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ABSTRACT

The Kolvidarholl thermal field is located about 30 km east of
Reykjavik, just off the main road to Selfoss. The only well
in this area was drilled in 1985.

The techniques dealing with interpretation of reservoir
engineering data will be presented for well KhG-1l. Reservoir
and production engineering tools are applied to pressure and
temperature logs obtained during warm-up period, after
discharge production data, pressure recovery data and
pressure and temperature logs obtained. The well may produces
two phase mixture of steam and water but the condition is the
reservoir is single phase. The temperature and pressure logs
clearly illustrate potential feed point and cross-flow
between aquifers. The general temperature profile in the area
is characterized by a temperature of about 260°C between 1600
m and 1800 m depth. The pressure recovery data gave the
permeability thickness of 1.6 x 10712 m3 (1.6 Dm). The
enthalpy of the discharged is 1475 kJ/kg which means two
phase flow during discharge but the compressibility (ct) is
1.05 x 10”2 Pa~1l, its mean single phase flow during shut in.

Having the above result will help to predict the reservoir

performance and give production strategy from that well in
the future.
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1. INTRODUCTION

This project report was carried out while the author was
awarded the United Nations University (UNU) Fellowship to
attend the 1987 Geothermal Training Programme at National
Energy Authority of Iceland.

The subject of this report is to interpret and in some cases
simulate various wellbore measurements carried out in the
well KhG-1 in SW - Iceland (Figure. 1). The well is the first
and the only one drilled in a high temperature field located
on the southern margin of the large geothermal systen,
Hengill. The Reykjavik District Heating System plants to
operate a Geothermal Power Plant under construction in the
field and the well is drilled as a final part of a pre-
exploration survey.

Various types of tests have been applied in well KhG-1.
Downhole temperature and pressure were measured frequently in
the well during the warm up period. They are analyzed here in
order to estimate the static formation temperature and
pressure in the reservoir prior to drilling.

The pressure recovery and production tests were obtained
analyze the reservoir behavior. The results obtained from
those tests give an idea of the reservoir properties, i.e
average value of transmissivity in the drainage well volume,
storage and mean reservoir pressure. They can be used to
predict the well behavior, i.e to indicate whether as the
well is damaged or stimulated and to tell if the shape of
reservoir is homogeneous or heterogeneous. They can help in
making a decision to drill another well or if this well can
produce in the future.



2. WELL KhG-1l, KOLVIDARHOLL GEOTHERMAL AREA

2.1. Location and Drilling of Well KhG-1

The Kolvidarholl geothermal field is located about 30 km east
of Reykjavik, just off the main road to the town Selfoss
(figure 1). The only well (KhG-1) in this area was drilled
from 02-10-1985 to 20-11-1985 with the Dofri rig. The well is
1816 m deep and is designed as follows: 18" casing from 0
to 60 m; 13 3/8" safety casing from 0 to 223.4 m; 9 5/8"
production casing from 0 to 773.9 m; and 7" liner from 741 m
to 1805 m. Circulation losses were occurred during drilling
at depths of 1000 m; 1120 m; 1300 m; 1450 m; from 1550-1560 m
and from 1710-1730 m. This indicates that several aquifers
were cut by the well.

2.2. Instrumentations

Pressure and temperature measurements were carried out using
the Amerada mechanical gauges (Amerada RPG-3 gauges).
Description and Operating Instructions 1974 : GRG, Oklahoma,
U.S.A.) and are presented on figure 2-3.

2.2.1. Pressure element

The active element in the pressure gauge is a helical Bourdon
tube, fixed at one end and free to rotate at the other. The
interior of the tube is subjected to the pressure in the
well. The resulting rotation of the free end of the Bourdon
tube is transmitted directly to a recording stylus without
the use of the gears on levers. The stylus records on a metal
chart coated on one side with a special paint. The paint
renders extremely low friction and makes the scribed lines
easily visible. To obtain the maximum accuracy a chart
scanner is used to measure the chart deflections. The chart
is carried in a removable cylindrical chart holder, the
position of which is controlled by a clock.



2.2.2. Temperature element

For the temperature element the pressure is developed inside
the Bourden tube, and inside a connecting reservoir at the
bottom of the element which is in direct contact with the
well fluids, by a volatile liquid. The vapor pressure of the
enclosed liquid is directly related to its temperature,
making the rotated position of the free end of the Bourdon
tube an usable measure of the temperature of the element.
This rotation is recorded on the gauge chart as described
above.

2.2.3. Limits of accuracy

The repeatability of a properly maintained gauge is better
than 0.1 % of full range of the pressure element in use,
while the absolute accuracy is 0.2 %. Temperature above 79°C
affect the strength of most Bourdon tubes, so calibrations at
temperature above this are necessary to maintain the accuracy
of the instrument. The sensitivity of the gauge is 0.2 % of
the full scale deflection.

The absolute accuracy of the temperature gauge is usually
assumed to be 1°C and is related to the calibration and the
operation of the instruments. The sensitivity depends on the
span of the temperature element and whether the temperature
being measured is in the lower or upper part of the span.

