fixed depth throughout the duration of the 
injection and fall-off steps in order to measure accurately 
the small pressure changes. Moving the intruments during 
tests introduces errors due to hysteresis in pressure 

recorders and possi ble depth discrepancy wich can affect 
the small pressure changes. 

3. At present only the transient pressure fall - off steps 

are analysed. The transient pressure injection steps should 

also be recorded and analysed in similar manner. 
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4. Quite often the early time data are missing from the 

fall - off step records. Where possible these should be read 
from the downhole pressure recorder charts and used to 

check the values of the reservoir and well properties 
obtained in the analyses presented 1n this report. With the 

acquisi tion of surface recording equipment. more accurate 

records of pressure from the injection and fall - off steps 

should be possible. 

5. Fall-off steps conducted in well 501 indicate that 

wellbore storage effects last in excess of one hour. 

Therefore in order to minimize the effects of well bore 

storage, fall - off steps of at least 3 hours each should be 

used. with similar duration of injection steps. The actual 

values of optimum injection fall-off step duration will 

vary from well to well and should be estimated with a short 
fall-off step of about 1-1.5 hours prior to the start of 

the step injection test. The duration of the tests can also 
be designed based on field experience and knowledge of 

zones cut by drilling. 

6. Pressure recovery data show considerable scatter some of 
which could be due to instrument error and the fact that 

excessive pressure leakage occured during the recovery runs 
in which whole well profiles were taken. Pressure leakage 

during the runs should be minimized by using sealing glands 
and good wellhead valves. For the purposes of pressure 

recovery at a selected depth, spot recovery runs should be 

taken at this depth, which will minimize the disturbance in 

pressure profile caused by excessive pressure leakage. 

7. Interference tests should be carried out for evaluating 

reservoir properties and boundary effects over a larger 

area. Recent interference tests at Ngahwa and Ohaaki 

geothermal fields in New Zealand (McGuiness, 1984) show 
that response to prodution/injection is observed within one 

hour at a distance of 2 km. 

8. Every effort should be made to measure well outputs 
accurately, it necessary using pressure separators, as 

analysis of transient pressure recovery tests critically 
depends on measured values of mass output and enthalpy. 
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6 GENERATING CAPACITY 

6 . 1 Stored heat assessment 

KPC (1984b) gtves a stored heat assessment of the Olkaria 

geothermal resource. The reservoir capacIty Is obtained by 

using the following reservoir parameters for the entire 

resource area. 

Porosity 0.12; Rock density 2680 kg/rn3: Rock specific heat 

capacity 820 J/kgOC: Water density 830 kg/m3; Water 

specific heat capacity 4.75 KJ/kgOC; Thermal recovery 

factor 0.5; Conversion efficiency 0.15. 

The following temperature distribution is assumed: 

Depth (m) Temperature (OC) 

500 200 

800 250 

900 260 

1 1 50 280 

1 400 300 
1900 330 

Using these reservoir parameters, the following generating 

capacity Is obtained: 

Depth Average Thermal Electrical Sustainable 

interval temp capacity capacity output for 

(m ) ( 0 C ) PJ/km2 MW yr/km 2 25 years 

MWe/km2 

500 - 800 225 1 4. 5 35 1 . 4 

800 - 900 255 13.2 31 1 . 2 

900 - 1400 280 96.2 229 9.2 

1400-1900 315 1 38.4 329 1 3.2 

Total 624 25.0 
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Using an aerial extent of 100 km2 as defined by the low 

resistivity boundary. it is apparent that the Olkaria 

geothermal field constitutes a substantial resource of 

about 2500 MWe for 25 years, but 90% of this energy 
resource is 1n the depth interval 900-1900 meters. 

