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Introduction

The Krafla geothermal field in northeastern
Iceland consists of several zones, which contain
fluids of different composition and thermodynamic
state (Stefansson, 1981). In this paper we examine
production data from wells which are completed in
two-phase zones, Transient changes in flow rate
and flowing enthalpy are analyzed to obtain insight
into relative (liquid and gas phase) permeabilities,
and other reservoir parameters.

Numerous studies have shown that predictions
of geothermal reservoir behavior are strongly
dependent upon the choice of relative permeability
functions. There is an extensive literature on
gas-o0il and oil-water relative permeabilities, but
steam-water relative permeabilities which are need-
ed for geothermal reservoir analysis are poorly
known. Laboratory experiments by Chen et al.
(1978) and Counsil and Ramey (1979) have provided
some data which, however, seem to be at variance
with relative permeability characteristics deduced
from field data by Grant (1977) and Horne and Ramey
(1978). The differences may reflect uncertainties
in the analysis methods used, or they may reflect
"real" differences in relative permeability be-
havior of fractured reservoirs from that of porous
medium-type laboratory cores. Recent theoretical
work by Menzies (1982) and Gudmundsson et al.
(1983) has substantiated the relative permeability
characteristics obtained by Horne and Ramey (1978)
for Wairakei wells.

Production Data

Krafla wells completed in two-phase zones show
strong transients in flow rate and enthalpy when
first put on production. As a typical example
of this behavior, Figure 1 shows production data
from well 12. Initially the well produced approxi-
mately 14 kg/s of water and 20 kg/s of steam from
a reservoir at a temperature of approximately 320°C.
Within a few days water production ceased, and
steam production dropped to approximately 10 kg/s.
After three months steam production had declined to
6 kg/s, while enthalpy continued to increase slowly.

The observed transients of flow rate and en-
thalpy are influenced by many reservoir properties
in the vicinity of the well. In general, the main
parameters governing well behavior are: perme-
ability, porosity, effective wellbore radius (skin),
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in-place vapor saturation, and relative permeability
characteristics of the medium. Many of these proper-
ties may be spatially variable, and a priori
knowledge of the relevant parameters is limited.

In Figure 2 we have plotted flow rate on a
logarithmic scale versus flowing enthalpy for
several Krafla wells completed in two-phase zones.
When plotted in this fashion, most data points fall
on smooth curves, with some approximately linear
sections (Stefansson et al., 1982). The sizeable
scatter of the data present in some cases for wells
12 and 14 occurs because of variations in well head
pressure. We have drawn smooth curves through the
data points, which for wells 12, 13, and 15 are
approximately parallel. This indicates similar
relative permeability characteristics for these
wells. Well 14, which is completed in a different
reservoir zone (Bodvarsson et al., 1983a), is oper-
ated at a much higher well head pressure, and shows
a different correlation between flow rate and
enthalpy.

Relative Permeability Analysis

We have used the smoothed field data (see
Figure 2) to study the relative permeability be-
havior of wells 12 through 15. Our method of
analysis is similar to that of Grant (1977), and
can be summarized with the following equations.
The flow rate of a two-phase well is written
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Here PI is the productivity index of the well,
p is an average reservoir pressure in the
vicinity of the well, and p,p is the flowing
down-hole pressure. Parameters specific to the
liquid phase are: relative permeability kpg,
density pg, and viscosity ug, with analogous
definitions applying to the vapor phase. The
parameter group PI (p-pyb) is identical to

the parameter B used by Grant (1977).

Expressing flowing enthalpy as:
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we have two equations relating the measured quan-
tities q and h to the three unknowns kpg, kpy, a@nd
B. Grant (1977) obtained the needed third equa-
tion by considering a well which at some time was
flowing at single-phase liquid conditions, in
which case

p
£
qz-Bq (3)

To obtain B-values for other wells, Grant
shifted their log q vs. h-plots to obtain the
best common plot. In our case this step is not
necessary, because all wells considered here
did actually reach single-phase (vapor) flow
conditions, so that the vapor form of equation
(3) can be used directly. The relative perme-
abilities obtained on this basis, assuming an
average reservoir temperature of T = 300°C, are
plotted versus flowing enthalpy in Figure 3.
The curves for different wells are rather
different, with well 12 relative permeabilities
generally considerably larger than those for the
other wells.

