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ABSTRACT

Analysis of transient pressure tests for Olkaria West wells
shows that both infinite acting and double porosity models
can be wused to analyse the well behaviour and infer
reservoir properties from fall-off steps of 1long enough
duration, in 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.
Semilog methods give fairly good estimates of reservoir
transmissivity for the long fall-off steps but are highly
inaccurate when used independently, especially for the
short fall-off steps conducted in most of the wells.

Double porosity models can also be used for recovery test
analyses where two phase transients are not siginificant,
but semilog 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

average width of fracture
: wellbore storage coefficient m3/Pa
compressibility 1/Pa
defined by Eq (21)
reservoir thickness m

: permeability m?2

: Modified Bessel function of the second kind
defined by Eq (29)
slope of semilog line Pa/cycle
number of fractures

i mass concentration kg/kg

g pressure Pa

pressure change Pa

Laplace transform of P

flow rate m3/s

flow rate 1/s

radial distance m

skin factor
Laplace transform
formation storage m/Pa

: time s

t time change s

$ temperature °C

: transmissivity m3/Pas
fracture half length m

< % =2 =23 > ¢ o ®© 3 OO0 9WEe W3S B 8 AR X OMT 0 QO
o

volume m3

Greek symbols Subscripts
X B defined by Eq (27) D,d: dimensionless
U dynamic viscosity Pas i@ effective
o porosity i fracture system
w oot defined by Eq (27) m matrix system
¥ s defined by Eq (29) 8 1 skin zone
1 defined by Eq (29) t total
p density kg/m3 W wellbore
X based on fracture

half length
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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
. 8ix weeks on all aspects of geothermal 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 excurssion 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 c¢ollected 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 simula-
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.
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2 THE OLKARIA GEOTHERMAL FIELD

2.1 Geological structure

The Olkaria geothermal field is 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 kmZ2.
Initial field development was concentrated in an area of
4 km2 1located to the south~east and referred to as Olkaria
East. The development proceeded in small stages with the
commissioning of the first 15 MWe turbine in 1981. To date
25 wells have been drilled in 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 240°C
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%4a).

Trachyte lavas and tuffs with generally low permeability,
constitute the boiling reservoir , with most of the steam
produced from fractures and Jjoints in the basaltic and
pyroclastie 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,
1984b), 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: This was the first well to be drilled in Olkaria
West under the exploration programme and was sited to the
west of the Olkaria fracture zone. The well was completed
on 7/3/82 to a depth of 1616 m. The production casing is
set at 632 m and loss zones below casing shoe were encoun-
tered at 640, 910-990 m, with total loss of circulation at
1020 m. Below 1040 m, aerated foam was used with loss zones
detected at 1320-1350 and 1520-1530 m. This was further
confirmed by completion tests, pressure and temperature
recovery, and flowing temperature/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 interval 640 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 1/s lasting
fifty two minutes. Injectivity increases with injection
rate and exceeds 5.0 1l/s/bar, butinjection steps lasted
only 45-55 minutes and this value of injectivity could have
been influenced by wellbore storage. The fall-off step
lasted 41 minutes, but the well recovers very rapidly in
temperature at 650-750 m and non~isothermal effects
probably influence the result of the fall-off step.

Prior to major well discharge, the maximum temperature was
232°C at 800 m with an average of 203°C at 900-1400 m and a
bottom hole temperature of 232°C.

Results of discharge, show the average output to be
10.3-13.3 kg/s with enthalpy of 1260-1640 KJ/kg at 6.5 bara
WHP., However, these results were certainly influenced 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 drawdown 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 one year of
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shut in following discharge is 52.3 bara and temperature
runs show that temperatures have recovered considerably.
The maximum temperature 1is 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 4"
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 1is not clear how much of the
observed higher enthalpy during the first test was due to
water carry-over or actual boiling in 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 O0Olkaria 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 tests.
Indicated aquifers from completion tests, losses during
drilling,and chemical analysis of circulation flulds, are
at 960-1000, 1080-1120, 1220-1260 m, with minor aquifers at
1340-1350, 1456-1460, 1600-1700 m, and at 1900 m. This
well, 1is 1located on the Olkaria fault and cuts through
fractures in the interval 960 to 1460 m. Injectivity
inereases with injection rate and exceeds 1.67 1/s/bar, 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 1/s 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 237°C at 1000 m
with an average of 225°C at 1200-1800 m and a bottomhole
temperature of 193°C. The well mass output is 34.2 kg/s at
4.5 bara WHP with average enthalpy of 1085 KJ/kg, but
slight water carry over probably influences the results.
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Following 281 days of discharge at various rates with the
last rate 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 in only 40 minutes and reached the maximum
value in 6 days, followed by a reduction which fluctuated.
After 86 days of shut in the pressure at 1000m was 39.2
bara with temperature of 235°C. A repeat discharge test on
this well shows no change from previously measured values.

Well 301: Well 301 was completed to a depth of 1912 m on
3/10/83. During drilling from anchor <casing at 333 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 bara was maintained, while
pumping in 16.7 1/s 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 COp,

A pumping test at this depth showed the well had very large
permeability (no measurable increase 1in 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 1l/s/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 1/s 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 O0lkaria 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 m 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
possible mainly due to environmental constraints on waste
water disposal. The short discharge test conducted in 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 34 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 COp content of
this well is much higher than encountered in any other well
in Olkaria and the rapid reduction in output could 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 (casing 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 1/s 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 1/s 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 m, and
a bottom hole temperature of 208°C with an average of
200-208°C over the 900-2000 m interval.

Discharge test shows the well has a mass output of 22.8
kg/s at H.9 bara WHP with enthalpy of 985 KJ/kg, but the
large water carry over certainly influences this result.
Assuming the well discharges at saturated enthalpy corre-
sponding to 205°C (875 KJ/kg), the output is 25.9 kg/s,
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
16/12/84, 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 1is
at 1390-1500 m, with a minor aguifer at 1140 m. The well
cuts through a near horizontal fracture at 1390 m. Injec-
tivity increases with injection rate and exceeds
3.33 1/8/bar.

The first fall-off step was conducted at 1400 m after
continuous cold water injection for 13.5 hours with
13.3 1/s for 4 hours followed by 22.5 1l/s 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 1interval
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: This well was completed in early January 1985,
to 2600 m depth, but no major aquifers were intercepted.
The well was drilled away from known faults 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. 1 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 U401 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 0Olol-Butot fault forms
the eastern boundary, while the Olkaria fracture zone forms
the western boundary of this dividing 2zone. This dividing
zone drains from the eastern and western Olkaria and from
shallow outflow of Lake Naivasha which apparently forms the
cold component. Both well 201 and 401 are connected
laterally to the western system, If this is so 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.
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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 extension 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 a2
history mateh 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 with the measured ones.

Performance prediction shows that for 45 Mwe for 30 years,
the area has to be extended by 2.3 km2. Generation of
105 Mwe requires an area of 9.5 km2, with injection greatly
reducing the required 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 field per-
formance.