6.2 Reservoir depletion study 

6.2.1 Model used 

In order to study the depletion process of the entire 

Olkaria reservoir, without confining the study to Olkaria 

East as was done 1n KPC 1 984a. a three dimensional three 

layer model shown in Fig. 21 and 22 was used. wl th the 

field divided into five areas along the existing faults and 

fractures. Because 90% of the energy is below 900 meters, a 
one km thick caprock was used. with the reservoir extending 

to a depth of 2 km. The ini tial temperature and pressure 

distribution and the horizontal permeability for these five 

areas is summarized below: 

Area Location Average Average Total Horinzontal 

temp pressure area permeability 

Bar (a) km2 md 

Olkaria East ( A - 1 ) 282 0.2(b) 25.0 8.0 

2 Around well 501 (A - 2) 280 lOO 17.0 8.0 

3 Around wells 301 and 

601 (A-3) 300 120 29.0 8.0 

4 South of well 301 

(A-4) 280 90 17.0 8.0 

5 Between Olol-Butat 

and well 401 faults 
(A - 5) 230 90 7.6 B.O 

6 Olkaria fault 300 1 1 0 1 .25 50.0 

7 Olkaria 1 01 fracture 280 90 0.61 50.0 

8 01 kar la 401 fault 230 90 0.61 50.0 

9 Ololbutat f aul t 200 90 o . 61 50.0 

----------------------- ----- ------------------------------
( a ) Average pressure at depth of 1500 meters 

( b ) Average vapour saturation caused by current production, 

(from history match at the end of 1983) . 
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The assumed temperature distribution for the reservoir area 
is the average as indicated by the drilled wells within the 
area. The value of horizontal permeability used in the 

reservoir areas Is intermediate between that obtained from 

fall - off and recovery steps analyses for Olkaria West wells 

and also corresponds to that obtained from the history 

match for the best wells 1n Olkaria East. The faults are 

modelled as highly conductive channels with average width 

of 10 meters and extending to the reservoir bottom. 
Vertical permeability is assumed to be one tenth of 

horizontal permeability for all elements. 

Each reservoir element has a sIngle confining caprock 

element above at an average temperature of 150°C with 

permeability about one hundredth of that in the reservoir. 

An atmosphere at a constant temperature of 25°C is above 

the caprock. The entire reservoir is underlain by a single 

large element at' a constant temperature of 320°C with 

permeability about one fifth of that in the reservoir. The 

atmosphere and the base elements are held at a constant 

temperature by specifying an artificially high specific 

heat capacity. 

All internal boundaries are modelled as flow boundaries 

except for the boundary between Olkaria well 101 fracture 

and the Olkaria fault which is modelled as a no flow 

boundary. All outer boundaries are no flow boundaries (i.e . 

no recharge from the sides). Flow from the base element 

into the reservoir is allowed through the interconnecting 

faces. Relative permeabilities are assumed to be linear 

functions of vapour saturation in the producing elements 

and full gravity is modelled. For more details concerning 

the generation of connections and the computation proce

dure, refer to Shaft79 users manual (Pruess and Schroeder, 

1980)~ The following reservoir properties are held constant 

throughout the simulation. 

Porosity (faults) 0.05: Porosity (all other elements) 0.02: 

Rock density 2650 kg/m3; Rock Specific heat capacityl,OOO 

J/kgOC; Rock conducitivity 2.0 W/m 2 oC: Residual immobile 

water saturation 0.35; Residual immobile steam saturation 

0.05; Perfectly mobile steam saturation 0.55. 
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The value of reservoir poras! ty used corresponds to that 

used for the Quter elements 1n the history match for 
Olkaria East. 

6.2.2 Generation rate 

Even if t he Olkaria geothermal field constitutes a very 

large resource, development 1s likely to proceed in small 

stages, 1n 11ne with power demand as has been the case for 

Olkaria East. Therefore, in order to study the depletion 

process wi th the very coarse model used. the following 

constant mass generation rates were used. 

Area Mass flow 

kg/a 

Initial steam 

at 6 bar kg/s 

Initial 
MWe (a) 

1 70 59 .0 23.0 

2 200 5~.0 21 .7 

3 200 6~.6 25.9 

~ 200 5~.0 21 .7 

5 300 ~6.2 18.6 

Total 1070 277.8 11 0 . 9 

(a) Using 2.5 kg/s steam per MWe 

The mass output used for the Olkaria East corresponds to 

the current total mass output while generating 45 MWe. The 

difference 1n the equivalent 

in this study, is due to 

saturation in the producing 

power output from the one used 

the fact that actual vapour 

elements is much higher than 

the average value assumed for the single element represent 

ing this area and contribution from the steam zone being 

neglected by using a 1 km thick caprock. 