2.3. Measurements in well KhG-1

Well KhG-1 was drilled in order to estimate the reservoir
conditions and properties of the Vestur Hengill geothermal
field. A series of wellbore measurements were therefore
carried out, both during the warm up period, during discharge

and after shut in. The measurements made are:



a) Temperature, pressure and water level measurements
during warm up period (from November, 1985 to August,
1986) .

b) Wellhead pressure, massflow and total enthalpy during
production (August-November, 1986).

c) Temperature and pressure recovery at 1400 m depth after
shut in.

d) Several downhole pressure and temperature logs (November
1986 - February, 1987).

Pressure and temperature logs give important information
about reservoir conditions such as location of aquifers,
reservoir pressure and temperature variations with depth and
heat flow. The repeated pressure logs before and after
discharge give the pressure response of the reservoir due to
production but also the location of major feedzones. They can
give the phase conditions of the reservoir fluid and the
fluid in the well, and the performance of the well. The
reservoir pressure was about 113 kg/cm2 at 1400 m (figure 5),
and the maximum temperature is about 260°C at 1600-1800 m
depth (figure 4).

2.4. Warm up period and discharge

The temperature and pressure data from the warm up period
showed that relatively cold water zone extended from 200-700
m depth in the well (T < 100°C). These thermodynamic
conditions were far from saturation and implied that
stimulation methods were necessary to initiate discharge from
the well. Therefore the same stimulation technique was
applied in the well KhG-1 as has been used to initiate
discharge in wells NG-7, NG-10, and NJ-12 at the Nesjavellir
field. Air was pumped into well under 30-40 bar pressure from
July 30tR, 1986 to August 25%R, 1986. At 14.00 o’clock on
August 25th, 1986 the well was ready to be discharged. Then
master valve was fully opened and a piston was lowered into
the well until it was 10-20 m below water level. The piston
lower then water level in the well. Warmer water could then
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enter to the well and heat it up to boiling. After 18 cycles

of pulling out the piston, water-steam mixture pulsed out of

the well, and full discharge was obtained after 20 periods of
pulling the piston. The well discharged to the air for about

14 hours, but then the massflow was directed to a silencer.

On November 27, 1986 (Report 0S-85100/JHD-56B, November 1985)
the well was shut in and the pressure recovery Amerada of the
well measured. Pressure instrument was lowered to 1400 m
depth and the pressure recorded constantly for two days. The
downhole pressure and temperatures were then measured more
irregularly until February 2nd 1987, when the measurement
program was finally terminated. The data is presented in
Table. 1. Pressure and temperature data is also plotted
against the elapsed time (Figure 11 and 12).



3. STATIC FORMATION TEMPERATURE
3.1. Theory

The aim of the static formation temperature test is to
determine the undisturbed formation temperature at a certain
depth in a geothermal well. During drilling, the circulation
fluid disturbs the temperature in the vicinity of the well,
making the first temperature measurements after completion
inaccurate. The method described below was derived from data
obtained during the drilling period, but used on data taken
during the warm up period of KhG-1l and seems to be
applicable.

3.1.1. Brennand method
The Brennand equation which governs the temperature
distribution surrounding the wellbore is obviously based on

the thermal diffusion theory as following:

1/R §/6R (R * §T/6R) =
(p Cp)/K * 8T/6t (3.1-1)

The initial condition is :

T (R,0) = T¢ (3.1-2)
The inner boundary condition throughout the circulation time
is :

T (Bat) = Ty (3.1-3)
and after circulation is :

(6T/6R) R=pw = O 3(3.1-4)

The outer boundary condition is :

T (o,t) = T¢ (3.1-5)



Equation (3.1-1) and its boundary condition (3.1-2) to
(3.1-5) are made dimensionless as follows :

non dimensional radius: r = R/Ry
non dimensional time: ¥ = (t/n) where: n = (Cp*p*sz)/K
non dimensional temperature: 6 = (Tg-T)/(Te=Tp)

to become:
<(1l/x)*(§/8r)><(xr*(88/6r)> = §68/8y (3.1-6)

with boundary conditions:

8 (r,0) = 0

8 (=) = 0
and during circulation:

6 (1,y) = 1
and after circulation has ceased:

(66/6r) y=13 = O
Transforming the problem into the Laplace space, the
resulting ordinary differential equation is solved in
conjunction with the initial and outer boundary conditions.

The solution is:
8 (r,s) = B*Ky*(r/s) (3.1-7)
where B is an unknown constant.

The Laplace transform in equation (3.1-7) can be inverted to
give:
e(rrT) =
(B/2y) *e~ (¥2/47) (3.1-8)

which may be rewritten in dimensional form at the wellbore
as:

T (Ry,t) = Tg - [<zn(Te-T)>*e™(N/4L) x(1/t)) (3.1-9)
where:

n= <(Cp*p*Rw2) / K> and z = (B/2)

If t=ty is circulation time and time since circulation is &t,
7



equation (3.1-9) becomes:
T(Ry, t)=Tg-<zn(Tg-To) >*e~<N/4 (At+Pt ) >xc1/ (At+pty)>  (3.1-10)

if n « (At+pty), then the equation can be simplified to:
T(Ry,t) = T¢ - <m/ (At+ptg)> (3.1-11)

where: m = 2zn (Tg-T,) as a constant.