In the upper parts of the well, before procduction casing is
run, one is mainly interested in formation static tempera-
ture and pressure profiles. Static pressures can be
measured whenever loss circulation occurs. However,
measurement of actual statiec 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 1isolation 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 ITeceland for example, these tests
include transient pressure tests, injectivity, formation
logs (NN porosity, Y=Y density, nat-Yy lithology),
resistivity, caliper 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 1is
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 1interference tests have been
carried out in Olkaria.
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In this report, transient pressure tests of five explora-
tion wells in the Olkaria West field are analysed using all
standard transient pressure analysis methods to obtain
values of reservoir transmissivity and near well formation
properties. The tests include fall 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 transmissivity, mean formation
pressure and formation storage. These are primary inputs
into reservoir simulators, and c¢an also be wused ¢to
estimate well productivity.

2. Determination of skin effect, which c¢an 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.

4, Determine optimum well test design e.g duration of test

steps to get beyond the wellbore storage period and
minimize nonisothermal effects.

3.3 Typical completion test programme for Olkaria wells

Various combinations of completion test programmes have
been used at Olkaria and injection steps used on some of
the earlier wells have been as short as 20-40 minutes. At
present a standard test programme at completion 1is 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;
I) 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 requires that
the well be allowed to recover in temperature for about one
to three days following completion of drilling before it is
conducted, in order to identify the upper loss zones in the
well, The spinner flowmeter runs during water injection
have been used with little success 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 split. 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 Darcy's law,
conservation of mass and an equation of state. It is called
the diffusivity equation and can be written 1in radial
coordinates as:

92P 1 9P c P
G L 88 Puce ap (1)
ar2 r ar k ot

Assumptions inherent in this equation are horizontal flow
(fully penetrating well), negligible gravity effects, the
medium is homogenous and isotropic, with constant
permeability, porosity and thickness; pressure gradients
are small and fluid flow 1is 1isothermal with constant
viscosity and compressibility. In dimensionless terms
equation 1 becomes:

2P
D 2 1 .BPD _ aPD (2)

3P§ rp arp 3tD
2mkhAP kt r
where: Pp = ——; tp = ———; rp = —
qu puctr2 ry

This 1is the basic equation for well testing and can be
solved for various boundary conditions and modified to
account for assumptions above which become invalid, (Kjaran
and Elliasson 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:

Pp = at tp =0 for all rp

Pp = at rp = o for all tp > O
oP

i [(—2) = ~ | t >0

rp+o orp
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The solution to the diffusivity equation with these
inititial and boundary conditions is the exponential
intergral solution, also known as the Theis solution:

Pp(rp,tp) = - 0.5Ei(—r5/lltn) (3)

The logarithmic approximation to Eq 3 in SI units is given
by:

qu kt
AP = 0.1832—[log——— + 0.3514] (4)
kh ¢p0tr’

and is accurate to 2% if tp/rp2 > 100 or tp/rp2 > 0.5for
rp > 20.

Equation 4 is widely wused in well test analysis where
wellbore storage and skin are unimportant as in observation
wells, during interference 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:

9Pp
[rDE;E] = -1 tp > O

Pp = 0 at tp = 0 for rp > 1

with the outer boundary condition remaining unchanged. The
solution is:

o

2J(1 u2tD)[J1(U)Yo(urD)-Y1(u)Jo(urD)]
En ~e
™

uBLd72(u) + L72(w)] -

Pp(tp,rp) =

where u = — and Jg, J1, are Bessel functions of first
kind and order 0,1

Yo, Y1, are Bessel functions of second
kind and order 0,1

When rp > 20 and tp/rp2 > 0.5 or tp > 25 for rp = 1, the
above solution reduces to the exponential intergral, with

the same logarithmic 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 wellbore storage
coefficient, which is proportinal to the effective wellbore
radius (i.e wellbore volume) and fluid compressibility.
Presence of vugs and fissures greatly increases wellbore
storage capacity.

Thus it is necessary to correct data for wellbore storage
where the solution does not take into account wellbore
storage, by calculating the sand face flow:

dP,

dgf = q(1 - CEE_] (6)

For a well with a free water level, the wellbore storage
coefficient C can be approximated by:

C = Vu/pg where Vu = wr2h; h = 1 meter (7)

A log-log plot of AP vs At has a 1linear unity slope
characterising the wellbore storage period from which the

actual value of C can be calculated.

The dimensionless wellbore storage coefficient Cp is
defined as the ratio between wellbore storage and formation

storage:

. - ey
2 2m¢cthre k&4
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Thus te account for wellbore storage in a well of finite
radius, the wellbore boundary condition for the radial
diffusivity equation is:

9Pp 9PD
(rp—) = ~-1-Ccp— (9)
orp ‘rp=+1 atD

b) Skin effects

Quite often there is a zone near the wellbore in which the
permeability is 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 wellbore radius is defined such that:

re = rye~S s = skin factor (10)

thus, a positive skin represents 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.

¢) Analytical solution

The solution for unsteady liquid flow, including wellbore
storage and skin, for an infinite acting reservoir is given
by Agarwal et al (1970), in Laplace space by:

: Ko (VE) + S/EYK1(/E)
WD = ST (V3)Kq (V3] + Cpal[Ko(/B) + S(/E)K1(/3)]

(191°)

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 radial
diffusivity equation with wellbore storage and skin only
refers to small times for large Cp . For large times or

small Cp, the logarithmic approximation in SI units is:

kt
AP = 0.1832-X[log——— + 0.3514 + 0.8686s] (12)
kh pucyp2

This logarithmic approximation is valid with error of less
than 2% for tp/rp2 > 25.

For drawdown and injection testing, the time to expect the
beginning of the semilog straight line described by Eq 12

is:

(9.55 + 0.557s)C
kh/u

or tp > (60 + 3.5s)Cp (13)

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

.96
T CeO.THs 0.14s

At > or tp > (50Cp e ) (14)

n

4.3 Semilog analysis

4.3.1 The MDH method

Taking equation 12 as the basic equation for logarithmic
approximation of the solution to the radial diffussivity
equation, a plot of P vs t on lin-log scale is called the
MDH plot and has a slope m given by:

m = 0.,1832q(u/kh) (15)

from which the transmissivity T = kh/u = 0.1832q/m can be
calculated.

The skin factor s can be calculated by rearrangement of
equation 12, if porosity and compressibility are known.
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AP k
s = 1.15[— - log———— ~ 0.3514] (16)
m ¢u0tr%

For observation wells, located at some distance from the
active 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 = 2.246Tty/r2 (17)

where t, is obtained by extrapolating the MDH semilog
straight line to zero P.

