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ABSTRACT

A break in electrical power generation from the
Krafla geothermal plant was planned from begin-

ning of May to early September 1984. Early in
June most of the production wells were shutln
and their pressure recovery monitored. A

regular monitoring of the pressure buildup was
carried out on a well to well basis until mid-
August, when the wells were put back into
production except for wells 12 and 16. They
used to monitor the pressure drawdown due
to the start of production. This was abruptly
brought to an end by a nearby volcanic eruption

in early September,

The pressure bulldup in the two-phase geo-
thermal reservolr at Krafla 1is described and
the first results presented. The results are
compared with parameters determined on the
completion of the wells and with predictions

from numerical simulations of the reservoir.
Finally the status of the Krafla geothermal
system is discussed with regard to the com-
parison.

INTRODUCTION

The Krafla geothermal field is sited within the
caldera (8x10 km) of the Krafla central volcano
in northeastern Iceland. 7To date 23 wells have
been drilled in 1low resistivity . anomalies
within the Krafla caldera. Their locations In
relation to the power plant are shown in Figure
1. Most of the wells (1-13,15) are located in
the Leirbotnar-field west of the Hveragil
gully. Wells 14 and 16-20 are located in the
Sudurhlidar-field on the southern flank of Mt,
Krafla. The wells most recently .drilled at
Krafla (21-23) are located in:the. Hvitholar-
field, about 1.5 km south of the power plant.

A detalled description of the reservoir system
in the Leirbotnar-Sudurhlidar fields {s .avail-
able in the literature (Stefansson, -19871;
Bodvarsson et. al., 1984). The following is.'a
brief summary of this model., In the Leirbotn-
ar-field pressure, temperature and chemistry
data indicate the presence of twoc reservoirs.
The upper reservoir contalins single-phase
210 °C.

References and illustrations at end of paper.

.after shutin.
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This reservolr extends from a depth of 200 m to
about 1100 m. Below there 1Is a two-phase
reservolir with temperatures and pressures cor-
responding to the boiling curve with depth.
This reservolr directly underlies a confining
layer at 1100-1300 m depth and extends to
depths greater than 2200 m. This division into
upper and deeper reservolirs does not extend
across the Hveragil gully and in the Sudurhlid-
ar-field only the two-phase liquid-dominated
reservolr seems to be present. The reservolrs
in the Leirbotnar-Sudurhlidar fields seem to
be connected near the Hveraglil gully.

In accordance with sales contracts, a break in
electrical power generation from the Krafla
geothermal power plant was planned from the
beginning of May to early September 1984.
This break was used to monitor the pressure
recovery in the production fields iIn Leir-
botnar and Sudurhlidar. Preparation for the
work started in late May with the condition of
the wells being checked,

A drillout operation was planned for wells 3
and 9 in July, but had to be put toward to
early June. Due to this well 9 was shutin on
June 1st, or before the regular monitoring pro-
Jject started. Therefore, pressure bulldup
started in the upper reservoir in the Leirbotn-
ar-fleld before the other wells were shutin.

The monitoring project started on June 4th with
the shutin of well 16 {n the Sudurhlidar-
field. Other wells there were shutin two days
later. The same procedure was used for the
Leirbotnar-field and started on June 7th with
the shutin of well 12, Well 7 was kept in
production to keep the pipelines hot. Wells 9
and 3 were drilled out during the period June
13-20th.

Soon after shutin a high wellhead pressure (>70

bar) had built up in well 14, To _eliminate
the risk of damaging the wellhead equipment,
the .well was opened .up again only two days

Similarly, well 13 had to be put
on restricted flow five days after shutin.

Pressure was monitored regularly In wells 12
and 15 in the Lelirbotnar-field and in wells
16,17 and 20 in the Sudurhlidar-field. Water
level was monitored 1in wells 3,5,8 and 10 in
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the Leirbotnar-field and in well 18 in the
Sudurhlidar-field. This was carried out until
August 14-17th, when the wells were put back
into production except for wells 12 and 16,
The plan was to monitor until mid-September
their pressure drawdown due to the start of
production. However, this was abruptly brought
to an end by a nearby volcanic eruption on
September 4th, 1984. The volcanic activity has
previously caused 4in the 1liquid part of the
system a large pressure increase, which is an
order of magnitude larger than the effect
caused by production in the field (Stefansson,
1981; Sigurdsson and Tiab, 1983).