Therefore a plot of temperature versus <1/ (At+ptg)> should
produce a straight line of slope m and intercept on formation
temperature. From the slope m, the formation and the circul-
ation temperatures, it is possible to determine n, and hence
the thermal diffusivity (K/pCp) of the formation, it be
required.

3.1.2. Horner method

One approach has been to use a Horner plot. The well is
cooled for a time tp is the time that formation, at the depth
under study,has been exposed to circulating fluid. This would
usually be the time since the drill bit passed the particular
depth. Then circulation is halted, and the temperature is
measured at several times o6t afterward. The data plotted on a
Horner plot and extrapolated to At = o, that is for

(At+tp) /At=1 to obtain an estimate of final temperature.

The validity of the Horner plot is based on the observation
that the equation for heat conduction is:

(p T) 6T/t = R V2 T (3.1-12)

i.e., the diffusion equation, which is of same form as the
pressure transient equation. This governs the cooling and
warming of the well provided that conduction is the dominant
mechanism of heat transfers. It is not valid at any zone of
fluid loss, at any other permeable zone, or if circulation of
fluid occurs spontaneously in the wellbore past the depth
observation. i.e., temperature is plotted versus (t+At)/At
8



3.2. Analysis and Results

The static formation temperature was calculated at three
different depths. Based on measurement taken during the warm
up period (Table 1) at 1200 m, 1500 m and 1600 m depth.
Horner plots was made (Figure 8) and Brennand plots (Figure
9) or T vs log <(t+At)/At> and T vs <1/ (tp+At)>.

It can be seen from the temperature less (Figure 4) that
internal flow occurs between an aquifer at 1400 m depth and
down to an aquifer at about 1700 m depth. Due to this it is
only possible to use the temperature loss down to 1400 m
depth and the bottomhole temperature to estimate the
formation temperature.

In order to get a good estimation of the reservoir
temperatures around well KhG-1, some logs were run after the
well had discharged. In that case the well was kept open
while the measurement was done. After five days of discharge
the temperature logs showed cooling above 1200 m depth. The
temperature at 1600 m depth was 264°C and the bottomhole
temperature was 265°C (Table. 1).

The different between the measured temperatures after
discharge and the calculation temperature using the Horner
and the Brennands methods are also listed in Table 4. The
average difference using the Brennand method between measured
and calculated values is +7.3°C, but +3.3°C using the Horner
method, when the temperature is measured before discharge.
Using the reference temperature as the one measured after
discharge the average difference using the Brennands method
is -12.3°C but -15.7°C using the Horner method.

The average calculated temperature shows that the Brennand
method gives closest result to the real measured static
temperature which has smallest (6T)= =-12.3°C. Therefore the
Brennand calculation is used for further predictions.
Brennand equation gives precisely maximum reservoir
temperature at a certain depth. For calculating static

9



formation temperature, the Horner equation is more able to be
used, because it gives the more accurate result. Linear-
linear plot is only capable for a rough value estimation.
Actually it will give the result of maximum temperature as
seen the extrapolated temperature by using graphs.

10



4. PRODUCTION TEST
4.1. Theory

The mass flow rate and specific enthalpy of the fluid during
the discharging period (draw down), can be estimated by James
formula, as following:

Po = Do9°%02 (1/72.2)2-195  for 180°C<T<350°C  (4.1-1)

Where P, is lip pressure (bar); Do is inside diameter of the
critical notch (m) and T is the feed temperature (°C).
Equation (4.1-1) has been confirmed in practice James (1984b)
for dry saturated steam as:

w = 18.72 (10)% * (P,0:96 % p42 s h 1:102) (4.1-2)
where: w is flow rate (kg/s); Dy is inside diameter of the
pipe (m); h, is enthalpy of the discharge (kJ/kg),
Substituting (4.1-1) into (4.1-2) gives:

w = 18.72 (10)6% (D 2-978/p1.102)%(T/72.2)2.1072 (4.1-3)

The liquid water flow rate through a V-notch (90°) weir box
is calculated by an empirical equation (ASME, 1971):

wy = 1.3345 A2:475 / vy (4.1-4)

where: A is the head of water (m); w; is the water flow -
rate (kg/s); v] is the water specific volume (m3/kg)

The steam fraction x at atmospheric conditions is:
X =wWg / (Wytwg) = (hg-hjy) / (hg-hj) (4.1-5)

where: wg is the steam flow rate (kg/s); hg is the specific

enthalpy of the steamtwater (kJ/kg); h; is the liquid water

enthalpy (kJ/KkKg). Assuming that the stagnation, the steam and
11



water mixture enthalpies are equal (4.1-5) and solving for w
gives:

w =w) * (hg=hy) / (hg=hg) (4.1-6)

Finally substituting (4.1-4) to (4.1-6) gives for that total
massflow rate:

W = 1.3345 A2:475 % yv;71 % (hg-hj) * (hg-hg) ™1 (4.1-7)

The two unknown variables hy and w can now be determined by
solving (4.1-3) and (4.1-7) simultaneously.