4.3.2 The Horner method

By using the principle of superposition the condition that
cccurs when a production or injection well is shut in can
be simulated . The well is assumed to produce/inject
continuously at flow rate q for a period t + At. At time t,
a flow -q is added to simulate the shut in condition. The
total response 1s simply the summation of the effect of g
for time t + At and -q for a time At. The exponential
intergral solution, Grant et al (1982), becomes:

qu ¢pucer? qu pucyr?
AP = - Ej £o gl

+ E
2mkh hk(t+At) 2wkh brkat

) (18)

with the logarithmic approximation given by:

t+At
At

qu
AP = 0.1832 — 1log ) (19)
kh

A lin-log plot of AP vs (t + At)/At has slope m given by
equation 15 from which T can be calculated.

4.4 Wells intercepting fractures

For wells intercepting fractures, the radial diffusivity
equation still applies, with the wellbore boundary condi-
tion replaced by the fracture boundary condition.
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The infinite conductivity vertical fracture solution
assumes no pressure drop along the fracture plane at any
instant in time and is given by Gringarten el al (1974) as:

1 0.134 0.866
Pup(tpxf) = —/wtDxf|ERF(——) + ERF(——)
2 [ vipxr YtDXxf )
-0.018 -0.750
- 0.067Ei(————) - 0.433E1(———)  (20)
tpxr tDXf
. kt
where tpxf = ——
£ pUCLxp2

For large values of time tpxs > 3, the logarithmic approxi-
mation is:

PuD(tDpxf) = 0.51ln(tpxf) + 1.1 (21)

For small values of time tpxe < 0.016, usually called the
linear flow period, the approximation is:

Pup(tpxr) = Vmtpxys (22)

Thus, a half slope on a log-log plot of AP vs At, for early
times characterizes the presence of a fracture.

The uniform flux fracture solution assumes the fluid enters
the fracture at a wuniform flow rate per unit area of
fracture face and is also given by Gringarten et al (1974)
as:

1 1 1
————— — - — —— 2
7 ?53?) 2Ei( uthf) (23)

Pup(tpxf) = /mEDXf ERF(
For large values of time ftpxs > 2 the approximation is:
PuD(tpxe) = 0.5(1n(tpxe) + 2.8091) (24)

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

Pyp(tpxf) = VmtDxf (25)
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The solution for a finite conductivity uniform flux
vertical fracture is given by Reynolds et al (1982), in
Laplace space as:

=, m 1
Pup = ' (26)
hepFep [thCst + 2/§jtanh£thCst + 2/€j
BepFep RenFop
Kebf hf £bf
where FCD = : hfp = =3 Cep = ¢
kxe h oXF

This equation 1is solved by numerical inversion of the
Laplace transform in the finite conductivity vertical
fracture model used for fitting transient pressure data,
after correcting for wellbore storage using equation 6.

4,5 Double porosity systems

Naturally fractured reservoirs are described with double
porosity systems, where most of the reservoir fluid 1is
stored in matrix blocks which have generally low
permeability, whereas the fractures and openings 1in the
blocks form vugs and 1interconnected channels of Thigh
permeability, but very low storativity, (Da 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 the interporosity flow coefficient A and the
relative fracture storativity w as follows:-

k
No=arf = - Ll (27)

(¢ct)e + (dct)m

The solution to the radial diffussivity equation for block
to fissure flow in an infinite double porosity system, with
wellbore storage, skin and fracture skin, is given Dby
Moench (1983), for a fully penetrating well tapping a
horizontal fracture, confined above and below by
impermeable Dbarriers. In Laplace space the solution
becomes:
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= i Ko(Vs+qp) + S(Vs)K1(¥/s+qp)
w =
s[ (/5+3p)K1(/5+aD) +Cps [Ko(V5+aD)+S(V5+aD)K1 (V5+3D) | |
(28)
- Y2mtanh (m)
where qp = for slab shaped blocks
1 + sepmtanh(m)
The parameters m, 1, and Y, are defined as,
VET) hope 2 ,2r_,2 kp h
m = PR et W e (—u). . (29)
Y droref h ke bf

and are related to the Warren and Root parameters by,

Y2 k
Aa = — SF = mbs
S kKsbm

(30)

and 1 is the inverse of w with the block system compres-
sibility being negligible compared to the fracture system
compressibility, and the 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
wellbore storage, skin, influence of fractures, bounded
reservoirs and other reservoir and well boundary condi-
tions, no simple solution of the radial diffussivity
equation exists and various analytical and numerical
solutions have been presented. For a single well in an
infinite system with wellbore storage and thin skin Agarwal
et al (1970), presented the solution in the form of type
curves of for Pp vs tp for various values of Cp 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 with
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 q
T = — = ——[—E] match
i 271 AP
(31)
T At
S = ¢cth = —(—) match
r tp

The dimensionless wellbore storage coefficient Cp and the
skin factor s are obtained from the match curve.



32

5 APPLICATION OF WELL TEST ANALYSIS METHODS TO OLKARIA
WELLS

5.1 Fall-off tests

The fall-off steps of wells 101, 201, U401, and 501 were
analysed using type curve match, MDH and Horner methods.
The fall-off steps were also analysed by computer, using
analytical models for an infinite reservoir with skin and
wellbore storage, the uniform flux vertical fracture
without wellbore storage and the double porosity slab
shaped blocks analytical model, with wellbore storage,skin
and fracture skin. No good fit was obtained with the
uniform flux vertical fracture model,.

The analytical models have been used in the analysis of
recovery data from Krafla wells by Sigurdsson et al (1985),
which showed good fits to measured data, but gave generally
lower transmissivities than initially estimated from
injection tests at well completion. Double porosity systems
have also been used in the interpretation 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 infinite acting reservoir
solution, 1initial guessed values of transmissivity T,
formation storage S, skin s and dimensionless wellbore
storage coefficient Cp from the infinite acting reservoir
type curve match were used. The programme then adjusted
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 Cp from the infinite acting
reservoir type curves were used, with values of 1 = 100,
Y = 1E-4 and s¢ = 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 application of the different methods
of analysis is given below for the fall-off at 1300 m in
well 501, followed by a summary of the results for the
other Olkaria wells. The data for well 501 1is 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 is 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 wellbore storage. The match point is:

s = - 5.0; Cp = 1E+05; Pp = 0.17; AP = 1E+05; tp = 8E+0U;
At = 1E+02.

The injection rate prior to the fall-off step was 27.67E-03
m3/s.

kh qa . Pp 2T . 69%T0"3 04,17
Transmissivity T = — = u—[m— = .
u 21 AP 27 105

T = 0.75%x10~8 m3/Pas

T At 0.75x10-8 102

Storage S = —=(—) = ’ .
r [tD] (0.1082)° 8x10

= 0.08x10°% m/Pa

From the available data good type curve match could not be
obtained because the early time fall-off data is 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-08 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 Semilog analyses

a) MDH method

The MDH plot of the fall-off step at 1300 m is shown in
Fig. 3. From the type curve match the time to expect the
semilog straight line is given by:

2
0.14s Sry 0.1Us
tp > 50Cpe or t > 50 —?— Cpe + 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 q 0.1832x27.67x10~3
Transmissivity T = — = 0.1832— =
m m 4.3x105

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 0.79E-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 Table 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.