Because the steam quali ty In the producing elements 

increases with time, imposition of a constant mass genera

tion rate will result in an increase in steam proportion 

wi th time. The co nstant mass generation rates were thus 

selected with this constraint. 
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The simulation was initIally carried out 1n three small 
time steps, beginning with a time step of B.B hours and 
Inc r easing it by a factor of ten twice. A full simulation 
was then carried out for a period of 1 6 years, with 

production from all areas. Because thermodynamic properties 

In area 5 were out of range after 15 years as the area 

produced superheated steam, the simulation was repeated for 
thirty five years without production from this area. At 

34.7 years the simulation was terminated as thermodynamic 

propertIes In area 4 also went out of range following its 

depletion. 

6 . 2.3 Results of simulation 

The results of the reservoir depletion study are summarized 

in Figs. 23 to 25 which show the variation In pressure, 

vapour saturation and production enthalpy in the five areas 

with time during the 35 year simulation period. 

Pressure in all the producing elements (Fig. 23) Quickly 

drops within the first few months of production and then 

declines slowly. as vapour saturation increases. Vapour 

saturation in area 5 reaches 100% in 15 years (Fig. 24) 

after which the pressure Quickly drops as the reservoir is 

depleted. When no prodution is imposed on area 5. the 

pressure drops slowly to the saturation value in about 

seven years, and then slowly increases as the liquid begins 

to boil due to the heat supply from the base element, 

reaching a saturation of 15% after 35 years of production 

from the other areas . 

Vapour saturation in area 4 reaches 100% at 33 years after 

which the pressure Quickly drops as the area is depleted 

and would soon be followed by area 2 (where vapour satura

tion after 34.7 years is 98.5%), if a longer production 

period were used. 

Production enthalpy in area 5 rises to 2800 KJ/kg after 9.5 

years (Fig 25), as vapour saturation exceeds 65% and liquid 

mobility drops to zero. Pure steam production occurs after 

19.5 years in area 4, 21 years in area 2, 21.5 years in 
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area 1 and 26.3 years In area 4. The total steam production 
at 30 years (no production from area 5) is equivalent to 

over 300 MWe and at the end of the simulation when area 4 

Is depleted, the production Is equIvalent to 230 MWe. 

At the end of the 34.7 years simulation period. no consid 

erable change has occurred in the temperature of the 
producing elements and the final condition is as follows: 

Area 

2 

3 
4 
5 

Temp 

( 0 C ) 

278.5 

274.5 
297.0 
274.5 
230.7 

Vapour 
saturation (:0 

85.4 

98.7 
78.8 

100.0 
1 5 . 1 

Pressure 
Bar 

62.9 

59.6 
82.4 

7.7 
28.3 

Of the original fluid mass In the reservoir only 22% 

remains after 34.7 years of production, but of the original 
energy In place only 3% has been extracted because 98% of 

the energy Is in the rock. 

BoilIng takes place In all the fault elements and after 

34.7 years vapour saturation exceeds 6Q%. the highest being 

86% for the Olkaria fault. 

6.3 Discussion 

From the stored heat assessment it is evident that the 

Olkaria geothermal field comprises a substantial resource, 

but the recoverable resource depends on the thermal 

recovery factor. which Is very difficult to quantify. The 

recoverable energy also depends on the effective rock 

porosi ty whi ch could be lower than the val ue used in this 

stored heat assessment. 
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From the simple model used in this depletion study, using 

an effective porosity of 2%. the Olkarla field can support 
an average of 250 MWe for 35 years, if no recharge takes 
place. This effective porosity corresponds to that used for 

the outer elements in the history match of production for 

Olkaria East. If the effective porosity Is that low, then 

the depletion study shows that economical energy recovery 

will depend greatly on recharge to the system. Area 5 

cannot be economically used for power generation because of 

the low temperature. 