4.2. Production interpretation

Three basic parameters were measured at the surface during
the production test (the drawdown period); the wellhead
pressure Pyp, critical lip pressure P, and head of water in
weir box. The diameter of the discharge pipe was 0.161 m.
The measured quantities were (Figure 16-17):

Pyh = 6.71 bar
Ps = 1.00 bar
A = 0.154 m

The atmospheric pressure at Kolvidarholl is 0.1 MPa, which

gives:
vy = 1.044*10-3 m3/kg
h; = 419.1 kJ/kg
hg = 2675.8 kJ/kg
pp = 2.79%1074 Pa.s

The mass flow rate and the discharge enthalpy can be
calculate using equation (4.1-7):

12



w = 1.3345%(A2:475/vq) % (hg-hy)/ (hg-hy)
w = 1.3345%a2:475/(1,044%1073)*%2256.7/(2675.8-h,)
w = 2.885(10)%%a2:475/(2675.8-h,)

(4.1-8) and (4.1-2)
w = 18.72 (10)%% (P.0-96 % py2 , h 1-102)

By subtracting equation (4.1-8) from equation (4.1-2),
rearranging the terms we get:

R*(2675.8-hy) *Dg2 * P.0+96 - (a2.475 & p 1.102) = ¢
where: Ry = 6.489

From the equation above, the discharge enthalpy and massflow
rate can be estimated:

1475 kJ/kg
23.3 kg/s

hO
w

The average discharge enthalpy of the well was 1475 kJ/kg
(Figure - 17) which is greater than the enthalpy of the water
at the maximum measured temperature in the well (about
260°C). This indicates two-phase flow into the well. The
pressure transient analysis for two-phase inflow, should
therefore use mixture densities, viscosities and relative
permeabilities for evaluation of reservoir parameters, when
using pressure drawdown methods.

Dynamic viscosity of the mixture is defined by Grant et.al
1982:

/bt = (ke1/My) + (Kpg/bg) (4.2-1)

the kinematic viscosity by

1/0¢ = (kp1/01) + (Kps/0g) (4.2-2)

The mixture density
13



1/pt =<1/(hg-hy)>*<(ht-hj)/p1>+<(hg-ht)/pg> (4.2-3)

/pe = (x/p1) + <(1-X)/pg> (4.2-4)

X (h¢ = hy)/(hg=hy) (4.2-5)

where: x is the steam fraction; hty is total discharge
enthalpy; Hg is steam enthalpy; hy, is water enthalpy:; k, is
the relative permeability.

The enthalpy of the steam-water mixture is given by

he = <(hy * Kyp1)/07 + (hg * Kyg)/0g> * O (4.2-6)

substituting equation (4.2-2) to equation (4.2-6) and
rearranging to:

Kr1/Krs = (01/0s) <(hg=hg)/(hg=hp)> =
(01/0g) * <(1=-X)/x> (4.2-7)

I

The mixture density can be determined as follows, applying
equation (4.2-4) and (4.2-5). The flowing enthalpy

hy = 1475 kJ/kg. From steam table: at 260°C; hg = 2796.4
kJ/kg; hy = 1134.9 kJ/kg; pg = 23.7 kg/m3; p; = 783.9 kg/m3;
1 = 104.8%1076 Pa.s; pig = 17.9%*107% Pa.s; 07 = 0.134%107°
m2/s; 0g = 0.755%*107% m?/s.

Thus

X = (1475 - 1134.9)/1661.5 = 0.205
From equation (4.2-4),

1/pe = (X/p1) + <(1-X%)/pg>

= (0.205/23.7) + (0.795/783.9)
and

Pt 103.48 kg/m3

14



By using equation (4.2-7)

kr1/krs = (01/0g) *<(1-x) /x>
(0.134%1076) /(0.755%1076) * <(1-0.205)/0.205>
0.69

Assuming Grant relative permeability relation, that is kyg +

By using equation (4.2-1) and (4.2-2), the dynamic viscosity
and kinematic viscosity of the mixture can be calculated:;

/e = (Kp1/B1) + (Keg/Hg)
= <0.41/(104.8%10°6)>+<0.59/(17.9%107%)>
and
Bt = 2.71 * 10”2 Pa.s (dynamic viscosity)
1/0¢ = (kr1/01) + (Kpg/0g)
and
O¢ = 2.6%10"7 m2/s (kinematic viscosity)

15



5. PRESSURE RECOVERY TEST
5.1. The Description of Test

A pressure recovery or pressure build-up test at well KhG-1
was carried out during a three months period. The production
lasted from August 25th, to November 27th, 1986. For the
first 86 days 132 mm diameter orifice was used but from there
off a 101.6 mm orifice was used. On the final day of the
production the master valve controlled the flow.

5.2. Pressure Recovery Interpretation

During pressure recovery test, the temperature and pressure
can be plotted in a diagram of clayperon. Figure 10 shows
measured pressures and temperatures during the recovery at
1400 m depth. Also marked in the figure is the saturation
curve. The figure shows that all the measured data lies in
the liquid region, hence showing that only liquid water
exists at the depth under consideration. This means that when
calculations reservoir parameters based on pressure drawdown
single phase should be assumed.

5.3. Model Identification

The model identification can be divided into inner boundary,
basic behavior and outer boundary, each one influencing each
other. By using Automate Computer Program can be determined

characteristic shapes and permits identification at dominant
flow regime.