Pj = 106.4 bar (fixed); T = 0.99E-08 m3/Pas; S = 0.18E-08
m/Pa; s = -3.5; Cp = 7.0E+04,

Fig. 5 shows the best fit obtained using the double
porosity model, with the computer printout of the calcu-
lated data shown in Table 10. The data were fitted to
within 0.04% of the measured data using the following well
and reservoir properties.

P = 106.4 bar (fixed); T = 0.69E-08 m3/Pas; S = 0.16E-08
m/Pa; s = =-4,6; Cp = 6,0E+04; 1 = 103; Y = 2.73E-04;
Sp = .62.

It is not possible to indepedently determine the actual
values of S, s, and Cp, by monitoring pressure changes in
the disturbance well, because they are interrelated. To
determine good values of S it 1is 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
hence the very good fit obtained using the double porosity
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 very 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 Cp, S,
and s. The data could be fitted to a range of Cp from 1E+2
to 1E+4 and s from -3 to 0, with similar accuracy. However,
both analytical infinite acting and double porosity models
gave average transmissivity of 4.8E-08 m¥*#*3/Pas, with the
type curve fit giving a higher value of 8.0E-08 m**3/Pas.
Both MDH 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 both the infinite acting
and the double porosity models.

b) Well 201

The results of the analyses are summarized in Table 3. The
fits with the analytical models are shown in Fig. 8 to 9.
The best type curve match indicates a very large positive
skin, with high wellbore storage and a transmissivity of
4.0E-8 m3/Pas, which could not be fitted to the analytical
models. The analytical fits give an average transmissivity
of 2.3E-08 m3/Pas, and require a positive skin of about 10
for good fits. The double porosity fit indicates 1large
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 T) 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 into a two phase
reservoir. It was found that early time 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 obtain absolute values of permeability from fall-off
steps in two phase reservoirs. The value of the permeablity
in this c¢ase can be obtained from the injection step.
However, like for 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 wellbore storage, a skin of +5 and a transmissivity of
4,3E-08 m3/Pas. The infinite acting analytical model
indicates lower transmissivity of 2.4E-08 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 1.8E-08 m3/Pas.
Both semilog methods (Table T7) 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, wellbore 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 1is cased off just above the casing shoe. The semilog
methods (Table 7) give a fairly good estimate of the
transmissivity inferred by the other methods.

e) Well 501

Data from the fall-off step at 1300 m, has already been
presented above. The fall-off step at 1400 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 transmissivity than in
the test conducted later at 1300 m. The semilog methods
(Table T7), 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,
semilog and the analytical 1infinite 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 Cp, 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 this 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
transmissivity assumming a radius of influence of 50 m
yields a value of 0.5E-08 m3/Pas.

The pressure recovery is influenced by thermal recovery and
condensation in the the two phase zone. The pressure at
which single phase conditions should exist 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 O0.44% by mass (KPC
1985). If the reservoir temperature is 250°C , then the

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

a(T)Pe,

3
n

where n = mass concentration of COp

Pe partial pressure of CO2 (Pa)
a(T) = (5.4 - 3.5T/100 +1.2 (T/100)2)E-09

Using the gas concentration above we obtain a gas partial
pressure of 10.6 bar. The minimum pressure for single phase
conditions 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 CO2 c¢ontent 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 of transmissivity calculated
from the well productivity index using a drawdown of 30
bar.

Riney and Garg (1981) analysed the pressure transient
behavior of well Baca 4, in which the effect of COp 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
semilog methods (Fig. 17 and 18) yield a slope of 0.2
bar/cycle from which we calculate a transmissivity of
17.9E-08 m3/Pas. This value is much higher than that
obtained from the injection tests. These results are also
summarized in Table 2.

b) Well 201

Pressure recovery of this well 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 transmissivity of 5.0E-08
m3/Pas.

The pressure recovery 1is slightly influenced by thermal
recovery and gas content of the discharge. The well has
about 0.07% gas by mass, with a reservoir temperature of
about 240°C. The gas partial pressure is 1.8 bar. There-
fore, single phase conditions 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.
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Because of apparent fluctuation in later time recovery only
data up to 17 days of shut 1in were used. The double
porosity fit indicates a high transmissivity of 11.2E-08
m3/Pas with apparently large skin caused by two phase
conditions existing around the well prior to shut in. The
fit also indicates large wellbore and matrix storage and
relatively high fracture permeability, with no restriction
to fluid flow in the fractures.

The MDH and Horner methods (Fig. 20), both yield a slope of
0.5 bar/cycle from which, we calculate a transmissivity of
16.4E-08 m3/Pas, which is much higher than that obtained
during the injection tests. These results are also summa-
rized in Table 3.

5.5 Analysis of well injectivity

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 wellbore 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 inferr 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 injection rate
and the fact that injection steps of short duration were
used on most of the wells, no reliable estimates of
transmissivity are possible from these values of
injectivity. However since these are the only values
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available for estimation of the transmissivity of well 301,
an estimate of transmissivity is obtained by assuming an
effective radius:

2.3031I1 re
8 — log[u—] II = Non isothermal injectivity
2w ry

index

The value of re assumed does not make a large error once
the log term is taken and we use a rg = 50 m. The values of
transmissivity obtained from this estimate are summarized
in Tables 2 to 6, in which it is found that generally
higher estimates than obtained from the transient tests are
obtained. From this estimate the transmissivity of well 301
is found to be higher than 4.8E-08 m3/Pas.

5.6 Reservoir permeability

The table below summarizes the values of reservoir
transmissivity obtained for the Olkaria 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 TRANSMISSIVITY TEMPERATURE THICKNESS kh
NO. m3/Pas ce m d-m md
E-08

S s S S ———— L T R e e

a. FALL-OFF TESTS

101 5.0 250 1000 5.5 5.5
201 2.2 240 500 2.5 5.0
301 >4.8 2 250 1000 5.3 5.3
401 2.2 240 1000 2.8 2.8
501 0.85 250 500 0.93 1.9
b. RECOVERY TESTS

101 17.9 250 1000 19.5 19.5

201 14.0 240 500 15.8 31.6

—— i ————— i ——— - ——— - —  — — — — ——————————————————— - -~
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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),
in their analysis of non isothermal injection tests 1in
porous and fractured media.

In calculating the kh from the recovery tests, reservoir
properties of saturated liquid are used, because two phase
conditions in the well are only transitional lasting only 2
hours in well 101 and 20 minutes in well 201,

The fall-off steps indicate an average reservoir
permeability in excess of 5.0 md for all the wells in which
extensive fracture zones are encoutered. The smaller value
indicated for well 401 is due to the casing off of a
permeable zone at 800 m, while well 501 does not seem to
intercept a large enough fractured zone.

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 1 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 wellbore storage greatly influenced
these results.