ANALYSIS OF DATA

The wells where water level was measured
regularly had not been producing for years
before the shutin of the fields, except for
well 3, In the Leirbotnar-field these wells
(3,5,8,9,10) are mainly connected to the upper
reservolr. Figure 2 shows the water level as
measured {n well 10, but other wells (5,8) show
{dentical behavior. The early bulldup Is due
to the premature -shutin - of well 9, but then
there fs a change in the slope after about 320
hr, which is due to the shutin of well 3.
Using the time of interception and other avall-
able data for the upper reservolr (Pruess et.
al., 1984), the distance between wells 10 and
3 1s calculated as 535 a, but the measured
distance between their wellheads on the surface
is about 540 m.

Later a drop in the water 1level 1is observed,
caused by the onset of production in mid-
August. Then there iIs a sudden rise of the
water level of about 50 m, which Is caused by
the volcanlc activity north of the Leirbotnar-
field in early September. This effect was
observed {n all wells where water level was
measured, but the magnitude of the response
differed from well to well.

The response of well 12 in Lelirbotnar to the
shutin is shown in Figure 3. The data polnts
are fitted by the solid curve with a double
porosity analytical model. Results from the
match are presented in table 1, and indicate a
negative skin for the well, high wellbore
storage and fractures with restricted flow
capacities.

Well 13 in Leirbotnar is directionally drilled
to east and cuts a NNE-SSW directed near
vertical fracture along the Hveragil gully.
Figure & shows the four measurements avallable
from well 13 during the five days shutln
period. . The well had not yet stabillized, so
the data 1s fitted with an Infinite acting
system, It indicates a high wellbore storage
and a positive skin, - This agrees with the
fact that scaling s occurring in the well.
Due to the high wellbore storage and few data
points a. match with a vertical fracture madel
was not obtained. :

In Figure 5 the data points and match for well

15 in Leirbotnar is shown. Some difficulties
were in wmatching the data because of 1its
behavior for the first 30 hours, which may be
caused by the high gas content of this well's
fluid. The figure shows a match with a double
porosity model. However, the model does not
indicate any major connection to a fracture.

The data from well 16 in Sudurhlidar are pre-
sented in Figure 6 and show a better match with
a double porosity model than the alternative
vertical fracture model. The match indicates
that the well Intercepts a fracture in a rvock
mass of rather 1low permeability., There is a
small restriction in the fracture. This well
was monitored for three weeks after other
wells in Sudurhlidar had been put into produc-
tion again. DOuring that period no pressure
decline was observed in the well, However, a
pressure pulse of 3.7 bar caused by the
volcanic activity was observed. This
indicates that at least in the eastern part of
the Sudurhlidar-reservolr the fluid s still
mostly single-phase liquid.

Results for well 17 in Sudurhlidar are shown In
Figure 7. The data is matched with an infinite
acting system. The match results in a large
negative skin, which is caused by a thin and
highly permeable near horizontal layer or
fracture, intersected by the well.

Well 20 in Sudurhlidar is directionally drilled
to the north and intersects two nearly vertical
fractures or faults. Figure 8 shows the
measurements from well 20 along with the match
from a double porosity model. A match with a
vertical fracture model! was not as good,
because the analytical model was not able to
handle a strong early wellbore storage
behavior, possibly enhanced by thermal effects
in the well. This may cause the double
porosity model to give too low estimates for
the transmissivity (Miller, 1980). On the
other hand the double porosity model indicates,
that the well Intersects a relatively large
volume fracture.

DISCUSSION OF RESULTS

In table 2 a comparison is made between the
transmissivity values obtained in an 1injection
test at the end of drilling and those presently
estimated. The general trend leads to a
slightly lower estimate now, than at the end of
drilling. This comparison also indicates that
the short non-isothermal f{njection tests, per-
formed at the completion of the wells, give
fairly relliable estimates of reservoir trans-
missivity.

The present estimate for well 13 is 3 times
greater now than after drilling. This may
reflect the transmissivity of the fracture
itself through the Hveragll gully, but not the
combined fracture rock transmissivity, because
the data from well 13 have a short time span.
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The estimated transmissivity for well 20 {s
most probably about 50X too low due to the
analytical model used to match the data. As
mentioned earlier this could be related to a
thermally enhanced wellbore storage effect.

The 1initial pressure of the main feed points
extrapolated to the depth of measurement are
presented for each well in table 3 followed by
the average reservoir pressure as presently
estimated. A comparison of these values
reveals no pressure drawdown Iin the eastern
part of the Sudurhlidar-field, but possibly a
small pressure decline in the northen part.
However, this difference 1s not significant.