To this simple model, effects of recharge to the system, 

division of the reservoir area into smaller elements, 
varying thickness of the caprock, temperature variation 

with depth, and variation in permeability and porosity can 

be investigated. However, these were beyond the scope of 

this study. 
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Fig. 1. Location of Olkaria geothermal field and temperaturel 
pres s ure distribution at 1000 masl. 
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F 1 g . 3 . Seml10g plot of pressure fall-orr at 1300 m in well 501 . 
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rnCHB WELL 501 FAL L-OFF AT 1300 M 
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Fi g. 4 . Analytical infinite acting r'e~ervoll" rlt or pressure 
fall-orr at 1300 • In well 501 . 
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F 1 g. 5. Analyt ica l dOll bl e porosity fit or pressure fall - otr at 

1300 m In well 501 . 
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EElCH8 WELL 101 FALL-OFF AT 1200 M 
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Fig. 6. Analytical i nfin i te a cting reservoir rit or pressur e 

tall-oCr at 1200 • 'n we ll 10' • 
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Fig. 7. Analyt1cal double porosity rit or pressul"e fall-ofr at 

1200 • 'n well 101 . 
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EElCH8 WELL 201 FALL-OFF AT 1900 M 
TIME (minI 

10' • • • .d • • • •• d • • • I la' 
1113. 1'53. 

Infinite acting reservoir best fit 
1-411. 1411. 

0 , t." t o 01 

• , 1.15 ( '0 • 
t<l!!. .., 1"5 . 

0 " ' 
... t+04 

I_U. 
"I .151 .' '-, 

U1. , 
• "-
"- 131. • • 137. • • , , • • • • • 133. • 133. • 
f • 

0 

'28. 0 '28. 
• 

0 

"'. "'. 
121. 121. 

10' , • • 10' 
, • • • Ht , • • • ir! 

TIME (mlnl 
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Fig . 9. Ana l yt ical double por os! ty tit ot pre ssure t all-orr at 

1900 m .n well 201 . 
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rnCK8 WELL 401 FALL - OFF AT 1100 M 
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Fig. 11. Analytical infinite acting reservoir fit of pressure 
tall-off at 1100 m In well 11 0 1 • 
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Fig. 12 . Analytical double porosity fit of pre ssure fall - off at 
1100 m In well 1101. 
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El1CHB WELL 401 FALL-OFF AT 1000 M 
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Fig. 1 J. Analytical infinite acting reser voir rit or pressure 
t'all-off at 1000 • In well 401. 
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Fig. 14 . Analytical double pooroslty ttt or pressure fall-ofr at 
1000 • In well 401 • 
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me .. WELL 501 FALL-OFF AT 1400 M 
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Fig. 15. Anal y tical infinite acting reservoir fit of pres s ure 
fall - oCr at 1400 • In well 50 1. 

meltS WELL 501 FALL-OFF AT 1400 M 
TIME (min) 

10' , • • 10' , • • • If! , • • • If! 
, ... 125. 

Oouble porosity best fit 
121. 121. 

-, , ,24.' M. , 4 .4. ,." 
U7. I I.H 1-0' 117. 

4 .lI 

'0' ... r·04 
liS. • 1.04 [.02 US. 

0 

0 y I." f· 04 " " " . 0 . 1' " " 
UIII. tOil. • • , , • • • " • 105. 105. • " • • • 
101. 101. 

I? I? 

n . ... 
10' , • , • id , • • • 1~ , • • I 10' 

TIME {minI 

Fig. 16 . Analytical double porosity fit of pressure fall-off a t 

1400 • In well 501 . 
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ffiCH8 WELL 201 RECOVERY AT 1000 M 
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TABLE 1: Summary of data from Olkarla East wells 

Well Transmlss1vity m3/Pas/E - 8 History Anlyses Average 
no. -- ---------- -------- -------- --- match by KRTA output 

l njectivity Fall-off Recovery ( 1 2 ) 
index kh/dm kh/dm kg/a 

2 2.75 1 3 • 9 

3 0.75 5.6 
q 1. 50 
5 3.00 12.5 
6 0.85 3.50 0.85(r) 6.9 
7 1 .25 q.2 

8a q.O 2 . 8 2.3 o. q5 3.5(f) 5.0 
9 , .00 1.5(r) 3.6 
10 1 .9 2.15 1 1 • 1 

1 1 8.7 1.6 4.00 8.3 
1 2 1 q . q 2.3 q.50 2.3(r) 1 q . 7 

1 3 q.6 5. 7 2.8 l.1(r) 6. q 

1 4 3.6 2. 0 2.2 1.3(r) 6. q 

15 3 . 9 1 . 8 8.8 1.4{r) 10.0 
1 6 q.5 q. 1 8.5 q .1(r) 1 8 . 9 
17 3.3 0.80 0 . 30 q.o 0.30(r) 5.6 
18 5 • 8 1 .70 1.3 3.0 0.68(r) 10.0 