The recovery tests of Olkaria East wells on the other hand
generally under-estimate the transmissivity mainly due to
two phase transients predominating in these wells during
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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 1is 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 1loss
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 1introduces errors due to hysteresis 1in pressure
recorders and possible 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 in this report. With the
acquisition 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 wellbore
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, if 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) gives 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/m3; Rock specific heat
capacity 820 J/kg°C; Water density 830 kg/m3; Water
specific heat capacity 4.75 KJ/kg°C; Thermal recovery
factor 0.5; Conversion efficiency 0.15.

The following temperature distribution is assumed:

Depth (m) Temperature (°C)
500 200
800 250
900 260
1150 280
1400 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) (°C) PJ/km?2 MW yr/km2 25 years
MWe/km2

500 - 800 225 14.5 35 1ad

800 - 900 255 132 31 j o

900 -1400 280 96.2 229 9.2

1400-1900 315 138.4 329 1348

Total 624 25.0

—— e S e S e e e . -
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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 in 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 in KPC 1984a, a three dimensional three
layer model shown in Fig. 21 and 22 was used, with 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 initial 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) 280 100 1740 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 0Olol-Butat
and well 401 faults

(A-5) 230 90 7.6 8.0
6 Olkaria fault 300 110 1.25 50.0
7 Olkaria 101 fracture 280 90 0.61 50.0
8 Olkaria 401 fault 230 90 0.61 50.0
9 Ololbutat fault 200 90 0.61 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 in 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 1internal 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 1linear
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 capacity1,000
J/kg°C; Rock conducitivity 2.0 W/m2°C; 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 porosity used corresponds to that
used for the outer elements in the history match for
Olkaria East.

6.2.2 Generation rate

Even If the Olkaria geothermal field constitutes a very
large resource, development is likely to proceed in small
stages, in line with power demand as has been the case for
Olkaria East. Therefore, in order to study the depletion
process with the very coarse model used, the following
constant mass generation rates were used.

Area Mass flow Initial steam Initial
kg/s at 6 bar kg/s MWe (a)
1 170 59.0 23.0
2 200 54.0 21 T
3 200 64.6 25.9
4 200 54,0 21 T
5 300 46,2 18.6
Total 1070 277.8 110.9

- - —— i - —— i —— e | — g

(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 in the equivalent power output from the one used
in this study, is due to the fact that actual vapour
saturation in the producing 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 quality 1in the producing elements
increases with time, imposition of a constant mass genera-
tion rate will result in an increase in steam proportion
with time. The constant mass generation rates were thus
selected with this constraint.
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The simulation was initially carried out in three small
time steps, beginning with a time step of 8.8 hours and
increasing it by a factor of ten twice. A full simulation
was then carried out for a period of 16 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 wvariation 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 1longer 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 U4, 21 years in area 2, 21.5 years in



51

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 |
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 Temp Vapour Pressure
(°C) saturation (%) Bar

1 278.5 85.4 62.9

2 274.5 98.7 59.6

3 297.0 78.8 82.14

4 274.5 100.0 Ts'T

5 230.7 15.1 28.1

e —

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 1s in the rock.

Boiling takes place in all the fault elements and after

34.7 years vapour saturation exceeds 64%, 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
porosity which could be lower than the value 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 Olkaria 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 mateh 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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WELL 101 FALL-OFF AT 1200 M
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PRESSURE (bar)

PRESSURE (bar)

TIME (min)
10" 2 « & 810 2 « 8 e8i0 2 4 8 8i0
‘o- 1 . L i T O | Il | - i - _I_l.ll L "l i T T N ‘o-
78, - - 78,
78, - - 78,
74. - 74.
Infinite acting reservoir best fit
Py =79.2 bar
72. - 3 % B AEE - 72.
N S « 6.35 E-09 i
70. - s =31 - 70.
Copt 1.24 Ev4
88. - - 88,
T i
86, - - 8.
.4. Ll L] T T T l_l'l Ll T L] LS T T II T L] L] ¥ T LB B“.
10" 2 4 8 8140 2 4« 8 810 2 4 8 8140
TIME (min)
Fig. 6. Analytical infinite acting reservolr fit of pressure
fall-off at 1200 m in well 101.
[(Bewe WELL 101 FALL-OFF AT 1200 M
TIME (min)
1" 2 4 8 840 2 4 8 8140 2 4« & 8i0
‘o. 1 1 i L i1 I_jl 'l i 1 L L1 1 1. L 1 1 L L L 1 1 ao.
78. -‘ - 78,
78. - - 78.
1 Double porosity best fit §
74. - 74,
Py = 79.2 bor
T Y = 474 E-08 -
72. § = 6.86 E-09 - 72.
o s ==3 |2
Cp* 1.1 Evd
70. ot 9.99 Esl [ 20
| y * 8.56 E-0% S
Sy @ 0.539
68. - - 88.
88. - - 8a.
84, R R e DR 2 | T T =TT T ] T | o e g v o B84.
10" 2 4 8 840 2 4« 8 8140 2 4« 8 8140
TIME (min)
Fig. 7. Analytical double porosity fit of pressure fall-off at

1200 m in well 101.
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EECHB

WELL 201 FALL-OFF AT 13900 M

TIME (min)
10 2 4 8 810 2 4 8 eid 2 4 o8 810
153. 1 I Lt ¢ 113l i PO YT R 1 A | !  SIETE D WY () 153,
7 Infinite acting reservoir best fit i
148, -~ ~ 148,
] » T : 249 E-08
S » 1,28 E-09 i
145, s = 9.0 ~ 445,
N " Cp= 42 E+04 5
Py =152,8 bor
1. o - 141,
127.. - 197,
133. - 133,
fe8. - 128,
- -

125. - ~ 125.
’.21- L L L) Ll L] L} III LB L] T L] T L II L) T T L L I e 12‘1
10 2 4 8 810 2 4 8 a8iQ 2 4 8 810

TIME (min)
Fig. 8. Analytical infinite acting reservoir fit of pressure
fall-off at 1900 m in well 207.
[(Howe WELL 201 FALL-OFF AT 1800 M
TIME (min)
10 2 4« 8 810 2 4 8 8il 2 « 8 8i0
153, 1 b baeal 1 N PR T | 1 i o O o 153,
g Double porosity best fit i
by ° T + 282 £-08 [~ 149,
9 $§ =« LIT E-09 ~
145, ~ i - 145,
Cpt 4.4 E+04
Y o = 9.97 E+0| B
141, - y & 114 E-04 - 141,
+ 0,93 1
137. - - 137.
193, - 133.
128, - - 428,
195, 4 - 125.
18'" L} L L) LJ LI I | II T L T 1 LI I I! L T T T TTrTrT 12‘.
10’ 2 4 8 810 2 4 8 8ic 2 4 8 810
TIME (min)
Fig. 9. Analytical double porosity fit of pressure fall-off at

1900 m in well 201.
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WELL 401 FALL-OFF AT 1100 M