5.3.1. Inner boundaries

Early time data is identified as inner boundaries. The

pressure transient data is interpreted by plotting the

pressure increment (AP) versus (At) the time from shut in

(Figure 14). The inner boundary effect is observed at early

time with dominant effects such as wellbore storage, skin,
16



fracture and partial penetration (Gringarten 1985).

Wellbore storage is characterized by the effect of fluid
expansion inside the well giving a straight line of unit
slope in the diagnostic plot. Figure 14, shows a slope of 1,
which indicates that wellbore storage affect the first two
hours of the data.

Based on skin effect theory (Gringarten, 1985), if the skin
is positive, then the well has a steady state pressure drop
but it also indicates that the reservoir is damaged in the
walls of the well. On other hand, well KhG-1 has a negative
skin, which means the well stimulated. Figure 19, shows that
Cpexp(2S) ranges between 10-1000, that’s mean well is
stimulated or not damaged.

Fractures characteristic will give a straight line on a log-
log plot with one half unit slope if the fractures are very
permeable or a very low conductivity depended on one quarter
the unit slope. Unfortunately the first two hours of the data
are dominated by wellbore storage. Therefore fracture effects
are not seen in the data. It is however, likely that the well
intersects one or more fractures.

5.3.2. Reservoir behavior

Ground water reservoirs are generally divided into two kinds
of reservoirs, homogeneous and heterogeneous (Gringarten,
1985) . According to figure 18, that shows that AP versus At
in the well KhG-1, the reservoir is homogeneous.

The temperature-pressure profile shows a single medium
conductivity affecting the well.

5.3.3. Outer boundary

An outer boundary is indicated from the late time data,
either as a no flow boundary or a constant pressure boundary.
The log AP versus log At curve seems to indicates a constant
pressure boundary. By using an automate computer program,
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this result can be determined as a constant pressure boundary
(Figure 14-20).

5.3.4. Completed reservoir behavior

Completed reservoir behavior identification is performed on
early time data, infinite acting data and late time data. The
log=-log behavior of the actual reservoir is simply obtained
as the super position of the individual log-log behavior of
each component of the model representing the reservoir
(Gringarten, 1985). Figure 13-20, constructed from a log At
versus AP from the drawdown test in the well KhG-1 shows the
wellbore storage performance within homogeneous reservoir
behavior and the evidence of constant pressure boundary. It
was shown in log-log curve (Figure 14-23). From the inner
boundary, infinite acting and outer boundary data shows a
well in a homogeneous reservoir which has constant pressure

boundary.
5.4. Homogeneous Reservoir Solutions

The basic equation formulated by Earlougher (1977) describes
that an isothermal radial flow through an isotropic or
homogeneous behavior will follow the equation as below:

(62P/6r2)
+1/x (6P/8xr)=
(Puce/k) (6P/6t) (5.4-1)

The equation is basically as the diffusion equation which is
assumed that the Darcian flow is slightly compressible
throughout a certain thickness will represent a small
pressure gradient. The hydraulic diffusivity performs as
(k/¢cy u4) converting the solution of diffusivity equation in
constant flow rate production will be confirmed as an
infinite reservoir. The solution can be displayed as:
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Pi-P(r,t) = (qu/4mkh) <
-Ej (~gcepr2/akt) (5.4-2)

where: Ej = the exponential integral. If the exponential
integral < 0.01, the equation can be showed as:

~Ej (-(fcgpry/4kt)) =
Ln (4kt/Exp(T)dcipur?) (5.4-3)

Substituting (5.4-3) to (5.4-1) and g=wv, the equation can be
showed as:

Pi-P(r,t) = (wvg/4nkh) Ln (4kt/Exp(l)pcipr?) (5.4-4)

if r=ry, and it produces from all the reservoir thickness
with the skin factor consideration, the equation can be:

Pyf = Pj-(wvp/d4nkh) <

Ln (4kt/Exp(l)dcipr,2) +28 (5.4-5)
dimensionless time as:
tp = kt/dogppry,? (5.4-6)
dimensionless radius as:
rp = r/ry (5.4-7)

the dimensionless pressure can be:
P(rp,tp) = (2nkh/wvp) <P;-P(r,t)> (5.4-8)

With the skin factor consideration put into the dimensionless
the equation can be:

P(1,tp)+S = P(tp) + S = (2nkh/wvp) (Pj-Pyf) (5.4-9)

substitute equation (5.4-9) into (5.4-5), the equation can
19



be:
P(tp) = 1/2 Ln (4kt/Exp(T)gur,?) (5.4-10)

By using dimensionless time and radius, the equation above
can be:

P(tp) = 1/2 (Ln tp + 0.8091) (5.4-11)

If equation (5.4-5) would be used for solving practically,
the skin factor (S) should not be accounted as seen on
equation (5.4-10) and (5.4-11). In case of production the
useful equation is diffusivity either as dimensional or
dimensionless form. By substituting both equation (5.4-5) &
(5.4-11) and based on the superposition theorem obtained
formula can be used in total drawdown-build up as the

expression following:
(Pj=Pyg) (2nkp/wvp) =Pp(tp+Atp)-Pp(Atp) (5.4-12)
substitute (5.4-12) and (5.4-6), the equation can be:

(Pj-Pyg) (2nkh/wvp) =
1/2 Ln((t+At)/At)) (5.4-13)

arranging (5.4-13) from Ln type to log type, the equation
becomnes:

(Pj=Pys) = 0.1832(wvp/kh) *
1/2 Log ((t+At)/At) (5.4-14)

when pressure is plotted vs log(t+At)/At (Horner method), the
result is a straight line with a slope m where:

m = 0.1832 (wvf/kh) (5.4-15)
To the skin factor (S) can be estimated by substitute

equation (5.4-9) and (5.4-14), the equation can be changed as
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follow:

S = 1.1513 [(Pyg(t=1)-Pyg(At=0))/m + ((tp+l)/tp) -
log (k/¢ciury?)) - 0.3513 ] (5.4-16)

or can be determined also from (Grant, et. al, 1982, p.285)
equation, as following:

S = 1.151 [(AP/m)-log 19 (kt/¢ p ct ry?)+0.251] (5.4-17)

During pressure recovery test of well KhG-1, the pressure was
monitored by running several pressure logs in the well
(figure 5). The pivot point was found in the cross flow
interval at 1400 m depth. Note that other feed zone at 1000
m, 1300 m, 1450 m, 1525 m, and 1725 m. The feed zone at 1450
m is the most permeable aquifer of the well. The thermal
recovery was fast below the pivot point when pumping stopped
at the end of drilling.

5.5. Horner Method

The average reservoir pressure can be estimated by Horner
method. From figure 15, the late time can be extrapolated to
intersects the pressure axis. Then log((t+At)/At)) = 0 and

At » t, The late time straight line can be expressed as:

P(At) = P(w) -
m log ((t+At)/At)) (5.5-1)

So, from figure 15, the average reservoir pressure becomes:
P(o) = 114.9 bar

5.6. Homogeneous Reservoir Estimation

Based on the straight line portion of figure. 15 and the

equation (5.4-15) above, the transmissivity can be calculated

as follows:
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113 psi/cycle
7.793 bar/cycle = 7.793%10° Pa

From chapter 4.2, we can be found:

vy = 1.044%*1073 m3/kg
1 = 2.79 *10™4 pa.s

m = 0.1832 (w v p/kh)
kh = 0.1832 (w v §) /m

= 0.1832(23.3%(1.044%1073)2.79%10"4) /(7.793%10°)

= 1.6%10"12 p3 -—-(1.6 Dm) (Permeability thickness)
and

(kh/pg) = 1.6%10712 , 2.79%1074

= 5.7%¥10"° m3/Pa.s (Transmissivity)

The storativity can be estimated by (Grant, et. al, 1982,
p.285), equation as following:

gcehe™2S = 2,25 [(kh/p)*(t/r2)*10(-4P/m)
where:
(kh/u): 5.7 x 1072 m3/Pa.s
(t) : 3600 second
(ry) : 0.108 m
(AP) 39.6%10° Pa
(m) : 7.793%10° Pa
¢ch = 2.25%[(5.7%10"9)*[3600/(0.108)2]*10~(39-6/7.793)
= 3.2 * 1078 m/Pa
(49 bar = 2 * 10”2 m/Pa)

If porosity and thickness are set to ¢ = 0.1 and h =305 m
the compressibility can be estimated as following:

c =3.2 * 1078 / (0.1%305)
= 1.05 * 1072 pa~l

According to Grant. et al., (1982, p.51), who tells about the
comparison of the different compressibilities as following:
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For single phase: c] = 1.2 x 10™9 pa-l (water)
3.0 x 10”7 pa~1 (steam)

Cg

For two phase : cg = 1.4 x 1076 pa~l
So, 1.05 * 10~2 pa~l can be determined as single phase flow
in reservoir (1400 m depth).

The skin factor depend on porosity (¢), compressibility (c¢)
and reservoir thickness (h). Using those equation (5.4-16) or
equation (5.4-17), the skin factor value can be calculated:

S = 1.151 [(AP/m)-logjq(kt/¢ pcry2)+0.251]  (4.3.3-17)
= =0.125

S = Skin factor is negative, that its mean the well KhG-1 as
the stimulated well or non damaged well (Gringarten, 1985).

The transmissivity value is 5.7%10"2 m3/Pa.s obtained based
on the pressure recovery test for well KhG-1, and kh is 1.6
Dm that mean is still moderate production, if it compared
with kh data from the Nesjavellir field.

5.7. Computerized Calculation

By using the program Automate available in UNU some values of
kh (Table 3) were calculated the following method:

- Line source solution (Figure 25)

- Storage and skin (Figure 19, 22 and 26)

- Horner plot (Figure 18, 21 and 24)