19 2 . 1 0.40 0. 0 6 1 . 5 O.16r/2.0r 9.7 
20 5. q 1 • 1 0 O. q- 1.q 1. 75 7.2 

21 5.2 0.65 1. 5-q.9 1. 75 0.29r/6.1f 5.6 
22 7.2 1 .00 q.0-13.0 2.0 6.9 

23 3.q-5.5 2.10 3 . 9-5.5 1 . 5 2.7f 6.7 
2q 3 . 9 4.00 1.5- 2.9 0.97r/5.3f 9.7 

25 2 . 8 2 . 1 3 . 3 8.H , 1 • , 

26 7.5 2 . 1 3.5f 1 3 . 9 
- --- --- - -- ------- - -- ----- -------- ------ -- - ------- -- - -- ------ --------- -
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TABLE 2: Results of transient pressure analyses, wel l 101 

Type of 
test 

Injectlvlty 

Fall-off 
at 1200 m 

Drawdowr. 
at l OaD m 

Recovery at 
1 00 0 m 

Type of 
analyses 

Injectlvlty 
Index 
Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MOH 
Horner 
KPC (Horner ) 

Productivity 
Index 
MOH 
Horner 
KPC (Horner ) 

T/E-oa 
m3/Pas 

5.5 

4.8 

4.8 
8.0 
4.2 
3.7 
3 . 6 

0.5 

1 7. 9 
1 7 . 9 

0. 02 

S/E - 08 
m/Pa 

0.6 0 

0.69 
, .00 

co 5 

t .2E+4 - 3.0 

1.1E+4 - 3.0 
1.0E·4 0 

TABLE 3 : Re s ults of transient pressure analyses. well 201 

Type of' 
test 

Injectlvlty 

Fall-off 
at 1900 m 

Drawdown 
at 1000 m 
Recovery 
at 1000 m 

Type of 
analyses 

InJectlvity 
Index 
Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MOH 
Horner 
KPC (Horner) 

Poductlvlty 
Index 
Analytical 
double porosity 
MOH 
Horner 
KPC (Horner) 

T/E-8 
m3/Pas 

1. 83 

2.2 

2.6 
4.0 
2. 1 
2.2 
0.17 

5.0 

1 1 • 2 
1 6 • 4 
16. 4 
1 2 • 9 

s/E - 8 
m/Pa 

2.7 

2.3 
0.06 

9.9 

CD 5 

1 . 3E+3 1 0 

2.3E+3 1 3 
1.0E+5 20 

4.7 E+ 3 1 3. 5 

TABLE 4: Re s ults or transient pressure analyses. well 301 

Injectivity 

Fall-off 
at 1000 m 

Injectivity ind e x >4.8 

MDH / Horner No s t raight line 
-- --- ---------------------------------- ------------------ --
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TABLE 5: Results of transient pressure analyses, well 401 

Ty pe of 
test 

Injectivity 

Fall-off 
at 1000 m 

Fall-off 
at 1 1 00 m 

Type of 
analyses 

Injectivlty 
Index 
Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MOH 2.0 
Horner 
KPC (Horner) 

Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MOH 
Horne r 
KPC (Herner) 