TIME (min)
10 2 4 8 810 2 4 8 810 2 4 8 810
73- 1 1 1 1 L1 III L 1 1 L 11 IJI i 1 Il 1 11 1.1 73'
- Infinite acting reservoir best fit -
80. - - 80.
. P, = T2.6 por L
T &« 2.44 E-08
85. o s s« 1.73 E-08 ~ B5.
. s = 55 ~
Bi. - Gy M) B - 84,
E 1 L
7 57, = - §7.
@
« i 5
*
o 53. - - 53,
1
o - L.
48. - - 48,
45, = - 45
at. T —— T —— T 4
1d 2 4 8 810 2 4 8 810 2 a 8 81¢
TIME (min)
Fig. 11. Analytical infinite acting reservoir fit of pressure
fall-off at 1100 m in well 401.
[H cre WELL 401 FALL-OFF AT 1100 M
TIME (min)
10 2 4 8 810 2 4 & 810 2 4 & 810
73. 1 1 | Sl TR L 1 AT g - ooy iy | L 1 AT TR WO N 73.
g Double porosity best fit -
ge., - Py *T72.6 bor L 88
T = 1.82E-08 :
7 5 = 3 50E-0B =
85, - . = 2.8 - 85,
2l Cp 1.0 E+04
o * 9.TAE-OI [
61, ~ y * 7.0 E-0% - B,
E N 5' = 1,33 B
o
w 57, o - 57.
(14
2 - L
w
g B3 - - 53,
c
Q. - =
48. - - 48,
45, - - 45,
41, T T LR B R | T T T T - ™T T TTT 41.
10 2 4 8 84¢ 2 4 8 810 2 4 8 8BiQ
TIME {min)
Fig. 12. Analytical double porosity fit of pressure fall-off at

1100 m in well 4071.
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WELL 401 FALL-OFF AT 1000 M

TIME (min)
10 2 4 8 8140 2 a 8 81l 2 4 & 810
ai. L [ i AL Ll 11 i A 1 Ll lJ]l 'l L L b L L “.
1 Infinite acting reservoir best fit -
oo @ Py % 64.1 bar [ s
- T = 26| E-O8 =
s s« T.I3E-09
57. g2 - 57.
. Cp * 1.48E+04 -
53, L =3,
48. - - 49,
45, - - 45,
4. - . - 44,
87. - 37.
a’!l L L] L] T L] llt L] L T L] LA | II L] T L) Ll T T 33.
10’ 2 4 8 8140 2 4 s 840 2 4a 8 840
TIME (min)
Fig. 13. Analytiecal infinite acting reservoir fit of pressure
fall-off at 1000 m in well 401.
[E cne WELL 401 FALL-OFF AT 1000 M
TIME (min)
10 2 4 8 810 2 « s 810 2 4 8 810
35. i 1 1 L1 Ll_l_l 1 1 | —— llll. A 1 1 4 4 111 85'
i Double porosity best fit i
Bl. -~ - B4.
P, : B4l bor
- T ¢ 1.,9% E-O8 ~
57. - § » 2S4E-09 . 57
s = 36 ’
9 Cps 4.34E+04 ™
53, ~ o = 2.38E«02 |- 53,
y * B GG E-04
= +» 0,37 i
49, - - 48,
45, — - 45,
a1, ~ - 41,
37, - - 37.
aa- Ll Ll T T T III'I LE T L} Ll L III L] T T Ll L B B 33.
10 2 4 8 810 2 4 8 810 2 4« 8 810
TIME {min)
Fig. 14. Analytical double poorosity fit of pressure fall-off at

1000 m in well 401.

PRESSURE (bar)

PRESSURE (bor)



PRESSURE (bor)

PRESSURE (bar)

6l

EECIG

WELL 501 FALL-OFF AT 1400 M

TIME (min)
10 2 4« 8 810 2 4« & 810 2 « 8 810
125. i A L '} i1 1 II A 1 A ] Ll IJI L 1 i AL L 1 1a-
T Infinite acting reservoir best fit r
121, T s 452 €09 - 481,
- § » I.75 E-O9 -
s 1—-42
e Cop* 4.7 Eeds - e
. P =124.6 bor L
113. - - 413,
108, - - 108,
105. — - 1085,
101, = - 404,
87. - 87,
”- = T L] T L L L ) lr| L LJ L] Li L TT I] T Ll Ll LA O’l
10 2 4 8 840 2 4 8 810 2 4 8 8140
TIME {min)
Fig. 15. Analytical infinite acting reservolr fit of pressure
fall-off at 1400 m in well 501.
[Bcve WELL 501 FALL-OFF AT 1400 M
TIME (min)
1¢ 2 « 8 810 2 4 8 810 2 « 8 810
‘aﬁ- L — A L Ll lll A A o — J__l_ll.l 1 ' L b 12’.
4 Double porosity best fit -
124, - - 124,
i P, =124.6 bor B
T = 4.44 E-09
17, - § = 1.44 E-09 = 147.
= s 3 43l i
tp = 6.0 E+D4
113, o * 1.04 E+02 e
J y = 1,69 E-D04 E
108, ~ il - 108,
108, — - 1085,
104, - - 101,
87. - - 87.
83. ————r . —r—rrrrr T r———— - 83,
i 2 4 8 810 2 « 5 810 2 4 8 810
TIME (min)
Fig. 16, Analytical double porosity fit of pressure fall-off at

1400 m in well S501.
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IHD = NS -B000-CHE

85.09.-1150-Gyba
OW 10l PRESSURE RECOVERY AT 1000 METERS
HORNER PLOT
0 Hornar il
/ Slope = 0.2 bar/cycle
== e |® ® e el
50 = ®o; 50
o
il
L]
40 L] 40
[ L] 5
m
g 30 '. o5
(]
20 - 20
.. e o
10- 10
+] 0
1 10 2 3 4 t]
10 I::]&I 10’ 10° o
Al
Fig. 17. Horner plot of pressure recovery at 1000 m in well 101.

JHD-HSP-9000- CHE
85.09.-|149-Gyda

OW 10! PRESSURE RECOVERY AT 1000 METERS

T
MDH PLOT
60 60
so ot = . \\. = 50
L ]
a2 MOH
Y Slopa = 0.2 bar /cycle
40 - 40
[ ]
L ]
5 . 8
€ 30 ¥z
a o
e
,
20 -5 20
® 0
10 0
o T T o
0% 10* 104 10* 10° 107 10°
Alrs

Fig. 18. MDH plot of pressure recovery at 1000 m in well 101.
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WELL 201 RECOVERY AT 1000 M

PRESSURE (bar)