The above analysis was based on the assumption
that B is a constant parameter for each well, inde-
pendent of flowing enthalpy. We suggest that this
is a rather poor approximation, because both flow-
ing downhole pressure p,, and average reservoir
pressure p near the well may vary considerably with
flowing enthalpy. Using the smoothed data as shown
in Figure 2, we compute B both for single-phase
liquid {hg = 1344 kJ3/kg) and for single-phase
vapor (hy = 2749 kJ/kg). The results are given
in Table 1. We then re-analyze the smoothed q vs.
h data, using equations (1) and (2) with linear
interpolation for the well indices between their
liquid and vapor values:
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Figure 4 shows that with this renormalization
the relative permeabilities for wells 12, 13, and
15 practically collapse into single curves. This
provides evidence that the relative permeabilities
for these wells are in fact virtually identical,
and that the approximation made in (4) is valid.
Well 14 shows a somewhat different behavior, which
may indicate a true difference in relative perme-
ability characteristics between different reservoir
zones.

Inspection of Figure 4 shows that kpp + kpy*1
to a good approximation over the entire range
hg<h<h,. A similar conclusion was reached by
Bodvarsson et al. (1983b), based on observed
transients in steam rate at the separators for well
13, in response to injection into nearby well 7.
It is also interesting to note that the shape of
the relative permeability curves is rather similar
to the theoretical streamtube model predictions of
Menzies (1982) and Gudmundsson et al. (1983).

It should be emphasized that the relative
permeability information obtained from the above
analysis remains incomplete. Figure 4 displays
relative permeabilities as functions of flowing
enthalpy. However, for applications in geother-
mal reservoir modeling it is necessary to express
relative permeability as a function of thermo-
dynamic state variables, such as in-place vapor
saturation. The relationship between S and flowing
enthalpy h is unknown, so that the relative permea-
bilities as given in Figure 4 cannot be used in a
numerical model. In fact, any relative permeability
functions kpg(S), kpy(S) with kpg + kpy = 1
and monotonic dependence upon S are consistent with
the results of our analysis.

Modeling of flow rate and enthalpy transients

The foregoing relative permeability analysis
employed only the observed correlation between flow
rates and enthalpies. The actual temporal variation
of q and h did not enter into the discussion. Here
we shall examine the transients as observed for well
12 (see Figure 1) to deduce further information about
reservoir parameters and conditions.

We have used our numerical simulators SHAFT79
(Pruess and Schroeder, 1980) and MULKOM (Pruess,
1983) to model the time dependence of flow rate
and enthalpy. As a first approach we use the field-
measured flow rates as input to the simulator, and
attempt to match the observed enthalpy transients.
Table 2 shows parameters which were kept fixed in
the simulations. Assuming uniform initial vapor
saturation, we made an extensive parameter search
for porosity, permeability, effective formation
thickness, and relative permeability, using both
porous and fractured porous medium models. This
particular effort failed to produce anything resem-
bling the observed enthalpy transient. The main
shortcoming of all models with uniform vapor satura-
tion is that they predict a much more rapid rise in
enthalpy than is observed in the actual test. This
discrepancy suggests that vapor saturation at the
time when well 12 was opened for discharge was in
fact nonuniform, with smaller values near the well.

A possible explanation for a nonuniform satu-
ration distribution may be found in the drilling
and completion practice. During drilling the
reservoir region around the bore is cooled by cir-
culating drilling fluid, which may cause some
steam condensation in the formation. Furthermore,
at the end of the drilling process cold water is
continuously injected for a few days during well
logging, testing, and stimulation. The average
total mass of injected water has been estimated
as 3000-5000 tonnes (Benediktsson, personal com-
munication, 1982). Subsequently the well heats
up for several weeks before being placed on pro-
duction. If steam condensate and injected water
remain in the vicinity of the bore rather than
being dispersed over a larger reservoir region,
this would provide an explanation for a non-
uniform initial vapor saturation. Changes in the
N2/Hy ratio of produced waters show that indeed
for several days after placing a well on production
a mixture of injected and reservoir waters is pro-
duced (Gislason et al., 1978).
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Based on these considerations a conceptual
model was developed in which the bulk of the reser-
voir has a "background" vapor saturation Sp, while
near the well the initial vapor saturation is Sp<S5p.
The "excess mass" present near the well due to steam
condensation and cold water injection is

My = Vg ¢ (Sb - Sn)(ol - pv) (5)

where V, is the volume of the zone with 5=S.
Because of this excess mass enthalpy transients
would be slower, as indicated by the field datsa.
The radius of the "near-zone" V,, which contains
the excess mass and is in high-permeability con-
tact with the well, was rather arbitrarily fixed
at R, = 10 m (corresponding to a negative skin
value of s @ -4.5). By varying relative permea-
bility functions and porosity in the near-zone,
several excellent matches to the enthalpy tran-
sients were obtained. Examples are shown in
Figure 5, while Table 3 gives the key parameters
for different cases,

It is apparent that the data can be matched
equally well with different values for irreducible
water saturation and initial vapor saturation. The
different cases all agree closely in the excess
mass present near the well, which also agrees well
with the total amount of water injected. This
together with the good quality of the enthalpy
match gives strong support for the conceptual model
employed in the simulations.