T/E-8 
m3/Pas 

>.97 

2.6 

1 . 9 
2.3 

1 .5 
0.33 

2.4 

1 . 8 
4 . 3 
0.41 
0.35 
0.31 

S/E-8 
m/Pa 

0.71 

0.25 
1 . 0 

1 . 7 

3.5 
0.59 

co s 

1. SE+J.t 6.6 

4.3E+4 3.6 
1.0E+4 5.0 

1.5E+4 5.5 

4.3E+4 2.8 
, . OE+5 5.0 

TABLE 6: Results of transient pressure analyses, well 501 

Ty pe of 
test 

Injectivity 

Fall-off 
at 1300 m 

Fall-off 
at 1400 m 

Type of 
analyses 

Injectivity 
Index 
Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MOH 
Horner 
KPC (Horner) 

Analytical 
infinite acting 
Analytical 
double porosity 
Type curve 
MDH 
Horner 
KPC (./iorner) 

T/E-8 
m3/Pas 

0.84 - 4.0 

0.99 

0.69 
0.75 
1 . 1 8 
0.79 
0.78 

0.45 

0.44 
0.39 
0.70 
0.54 
0.45 

S/E - 8 
m/Pa 

O. 1 8 

O. 1 6 
0.08 

O. 17 

O. 1 4 
0.07 

CD s 

7.0E+4 - 3.5 

6 . 0E+4 -4.6 
1.0E+5 -5.0 

4.7E+4 -4.2 

6.0E+4 - 4.3 
1.0E+5 - 5.0 



TABLE 7 , Results of semilog analyses of fall-off tests 

Well De pth Type of Slope of T!E - 8 Duration Sta r t of 
no . lDonitored analyses plot m3!Pas of fall - off se milog 

!meters bar!cycle step!s l1ne/s 
---------- --- ---------------------------- --- ---------------- -- --- ---- ---
101 1000 MOH 1.2 , . 2 2.114£"3 >5 . 0£"2 

Horner 1. 35 3.7 
201 1900 MDH 2.2 2.1 3 . 60£+3 >1.7£"3 

Horne r 2.1 2 . 2 
'01 1000 MDH 2 . 6 2.0 7.8£"3 >2 . 2 £+3 

Horne r 3 · , 1 . 5 
'01 1100 MDH 12 . 0 o • 111 7.1 £ '" 3 >11 . 0£+3 

Horner 14 . 0 0 . 35 
501 1300 MDH '.3 1 . 18 2.87E .. 4 >7. 0£+3 

Horner 6 . ' 0.79 
501 1400 MOH 5.9 0.70 1.82E+4 >1.2E+4 

Horner 7.6 0 . 54 
-- ----------- --- ----------------- -------- ---------------- ----- -- --------

TABLE 8 , Fall - off data from well 501 at 1300 m 

Date: 8 4- 12-19 Measured data: 

Time 
ro!n 

0.0 
7.4 

1 4 • 8 
2 2 . 2 
29.6 
36.9 
44.3 
5 9.1 
73.9 
88 . 7 

10 3.5 
13 3.0 
177.0 
2 37.0 
266.0 
29 6 . 0 
355.0 
38 4.0 
443.0 
479.0 

Pressure 
bar 

106.40 
98 . 30 
95.30 
93.60 
92.30 
91 .30 
90.50 
89.40 
88 . 60 
88 . 00 
87.50 
86.80 
86.10 
85.50 
85.20 
85.00 
84.70 
84.60 
84.40 
84.30 

Q 
lis 

27.67 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.0 0 

0.00 
0.00 
0 . 00 
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TABLE 9: Computer fit to infinite acting system for well 501 
fall - off at 1300 m 

Date: 84-12-19 Radius of hole (m) 0.108. 
Results of i nfinite acting reservo i r interpretation . 

Initial pressure (bar): 
Transmissiv i ty T (m3/ Pas): 
Formation s t orage S (m/Pa): 

Well bore sk i n s: 
Well bore storage CD: 