TIME (min)
10 2 48810 2 40810 2 4 88i0 2 4 880 2 4 88il
4’. 1 1 l]jllll 1 'l IlIIIII ' 1 IJlIIII L il 1IIII| L L Ll L ll) 41.
o
L]
- ] -
28, - = | 2,
a7. - Double porosity best fit . a7,
n Py = 27.7 bar L
T = 1.2 E-08
%\ s + 9.9 E-08 L 35,
5 J s % I35 L
o €p = 4.72 =03
w 33. o o = |.82 E+03 i
2 - y » 2.13 Es03 F
@ ay o 8y.% 10.088 L ag,
4
o E L] -
28. — - 20,
27. - - 27,
zs- L] L] L3 IIIIII T T Ll I‘IIII T T IIIIII L] L} ’Illlll T T T rrrrT 25'
10 2 48810 2 48840 2 4 8810 2 4 sed 2 4 88
TIME (min)
Fig. 19. Analytical double porosity fit of pressure recovery at
1000 m in well 201.
JHD-HSP-9000-CHB
B5.09,-1152-Gyba
OW 201 PRESSURE RECOWERY AT 1000 METERS
0 | 10 10° 10° 109 10°
L
1+A Y
16 At 16
o A e
i2 . B L T —
L .o =
5 ° 5
@ 9 \Hlomerosb feyel Eg
% kKl Slope= 0,5 bar feycle s i 4
4 2 4
— 4 &
o o}
- N r'
% —o® ST TT \ e " . i R
5 ° MOH - | g
; B Slopa= 0.5 bor fycle 85
q ] * | <
4 2 4
= L b
o 0
10 102 10* 10% 0% 108 107
At/s
Fig. 20. Semilog plot of pressure recovery at 1000 m in well 201.



67

JHD -HSP-2000-CBH
a5.l°.'l254‘6yaﬂ A
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DEFINED BY RESISTIVITY
zGOO

Lb "
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-¢‘ Existing Wells
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Fig. 21. Aerial division of the reservoir area.
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JHD-HSP-9000- CBH
85.09.-1213-Gyda

MODEL USED IN SIMULATION

: [itm
CAPROCK t
|
3 ‘t Y
IT
AREA 2 o

AREA 3

Lreal] AREAL
Y/ areas 5 '
RESERVOIR— _

BASE—

Fig. 22. Three dimensional model used.
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PRESSURE IN PRODUCTION ELEMENTS
] 5 10 ip; TMEZVEMN: g 28 30 s
40 1 L L 1 1 I i 40
® ANCA 1 [oLkARIA EAST)
i *  AR{ASPontd |AROUND S0¢ ¢ 3OUTH OF 301) 120
@ ARA 3 [AROUND OLKANIA 801}
5 ®  ARCA § (BETWEEN DUNARIA 401 FRULT AND OLOLBUTOT FALLT)
I00-<l A ARCA B (WITHOUT PRODUCTION) 100
- o a o
o o b
g i .02
: — e |
E \nnn: E
Angh 4
|- 40
o A A A :. A -n. A :' A : A A A A :A-
e Yy - 20
1
-] T T T T T T °
> 3 0 B i iy W 1 30 35

05 s

Fig. 23. Pressure in production elements.

VAPOUR SATURATION IN PRODUCTION ELEMENTS

s 10 1S TIME/ YEARS 20 s 30 315
1 1

o AREA | 0 AREA 4 4

* AREA B @ AREA &

O AREA 3 A AREA 5 [NO PROCUCTION)

VAPOUR SATURATION %

Fig. 24. Vapour saturation in production elements.
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Fig. 25. Production enthalpy.
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TABLE 1: Summary of data from Olkaria East wells

Well Transmissivity m3/Pas/E-8 History Anlyses Average
QUG | o el e 4 i o match by KRTA output

Injectivity Fall-off Recovery (12)

index kh/dm kh/dm kg/s
2 - - - 2.75 - 1353
3 » - - 0.75 = 5.6
y - - - 1580 -
5 e - ” 3.00 - 12.:5
6 - = 0.85 3.50 0.85(r) 6.9
T ” = - 1428 - 4.2
8a 4.0 2.8 253 0.45 3.5(f) 5.0
9 * = - 1.00 1.5(r) 3.6
10 - 1.9 - 2.15 - 11.1
1 8.7 - 1.6 4.00 - 8.3
12 14.4 - 2 d 4.50 2.3(r) 14.7
13 4.6 el 5T 2.8 1.1(r) 6.4
14 3.6 = 2.0 2.2 1.3(r) 6.4
15 3.9 = 1.8 8.8 1.4(r) 10.0
16 4.5 = 4.1 8.5 4.1(r) 18.9
17 3.3 0.80 0.30 4.0 0.30(r) 5.6
18 5.8 1.T0 1.3 3.0 0.68(r) 10.0
19 2.1 0.40 0.06 1.5 0.16r/2.0f 9.7
20 5.4 1.10 0,48-1.4 175 = T2
21 .2 0.65 1.5-4.9 T.«T5 0.29r/6.1f 5.6
22 Te2 1.00 4.0-13.0 2.0 = 6.9
23 3.4-5.5 2.10 3.9=5.5 1.4 P of 6.7
24 3.9 4.00 1.5-2.9 o 0:.9Tr/5.3¢f 9.7
25 2.8 2.1 3.3 - 8.4f 1.1
26 TS5 2.1 - i 3.5f 13.9

= = e e ——— ————————————— - -
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TABLE 2: Results of transient pressure analyses, well 101

Type of Type of T/E-08 S/E-08 CD s
test analyses m3/Pas m/Pa
Injectivity Injectivity i
Index 5«5 = C =
Analytical
Fall=-off infinite acting #
at 1200 m Analytical
double porosity L
Type curve 8
MDH 4,
3
3

.8 0.60 1.2E+4 -3.0

0.69 1.1E+4 -3.0
1.00 1.0E+4 0

Horner
KPC (Horner)
Drawdown Productivity 0.5
at 1000 m Index
MDH
Recovery at Horner
1000 m KPC (Horner)

- — = e e .  — — —————————— ——

TABLE 3: Results of transient pressure analyses, well 201

Type of Type of T/E-8 S/E-8 CD s

test analyses m3/Pas m/Pa

Injectivity Injectivity
Index 1.83 = = -~
Analytical

Fall-off infinite acting 2.2 2T 1.3E+3 10

at 1900 m Analytical
double porosity
Type curve

2.6 2.3 2.3E+3 13
4.0
MDH 2.1
2.2
Q..