In the eastern part of the deeper Leirbotnar-
reservoir a pressure decline of 5 to 6 bar 1is
estimated (12,13). These wells have been about
3.4 years longer in production, than the wells
in the Sudurhlidar-field. Resent measurements
of the direction and inclination of wells in
the Leirbotnar-field indicate that the wells
are generally directed toward south-east and
therefore draw fluid from a much smaller and
denser part of the reservoir, than was
anticipated by thefr wellhead location
(Gudmundsson and Gudmundsson, 1984). Actually,
the depleted volume in the deeper Leirbotnar-
reservolr {s estimated to be only half of what
would be expected from the wellhead 1location
(0.3 kn3),

The reservoir pressure for well 15 (table 3) {is
abnormally high, which is explained by the fact
that the main feed point is at 1600 m depth.
However, the measurements had to be made at 950
m depth, because of scaling in the well. The
well s hot (>300 °C) and very gas rich.
Therefore, the fluid column between 1600 m and
950 m depths is two-phase, but the in{tial
pressure value is extrapolated up to 950 m for
single-phase 1liquid and therefore it is too
low,

A fairly detailed distributed parameter wmodel
has been made of the Lelirbotnar-Sudurhlidar
fields to produce history match for the flelds
up to the year 1982 (Pruess et. al., 1984). A
prediction is available from the numerical
simulations for the period 1982 to 1992. It
predicts a pressure decline of 4 to S bars
during this period in each field, but before
1982 a negligible pressure decline was estimat-
ed {n the deeper reservoir at Leirbotnar and
none in the Sudurhlidar-reservoir. This s
still the case in 1984 for the Sudurhlidar-
reservoir, where none or negligible pressure
decline is estimated. However, the pressure
decline in the deeper Leirbotnar-reservoir is
2 to 3 bars in excess of the numerical simula-
tion prediction. The numerical model assumes
a reservoir volume of 0.7 km3 for the deeper
Leirbotnar-reservoir from the wellhead dis-
tribution, but as pointed out before, the wells
are mostly depleting a reservoir volume vhich
is only half of that. This could explain the

excess pressure decline compared to the model
prediction.

CONCLUSIONS

1. An interference is observed between wells
in the upper single-phase teirbotnar-
reservolir.

2. A general trend towards slightly lower
estimates of transmissivities for
individual wells compared to trans-
missivities determined from injection tests
at the completion of wells is observed.

3. None or negligible pressure decline has
occurred in the Sudurhlidar-reservoir
during its 3 to 4 years production
history. This agrees well with prediction
from numerical simulation of the field.

4. A pressure decline of 5 to 6 bars s
observed {n the eastern part of the deeper
Leirbotnar-reservoir. This is 2 to 3 bars
in excess of what is predicted by numerical
simulation of the reservolr. However,
recent measurements of wells directions and
inclinations in that fleld indicate, that
they are depleting only half of the
reservoir volume assumed with regard to
their wellhead locations on which the
numerical simulation is based.
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Table 1. VWell Test Analysis