Despite the success of the model in matching
field data it provides only rather limited insight
into reservoir parameters. It does show clearly
that the injected water remains near the well for
a period of weeks. FfFurthermore, the water is in
high-permeability contact with the wellbore. How-
ever, none of the important reservoir parmeters,
such as porosity, volume of the near-zone, initial
vapor saturation in the near zone, functional form

(see Table 4), we have been able to obtain a number
of excellent matches to both flow rate and enthalpy
(see Figures 6 and 7).

It turns out that the match is very sensitive
to the choice of porosity and of S,. Different
choices of Ry can be compensated for by making
appropriate adjustments in ¢, such that ¢ an
remains constant. The value of Sy must corre-
spond to immobile or nearly immobile liquid, and
is determined to within 5-10%. The excess mass
present near the well due to condensation and in-
jection is estimated as approximately 4.5 x 106 kg
in most cases, which agrees very well with the
injected mass. For Corey relative permeability
functions a significantly larger Mgy is obtained
than for linear functions. The quality of the fit
for [q(t), h(t)] is good in all cases, indicating
that the transients are very sensitive to the
excess mass, but not sensitive to the functional
form of kpg(S) and kg, (S).

Conclusions

Our analysis of flow rate and enthalpy data
from several wells completed in the same two-phase
zone of Krafla geothermal reservoir has yielded
consistent relative permeability parameters. We
find that kpp + kyy = 1 over the entire range of
two-phase flow conditions from immobile liquid to
immobile vapor. The available data provide rela-
tive permeability parameters as a function of flow-
ing enthalpy only. The relationship between flowing
enthalpy and in-place vapor saturation remains un-
known, so that the relative permeability information
obtained is of limited value for quantitative model-
ing of geothermal reservoir performance.

Numerical simulation of flow rate and enthalpy
transients has yielded excellent matches to produc-
tion data from well 12. However, there is little
information about the reservoir which can be deduced
in an unambiguous way, because the field data could
be matched with a variety of rather different para-

of relative permeabilities, and irreducible satura- meter choices. The only unambiguous piece of infor-
tions, are uniquely defined. mation obtained is that the water injected into the

Deliverability Model

The model discussed in the previous section
employs part of the test data (time-dependent flow
rates) to predict the enthalpy transients. Wwhile
this has yielded a good match and a consistent
description, it is desirable to develop a more
comprehensive model in which all test data are
matched with calculated values rather than pre-
scribing some as input.

Here we present results from a "deliverability
model", in which production rate depends upon
reservoir pressure according to equation (1). Thus
the time-dependence of both flow rate and enthalpy
is predicted by the simulator. Evaluating equation
(1) for single-phase vapor flow, using gy = 10 kg/s,
Pwb.= 2.0 MPa, p = 10.7 MPa, we obtain PI = 3.8 x
10°13 w3, The permeability-thickness product
was fixed at the value 1,20 dm obtained from injec-
tion tests (Bodvarsson et al., 1983a). Using dif-
ferent relative permeability functions, and differ-
ent values for vapor saturation, reservoir porosity,
and radius R of the near zone with excess liquid
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well during drilling and completion remains in the
vicinity of the wellbore during several weeks of
warmup.
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Table 1. Well indices.

Well Index_ B
(10-6 Pa-m3)

Well
Liquid Vapor
12 8.3 4.1
13 3.1 2.5
14 4.4 5.7
15 1.7 1.6
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Table 3., Simulations with prescribed
(observed) flow rate.

parameter Case 1 Case 2 Case 3

kH (Dm) 2.0 1.2 1.2

relative

permeability linear Corey smoothed
function linear

s, ¥ .30 .30 .40
T

s * .00 00 .05
ST

s # 1.00 1.00 0.65
pv

Sb .70 .50 65

S W45 .30 .38
n

¢ .08 A1 .08

M (10° ko) 3.78 4.16 4.09

*irreducible liquid saturation
*irreducible vapor saturation
#perfectly mobile vapor saturation
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3.

Table 4. Simulations using a deliverability model.
Parameter Case 1 Case 2 Case 3 Case 4
relative perme- smoothed smoothed Corey smoothed
ability function linear linear linear
S o .40 .50 .30 .40
S .05 .05 .0 .05
ST
Sb .65 .55 .50 .65
Sn .24 .16 .06 .24
.015 .06 .06 .06
Rn(m) 20 10 10 10
Mex(106kg) 4.66 4.43 5.00 4.66
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Relative permeabilities assuming constant
well indices.
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4. Renormalized relative permeabilities.
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6. Comparison between calculated and observed
flow rates for well 12 (deliverability model).
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5. Comparison between calculated and observed
enthalpies for well 12 (calculation uses
observed flow rates).
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7. Comparison between calculated and observed
enthalpies for well 12 (deliverability model).