0.06 1.0E+5 20

Horner
KPC (Horner)
Drawdown Poductivity .
at 1000 m Index 5.0 = g -
Recovery Analytical
at 1000 m double porosity 11.2
MDH 16.4
Horner 16.4
KPC (Horner) 12.9

- ——

TABLE U4: Results of transient pressure analyses, well 301

o e = e e - -

Injectivity Injectivity index >4.8

Fall-off
at 1000 m MDH/Horner No straight line

e —— e e M S M S S e R D SR S e
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TABLE 5: Results of transient pressure analyses, well 401

Type of Type of T/E-8 S/E-8 CcD s
test analyses m3/Pas m/Pa

- A - - —————— -

Injectivity Injectivity

Index > 97
Analytical
Fall-off infinite acting 2.6 0.71 1.5E+4 6.6
at 1000 m Analytical
double porosity 159 0.25 L4.3E+4 3.6
Type curve 243 1+0 1.0E+4 5.0
MDH 2.0
Horner 1«5
KPC (Horner) 0.33
Fall-off Analytical
at 1100 m infinite acting 2.4 YVoulT 1.5E+4 5.5
Analytical
double porosity 1.8 3.5 4y, 3E+L 2.8
Type curve 4.3 0.59 1,.0E*5 5.0
MDH 0.41
Horner 038
KPC (Horner) 0.31
TABLE 6: Results of transient pressure analyses, well 501
Type of Type of T/E-8 S/E-8 CD s
test analyses m3/Pas m/Pa
Injectivity Injectivity
Index 0.84-4.0
Fall-off Analytical
at 1300 m infinite acting 0.99 0.18 T7.0E+4 ~3,5
Analytical
double porosity 0.69 0.16 6.0E+4 ~-4.6
Type curve 0.75 0.08 1.0E+5 ~5.0
MDH 1.18
Horner 0.79
KPC (Horner) 0.78
Fall~off Analytical
at 1400 m infinite acting 0.45 Q.17 UTE+E 4.2
Analytical
double porosity 0.44 0.14 6.0E+4 =4.3
Type curve 0.39 0.07 1.0E+5 ~5.0
MDH 0.70
Horner 0.54

KPC (Horner) 0.45

e e e e - —— o — o — i —— o — -
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TABLE 7: Results of semilog analyses of fall-off tests

Well Depth Type of Slope of T/E-8 Duration Start of
no. monitored analyses plot m3/Pas of fall-off semilog
/meters bar/cycle step/s line/s
101 1000 MDH 12 y.2 2.44E+3 >5.0E+2
- Horner 1.35 3.7 - -
201 1900 . MDH 242 2el 3.60E+3 >1.TE+3
- Horner 241 2.2 = =
401 1000 MDH 2.6 2.0 7.8E+3 >2.2E+3
” Horner 3.4 145 - -
ho1 1100 MDH 12.0 0.41 T.1E+3 >4.0E+3
- Horner 14.0 0.35 = ~
501 1300 MDH 4.3 1.18 2.8TE+L >T.0E+3
- Horner 6.4 0.79 = =
501 1400 MDH 5.9 0.70 1.82E+4 >1.2E+4
- Horner 75 0.54 - -

o

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

Date: B84-12-19 Measured data:

—— i ——— i — - ————— -

Time Pressure Q
min bar 1/s
0.0 106.40 27.67
T4 98.30 0.00
14.8 95.30 0.00
22 e 93.60 0.00
29.6 92.30 0.00
36.9 91.30 0.00
yy,3 90.50 0.00
5941 89.40 0.00
73..9 88.60 0.00
88 .7 88.00 0.00
103.5 87.50 0.00
1.318 510 86.80 0.00
1770 86.10 0.00
237T.0 85.50 0.00
266.0 85.20 0.00
296.0 85.00 0.00
355.:0 84.70 0.00
384.0 84.60 0.00
4u3.0 84.40 0.00

- —— - —— - —— i —
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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 infinite acting reservoir interpretation.

- - - - e e e S e S e e e s e e e e e o e

Initial pressure (bar): 1.064E+02F
Transmissivity T (m3/Pas): 9.918E-09
Formation storage S (m/Pa): 1.820E-09
Wellbore skin s: -3.527E+00
Wellbore storage CD: 6.988E+04
No. Measured Calculated Deviation from measured
pressure pressure

bar bar bar %
1 0.9830E+02 0.9878E+02 -0.4803E+00 0.5
2 0.9530E+02 0.9527E+02 0.2980E~01 0.0
3 0.9360E+02 0.932T7E+02 0.3319E+00 0.4
L 0.9230E+02 0.9198E+02 0.3220E+00 0.3
5 0.9130E+02 0.9108E+02 0.2191E+00 B2
6 0.9050E+02 0.9040E+02 0.1032E+00 0.1
T 0.8940E+02 0.8942E+02 -0.1514E-01 .0.0
8 0.8860E+02 0.8872E+02 -0.1211E+00 e
9 0.8800E+02 0.8819E+02 ~0.1879E+00 0.2
10 0.87T50E+02 0.877T6E+02 -0.2559E+00 0.3
11 0.8680E+02 0.8708E+02 -0.2827E+00 0.3
12 0.8610E+02 0.8635E+02 -0.2484E+00 0.3
13 0.8550E+02 0.8562E+02 -0.1246E+00 01
14 0.8520E+02 0.8534E+02 ~0.1T440E+00 0,2
15 0.8500E+02 0.8509E+02 -0.8651E~01 0 1
16 0.8470E+02 0.8465E+02 0.4692E-01 0.1
17 0.8U60E+02 0.844T7TE+02 0.1326E+00 0 2
18 0.8440E+02 0.8413E+02 0.2686E+00 0 3
19 0.8430E+02 0.8395E+02 0.3512E+00 0.4
Variance: .4E-02

Mean deviation:

e e e e e e e o ————— - — -~
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TABLE 10: Computer fit to double porosity

model for well 501

fall-off at 1300 m

Date : 84-12-19 Radius of hole (m) 0.108.

Results of double porosity interpretation.

i e I I T I el el T I pa ———

e T T

Inital pressure (bar): 1.064E+02F
Transmissivity T (m3/Pas): 6.929E-09
Formation storage S (m/Pa): 1.613E~09
Wellbore skin s: -4.568E+00
Wellbore storage CD: 5.983E+04
Relative fracture storativity sigma: 1.034E+02
Interporosity flow ccefficient gamma: 2.T1TE-04
Fracture skin sf: 6.250E-01

. - e - - -

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 ~04:1551.E+00 0.2
3 0.9360E+02 0.9350E+02 0.1002E+00 0.1
4 0.9230E+02 0.9219E+02 0.1122E+00 0.1
5 0.9130E+02 0.9124E+02 0.584T7TE-01 0s 1
6 0.9050E+02 0.9050E+02 0.5T50E=03 0.0
T 0.8940E+02 0.8941E+02 ~0.84T7E-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
10 0.8750E+02 0.8756E+02 -0.5669E-01 0.1
11 0.8680E+02 0.868L4E+02 -0.3923E~-01 0.0
12 0.8610E+02 0.8611E+02 -0.5715E~02 0.0
13 0.8550E+02 0.8545E+02 0.4849E-01 B 7
14 0.8520E+02 0.8522E+02 -0.1993E-01 0.0
15 0.8500E+02 0.8502E+02 -0.1945E-01 0.0
16 0.8470E+02 0.84T1E+02 -0.9065E-02 0.0
17 0.8LB60E+D2 0.8459E+02 0.1318E-01 0.0
18 0.8440E+02 0.8438E+02 0.1 TeTE=O1 0.0
19 0.8430E+02 0.8428E+02 0.1987E-01 0.0
Variance: 3.2E-03

Mean deviation: 0.04 ¢
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