Skin effect can be determined by the Horner method and
storage & skin. It can be seen clearly based from the early
time data. The constant pressure boundary in homogeneous
reservoir shown on above of three type curves, which are
initiated from figure/chart in the infinite acting time and
late time.
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The calculated distance between wellbore and a linear
boundary is about 200 m, has shown on table 6 and 7 of
infinite acting and late time data, but by using the late
time data the result seem to be much closer to the condition
because the pressure value is obtained through above
calculation (P = 114.7 bar) is much closer to the reservoir

pressure.
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6. DISCUSSIONS

The pressure recovery test was carried out in the well KhG-1
at 1400 m depth. Several kind of measurement had been carried
out i.e temperature and pressure in order to obtain a data
base. The maximum temperature was measured in 1600 depth
shows the temperature of about 260°C and at about 1800 m
depth about 262°C. The well KhG-1 is determined that the
enthalpy is about 1475 kJ/kg and the temperature of 260°C
during discharging. In this test also have been calculated
the mixture (steamt+water) density, the mixture viscosity,
relative permeability for evaluating reservoir parameters.
Its used two phase flow equation. The (P versus T) on figure
10, shows that the fluid as a single liquid phase which is in
unsaturated condition at the reservoir temperature-pressure.
The T-P plot shows that KhG-1 data is located on the left
side of the saturation line on the graph T-P. The fluid may
flash in the well, but the low enthalpies and steam fraction
suggest that the boiling may happen close to the surface or
totally on the surface. According calculation where the
compressibility (c) = 1.05%1072 Pa~l as a single phase flow

in reservoir after well shut in.

Figure. 11 shows that the maximum temperature of 260°C was
valid only within 60 hours and then the temperature was
dropped to 255°C as stable temperature (Figure 11). Even
though the well KhG-1 can be considered as moderate
production well, because it has a low conductivity and
continuous recharged water. Basic on reservoir behavior and
its thermodynamic during build up period (Figure 10) show
that the hot water may flush either within the wellbore or on
the lips of wellhead during discharge.

Cold water zone at the depth interval 800 m - 1000 m may

exist in well KhG-1 affecting to a increased temperature on

uppermost of the well to perform a high temperature

fluxtuation (Figure 6), and Figure. 17, shows the close

stable production rate in the well KhG-1. The water flow rate
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ranges from 9 -11 kg/s within the total massflow of about 23
kg/s at well pressure 7 bar.a. Flowing enthalpy is about 1475
kJ/kg and steam fraction 20.5 % gives the suggestion that
KhG-1 may able to be used either for electric generating and
direct uses. The stability of the flow rate behavior confirms
to the stable at 7 bar.a which is in the smallest changing
pressure.
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7. CONCLUSIONS AND RECOMMENDATION

The reservoir behavior in well KhG-1 is considered to be a
single phase water dominated. Therefore fraction obtained
from production was low, although the well produces two phase
flow during discharge.

The main reservoir is situated at 1400 m depth with the
maximum of 260°C. It seems to be a single feeding zone in the
well.

Evaluation of the pressure recovery data obtained from well
KhG-1 shows a straight line or a single slope on the semilog
graph. It can be interpreted that well as a well having a low
conductivity homogeneous reservoir which has a constant
pressure boundary.

Static formation temperature is able to obtain from some ways
of calculation showing range from 260 = 270°C in the well
KhG-1. The Brennand equation was able to predict the
reservoir temperature in that well, but was not corrected to
predict static formation temperature in each certain depth by
using "warm-up period" data of well KhG-1.
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NOMENCLATURE

A = Head of water measured at the weir box (m)
B = Formation volume factor = reservoir volume/surface volume
¢ = Compressibility (1/Pa)
Cp= Specific heat capacity at constant

pressure of rock in situ (J/kgK)
C = Wellbore storage (m3/Pa)
D = Diameter (m)
H = Depth (m)
h = Tickness (reservoir) (m)
h = Specific enthalpy (+ subscript) (kJ/kqg)
k = Permeability (m2)
Ko= Modified Bessel funtion of the second

kind of order zero
K = Conductivity of rock in situ (W/mK)
L = Length to sealing fault (m)
m = Slope (psi/cycle)
n = (CpfRy?)/K (s)
P = constant
P = Absolute pressure (MPa)
q = Volumetric flowrate (m3/s)
r = Radial distance (m)

= (R/Ry) non dimensional radius

R = Radius from axis of the wellbore (m)
Ry= Wellbore radius (m)
s = Laplace transform variable (dimensionless)
8 = Skin factor (dimensionless)
T = Temperature (°C)
To= Circulation temperature (*C)
T¢= Undisturbed formation temperature (*C)
t = Time (s)
V = Concentration of medium (dimensionless)
v = Specific volume (m3/kg)
w = Mass flow rate (kg/s)
X = Steam fraction (dimensionless)
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= Geometrical factor (dimensionless)

= Kinematic Viscosity (Pa.s)

= Increment or derivative or distance

= Dynamic Viscosity (Pa.s)
Porosity (dimensionless)

= Temperature=(T¢-T)/(T¢-Ty) (dimensionless)

= Laplace transform of temperature (dimensionless)
= Density of rock in situ (kg/m3)

= constant

= Time = (K*t)/(pchwz) (dimensionless)
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= Stagnation
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= Discharge
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= Most permeability
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TABLE.1: KOLVIDARHOLL KhG-1, PRESSURE AND TEMPERATURE DATA
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(m) (€) (c) (€) (€) (C) (c) (€ (c)
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1300 | 104.21 (S3.9 218.4| 10475 7326 | 105.14 241.3 738.3 258.6 10179 250.5 106.40 269.8
1400 | 113.36 145.5 A7.0| U331 238 | 133 43S 1.4 .30 20.1) 109.79 2553 118.38  266.6
1500 | 122.42 144.0 2142 121.53  7Rm.7| 12157 5.8 245.0{ 100.40 258.5| U7.S 255.3 12,29 265.1
1600 | 131.60 144.0 3.2 13004 4| 129.57 2572 258.5( 108.50  299.1| 125.83 2%.0 13018 264.4
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Kolvidarholl well KhG-1, pressure recovery
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TABLE 3

AJIOHTE RESIT

e (Gmes) (s=c.)