1.a64E+02F 

9.918E - 09 
1.820E - 09 

- 3.527E+00 
6.988E +04 

No. Measured 
pressure 

bar 

Calculated 
pressure 

bar 

Deviation from measured 

bar 

0.98 30E+02 0.9878E+02 - 0.4803E+00 0.5 

2 0.95 30E+02 0.9527E+02 0.2980E-01 0.0 

3 0 . 93 60E+02 0.9327E+02 0 . 3319E+00 0.4 

4 0.9230E+02 O.9198E+02 O.3220E+QO 0.3 
5 0 . 91 30E+02 0.9108E +02 O.2191E+OO 0.2 

6 0.90 50E+02 0.9040E+02 O.1032E+QO o . 1 

7 0 . 8940E+02 0.8942E+02 - 0.1514E - 01 0.0 . 
8 0.88 60E+02 0.8872E+02 - 0.12 11E+00 o • 1 

9 0.88 00E+02 0.8819E+02 - 0.1879E+00 0.2 

1 0 0.87 50E+02 0.8776E+02 - 0.2559E+00 0.3 

1 1 0 . 86 8 0E+02 0 . 8708E+02 - 0.2827E+00 0.3 
1 2 0 . 8610E+02 0.8635E+02 - 0.2484E+00 0.3 

1 3 0.85 50E+02 0.8562E+02 - 0.1246E+00 o . 1 

1 4 0.8520E+02 0.8534E+02 - 0.1440E+00 0.2 

1 5 O.85 0 0E+02 0.8509E+02 - 0.8651E-01 o . 1 

1 6 0.84 70E+02 0.8465E+02 0 . 4692E-01 o • 1 

1 7 0.84 60E+02 0.8447E+02 0.1326E+00 0.2 

1 8 0.8440E+02 0.8413E+02 0 . 2686E+00 0.3 

1 9 0.8430E+02 0.8395E+02 O.3512E+OO 0.4 

----------- - - - ----- - - ------- - - -------- ----------- ----- ------- -
Variance: 5.4E-02 
Mean deviat i on: 0.22 % 
- ------------ - -- --------- - -- -- --- - ------ ------------- ------ ---
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TABLE 10: Compu~er fit to double poros i ty model for well 501 
fa l l-off at 1300 m 

Date: 84-12-19 Radius of hole (rn) 0.10B. 

Results of double porosity interpretation. 

Inital pressure (bar): 
Transmlss1vlty T (m3/Pas): 
Formation storage S (m/Pa): 
Well bore skin 5: 
Well bore storage CD: 

Relative fracture storatlvlty sigma: 

'.064E+02F 

6 .929 E- 09 
1.613E - 09 

Interporoslty flow coefficient gamma: 

-4.568E+00 
5.983E+04 
1.034E+02 
2.7170-04 
6.250E - 01 Fracture skin sf: 

No. Measured Calculated Deviation from measured 
pressure pressure 

bar bar bar % 

1 0.9830E+02 0.9830E+02 0.4302E-02 0.0 
2 0.9530E+02 0.9546E+02 - 0.1551E+OO 0.2 

3 0.9360E+02 0.9350E +02 0.1002E+00 o . 1 
4 0.9230E+02 0 . 9219E+02 0.1122E+OO o . 1 

5 0.9130E+02 0.9124E+02 0.5847E - 01 o . 1 
6 0.9050E+02 0.9050E+02 0.5750E - 03 0.0 

7 0.8940E+02 0.8941E+02 -0 .8 477E-02 0.0 
8 0.8860E+02 0.8863E+02 - 0.2822E - 01 0.0 
9 0.8800E+02 0.8803E+02 - 0.3215E-01 0.0 
1 0 0 . 8750E+02 0.8756E+02 -0.5669E - 01 o . 1 
1 1 0.8680E+02 0.8684E+02 -0.3923E-01 0.0 
1 2 0.8610E+02 0.8611E+02 - 0.5715E - 02 0.0 

1 3 0.8550E+02 0.8545E+02 0.4849E-01 o . 1 
1 4 0.8520E+02 0.8522E+02 -0.1993E-01 0.0 

1 5 0.8500E+02 0.8502E+02 - 0.1945E-01 0.0 
1 6 0.8470E+02 0.8471E+02 - 0.9065E-02 0.0 

1 7 0.8460E+02 0.8459E+02 0.1318E - 01 0.0 
1 8 0.8440E+02 0 .8438E +02 0.1767E - 01 0.0 
1 9 0.8430E+02 0.8428E+02 0.1987E-01 0.0 
-- - - - ------ - - -- - - - - - --- - ------ --------------------------- - -- --
Variance: 3.2E - 03 
Mean deviation: 0.04 % 
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