Skin factor

Well | Flow rate | Transmissivity | Formation storage Wellbore Storage
kg/s m3/Pa s’ m/Pa Cp
12 3.2 1.6 x 10™ ¢ 3.3 x 10°8 -2.2 1.2 x 10°
13 6.9 6.1 x 10°° 2.0 x 1077 2.1 1.1 x 10"
15 3.4 1.0 x 10~ 8 9.4 x 10~ 7 1.1 1.7 x 102
16 4.4 0.4 x 10~ 8 6.7 x 10~ ° -5.2 2.6 x 10!
17 9.6 1.4 x 10~8 5.2 x 10~ ? -6.3 2.1 x 103
20 10.6 0.8 x 10~ ¢ 3.9x 10-8 -5.9 1.0 x 10!
Table 2. Transmissivities in Krafla wells (m¥/Pa s)
Well | Year drilled | At completion Estimated in
1984
12 Nov. 1978 1.2-2.4 x 1078 1.6 x 1078
13 Aug. 1983 1.9 x 1078 6.0 x 1078
15 . Oct. 1980 1.5 x 10-¢ 1.0 x 10°®
16 June 1981 0,9 x 10-¢ 0.4 x 1078
17 July 1981 2.5 x 1078 1.4 x 108
20 Aug. 1982 1.6 x 1078 0.8 x 10°°
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Table 3. Reservoir pressure at Krafla (bar)
Well Depth of Initial pressure | Estimated in
measurement 1984
12 1000 m 79.8 73.6
13 1000 m 95.9 89.0
15 950 m 74.6 98.0
16 1300 m 102.7 104.4
17 1300 m 105.4 106.8
20 1300 m 99.5 97.8
e KRAFLA WELL KG-10
TIME (hr)
s‘a‘ 2 + & 0ad 2 e 1_0' 2 « 8 :_o'
9{ . -
0t - M KRAFLA e el
‘ge, 1) i £ _} i E
; | o4 Cee g
: s 2 o D §
. 7.. . 9 )G -t q L —
[ LA & = | x
Fott -wen & 7 __F______,_’r.("”"'—' Do e
\,ﬁf-...'\;._«_ ' U0y, Ed e j 1 [-m. =
IR 4 | ]
A A 0. 4 ) b ot
I “\ w1 i“ o2 \.1:?7"*\\ . J I L’ .
'I PR CEPRL LN . - s, e N R T & T 1‘""’-
POWER PLANT - ' R *\.‘/ M‘bIT dis 1 2 s eyd 2 s 8 0yg 2 PR R
P TIME {ho)
1
)
‘"i ; Figure 2, Waterlevel data from well 10 in
i Leirbotnar.
: KRAFLA
H Production fisids KRAFLA WELL KG-12
2o} LEGEND: . dTIME(hv) . ;
et : 10 " t 1 ¢ ontd
s q~0’2l “\‘ -.:M . 1 s ! L I l‘ L | ul T 4 lA 2 [N H1) .
HYITHOLAR . -,
¢ a0 e wom = 4 -
Y ol P,
2 . b =2
Figure 1. The production fields for the g 1 g
Krafla geothermal power plant. 7 [
" - L
1 L
. T T T T 1.
100t send 2 camd 2 seud ¥ seud 2 4 ey
TIME (hr)
Figure 3. Pressure response of well 12 in
Leirbotnar.

-181-



KRAFLA WELL KJ-13
TIME {hr}
1 2 o 8 o0l 2 PR 2 « 0 sl
. L L .
- o -
L B | : .
E 7. - 7.
E L
3 8. 4 - 81,
2 4
W . - - .
g .
». 4 .
n o r s
o, T T .
i 2 « & 0y 2 « s 8yd 2 s w ayd
TIME (hr)
Figure 4. Pressure data from well 13
Leirbotnar.
KRAFLA Wgbl KJ-15
TIME{(hr)
W@ 2 aeetd 2 e sntd 2 4wl 2 e sl
e L e -0
. - .
. : // : s
- n - e
2 - -
P A - s
x i .
> ‘ h
L a5 - .
w - .
£ -~
] L
18. 1,7 T T T i( 1.
id s s agd 2 s snyd 2 s end 2 s 000
TIME (hr)
Figure 5. Pressure response of well 15
Leirbotnar.
KRAFLA WELL KJ-1B
TIME(hr)
w02 sand 3 soentd 2 sead 2 s end 2 4 ewd
. -+ d L d L ..
", : "
ke B - 78
E n - W koo
W
[*4 s - - 3.
>
a B
m 57, 4 - 87
x 4
a
LITE | o 1
- 4 ;- -.
». ] T T T T ».
1002 esnd 7 samd 2 o end 2 s 00d 2 o nug
TiME(hr)
Figure 6. Pressure Tresponse of well 16
Sudurhlidar.

PRESSURE { bar)

in

PRESSURE{bar}

in

PRESSURE (bar}

in

KRAFLA WELL KJ-17
TIME(hr}
i 2 « w1l 2 ceetd 2 4 el 2 o onoeed
. - 4 L - S = ..
. - a
LB : : "

t&J 4. -‘ -74.

S .

7 < .

0 a4 -u

g i .
g2 ‘. -
u . . : - s

i 2 s wetd 2 «ond 1 a ved 2 « vy
TIME(hr)
Figure 7. Pressure response of well 17
Sudurhllidar.
KRAFLA WELL KJ-20
TIME (hr)
W 2 «oetd 2 sensd 2 assd 2 o osed
0 A aak aal sul - .
w
. -} :.- kil

-~ - L

g 0. ,I 1-1m

o i :

% - = r [ TR

17 4 L

5 ow- L

© : ;

a i H
. 1 / : 5.
-d s b

4 i
T
-. l-' has T T T vt
i 2 a end 2 « sayd 2 a snyd 2 NI
TIME(hr)
Figure 8., Pressure response of well 20
Sudurhlidar.

-182-

PRESSURE {bar}

in

PRESSURE (bar}}

in