Faeter A Time 1w
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u
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Kyu

(ter) (e/cle) m8/Ras

INE OIRE ALl

SE

0.108
0.108
0.108

0.m
0.108
0.108

0.108
0.108
0.108
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2.8e-04
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Table.

4

Comparison temperature calculation.

1200 m 1500 m

1800 m

Flct |kefixe | after Flct | befixe | after Flct | befixe | after
tc(mintes) | 12510 9270 8190

Trex. (°Q) v} =6 245 25 -] 264
('O |dr("Q |dr(*Q ("Q | ar(*Q | ar(*Q ('Q | d("Q |dr('Q
Lin-lin 24 2 -2 245 0 =20 =5 0 -5
Homexr 27 5 -29 =0 5 =15 =5 0 -5
Brarerd pr.] 7 -Z7 =5 10 =10 264 5 0
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Table. 5 KhG-1 /Early data by using automate.

DATE OF TEST 25-08-1986 KAIN DATA FILB darwist| . mai
TYPE OF TEST Build-up PRESSURE DATA FILEB  darwisrl.prs
DIAGNOSTIC FILB darwisr].dia RATE DATA FILB darwisir.flr
WELLBORE RADIVS, ft 0.354 ct, 10 "-8/psi 10
FORHATION THICRNESS, [t 1000 VISCOSITY, cp 0.1
Bo, RB/STH | POROSITY Se-2
P/O DIS.,Et (Intl) Tprod, hrs (optnl) 2051
k, nd 1.225 4~ 0.1195 Skin -2.19) ¢ 0.2271
¢, bbl/psi  0.3251 ¢~ 0.1313 Pi, psi 2036
1, 1t 89.12 Lin Bndy, ft  90.25
Bndy Rad, [t 163.9 phicth (TIntf)
Onega Lanbda 1.3Me-§

-------------------------------------------------------------------------------
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Table. 6 KhG~1 /All data by using automate.

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

DATE OF TEST 15-08-1986 HAIN DATA FILE darvisie.sal
TIPE OF TEST Build-up PRESSURE DATA FILE  darwislr.prs
DIAGNOSTIC FILE darwiglr.dia RATE DATA FILB darwisir.fir
VELLBORE RADIUS, ft 0.354 ct, 10 “-§/psi 10
FORMATION THICRNESS, ft 1000 VISCOSITY, cp 0.1
Bo, RB/3TD | POROSITY Se-2
P/O DIS., [t (Intf) Tprod, hrs (optnl) 2051
b, nd 3.510  »- D.3801 Sklm 1,959 - 0,922
e, bbl/psi 1311 - 0022 M, psi 1693
I, (it 1.9 Lin Bndy, It LR H
Bndy Rad, It | phicth (Iatf)
Omega Lanbda

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

DATE OF TBST 25-08-1986 HAIN DATA FILB darwishh . mai
TYPE OF TEST Build-up PRESSURE DATA FILE  darwis55.prs
DIAGNOSTIC FILE darwishf.dia RATE DATA FILE darwiglr.flr

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

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

WELLBORE RADIUS, [t 0.354 Ct, 10 *-6/psi 10
FORMATION THICRNESS, [t 1000 VISCOSITY, cp 0.1
Bo, RB/STB 1 POROSITY Se-2
P/0 DIS.,ft (Int[) Tprod, hre (optnl) 2051
k, ad A3 - 1365 Skin -4,392  +- 2.118
¢, bbl/psi 27,50 + WU Pi, psi 1655
X, I 66 Lin Bndy, [t 579.9  +-  5.756
Bndy Rad, Tt 405 phicth (Intl)
Onega

lLanbda

-------------------------------------------------------------------------------
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Bjdrnsson et al.

Figure l. Simplified tectonic map of SW-Iceland and location of the Hengill area. [The Neo-
volcanic zone 1is within the Brunhes-Matuyama boundaries., Earthquake zone {Klein et al,, l977:

Einarsson and Bjornsson, 1979), volcanic systems /Saemundsson, 1978), and geothermal fields
are shown. The Hengill geothermal area is within the square.

Figure. 1 Vestur Hengill (Kolvidarholl Geothermal) area.
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Kolvidarholl KhG-1. Temperature 1,2,3,4 and 5

Figure.

4

profiles.
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Figure. 5 Kolvidarholl KhG-1. Pressure 1,3 and 4 profiles.
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Figure. 6 Kolvidarholl KhG-1. Temperature 6,7 and 8
profiles.
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Figure. 7 Kolvidarholl KhG-1. Pressure 6,7 and 8 profiles.
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Figure. 8 Temperature profile KhG-1 (Horner plot)at 1200 m,
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Figure. 18 KhG-1 /Early data- Horner plot.
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