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ARTICLE INFO ABSTRACT
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In the geothermal sector, being able to simulate production tests by combining surface and downhole mea-
surements can be extremely useful, improving data interpretation and reducing the impact of unavailable field
data. This is possible with T2Well, a coupled wellbore-reservoir simulator. We plugged the EWASG equation of
state for high enthalpy geothermal reservoirs into T2Well and extended the function to analytically compute the
heat exchange between wellbore and formation at the short times. Changes to the analytical heat exchange
function were verified by comparison with wellbore-formation heat exchange numerically simulated. T2Well-

EWASG was validated by reproducing the flowing pressure and temperature logs taken from literature, and by
using the software for the interpretation of a short production test. Simulation results indicate that T2Well-
EWASG can be effectively used to improve the interpretation of production tests performed in geothermal wells.

1. Introduction

Numerical modelling of geothermal reservoirs is an essential tool to
optimize georesource characterization and exploitation. Determining
the hydraulic properties and thermodynamic conditions of a reservoir is
an important aspect of the simulation process since these features are
key to resource assessment and forecasting behaviour-under-exploita-
tion scenarios. Production tests allow determination of a well’s deli-
verability curve in terms of flow rate and enthalpy vs wellhead pressure
(WHP). The flowing P& T (pressure and temperature) logs allow eva-
luation of feedzone location and thermodynamic characteristics.
Finally, pressure transient recording, i.e. wellbore pressure changes due
to controlled production or injection operations, evidence main hy-
drological parameters of the reservoir area drained by the well, such as:
formation permeability-thickness, formation storage coefficient, skin
and wellbore storage coefficients (Axelsson, 2013). Production tests
duration is often limited, however, by environmental constraints such
as the disposal of extracted brines, and downhole measurements are
limited by safety and cost considerations such as the need for expensive
tools in elevated temperature, high production wells. In this context,
the possibility to reproduce via simulation the whole production test,
including surface and downhole measurements, is extremely useful to
improve data interpretation. In particular, coupled simulation of both
wellbore and reservoir transient fluid flows allowing matching of the
output production curve, flowing logs, and downhole pressure
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transients, should provide a more reliable evaluation of reservoir
properties. This can be done by using a coupled wellbore-reservoir
numerical simulator such as T2Well (Oldenburg and Pan, 2013) and
coupling it to a suitable equation of state (EOS) module for high en-
thalpy geothermal fluid mixtures of water, salts and non-condensable
gases.

TOUGH2 (Pruess et al., 1999) is a numerical simulator for non-
isothermal flows of multicomponent, multiphase fluids in one, two, and
three-dimensional porous and fractured media. As well as an academic
tool, TOUGH2 is also widely used for industrial applications and by
government organizations (Finsterle et al., 2014).

Numerous researchers have investigated coupling TOUGH2 with a
wellbore simulator. Hadgu et al. (1995) coupled TOUGH2 with the
steady-state wellbore simulator WFSA used as a TOUGH2 subroutine.
Bhat et al. (2005) coupled TOUGH2 with the steady-state wellbore si-
mulator HOLA (Bjornsson, 1987), designed for the modelling of single
and two-phase flow of pure water in wellbores with a multi-feedzone.
Tokita et al. (2005) coupled TOUGH2 with a multi-feedzone wellbore
simulator called MULFEWS (Tokita and Itoi, 2004) and with a two-
phase pipeline network simulator. Gudmndsdottir et al. (2012) devel-
oped a coupled wellbore-reservoir simulator using TOUGH2 and Flo-
Well, which is a system designed to model liquid, two-phase and su-
perheated steam steady-state flow in geothermal wells (Gudmndsdottir
et al., 2012; Gudmndsdottir and Jonsson, 2015).

With the aim of accurately simulating coupled wellbore-reservoir
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flows under transient conditions, Pan and Oldenburg (2013) developed
T2Well as an extension of TOUGH2. T2Well can model non-isothermal,
two-phase coupled wellbore-reservoir flow for generic multi-compo-
nent mixtures by using a suitable EOS module.

In this study, the T2Well wellbore-reservoir numerical simulator
was coupled to the EWASG EOS module developed for high enthalpy
geothermal reservoirs containing 3-component mixtures of water, NaCl
and a non-condensable gas (NCG) (Battistelli et al., 1997; Battistelli,
2012). In addition, improvements were made to the analytical com-
putation of heat exchange between the well and the surrounding for-
mations at the short times. T2Well-EWASG was verified by comparing
the results of the modified analytical wellbore-formation heat exchange
function with wellbore-formation heat exchange numerically simu-
lated. T2Well-EWASG was validated by reproducing two published
flowing P & T logs recorded in wells producing brine with remarkable
amounts of CO, and a short production test, the latter performed in a
recently drilled exploration well in the Wotten Waven field, Common-
wealth of Dominica. All the experimental data are related to reservoir
containing NaCl and CO,. The new T2Well-EWASG can be used for the
interpretation of well tests by combining surface and downhole mea-
surements and to simulate the exploitation of high enthalpy geothermal
systems.

2. T2Well

T2Well extends the existing numerical reservoir simulator TOUGH2
by introducing a special wellbore sub-domain in the numerical grid.
Wellbore flow is simulated by solving the one-dimensional momentum
equation. In the case of two-phase wellbore flow, the Drift Flux Model
(Shi et al., 2005; Zuber and Findlay, 1965) combines two momentum
equations of two phases to create a single momentum equation of the
mixture. Like TOUGH2, T2Well can be used with different EOS to de-
scribe different fluid mixtures. Thus far, T2Well has been used with
ECO2N (Pruess, 2005) for applications related to CO, sequestration,
with ECO2H (Pan et al., 2011, 2015) for enhanced geothermal system
simulations, with EOS7C (Oldenburg and Pan, 2013) for applications
related to compressed air energy storage, and with EOIL to model
Macondo well blowout (Oldenburg et al., 2011). The heat exchanges
between wellbore and the surrounding formation can be numerically
simulated, or optionally calculated with Ramey’s analytical method
(Ramey, 1962) or Zhang’s convolution method (Zhang et al., 2011).
Details of T2Well characteristics and numerical formulation can be
found in Pan and Oldenburg (2013).

3. EWASG EOS module

EWASG (Equation-of-state for WAter, Salt and Gas) is a TOUGH2
EOS module developed primarily to model hydrothermal systems con-
taining dissolved solids and one non-condensable gas (NCG) such as
CO,, CHy4, H,S, H, or Ny, (Battistelli et al., 1997). EWASG can handle
phase equilibria and fluid property calculations up to 350 °C and
100 MPa for H,0-NaCl-NCG mixtures found in low and high enthalpy
geothermal reservoirs, with the limitation of low to moderate NCG
partial pressures. Compared to the version included in TOUGH2V.2.0
(Pruess et al., 1999), the EWASG version, jointed to T2Well, imple-
ments several major improvements (Battistelli et al., 2012), namely:

- IAPWS-IF97 correlations for pure water and steam (IAPWS, 1997;
Croucher and O’Sullivan, 2008) and a more recent formulation for
water and steam viscosity (IAPWS, 2008).

- An internally consistent H,O-NaCl EOS package derived from the
work of Driesner and Heinrich (2007) and Driesner (2007) to ef-
fectively covering the entire P-T-X area of interest (T = 0-350 °C;
P = 0-100 MPa; NaCl mass fraction = 0-1);

- A more consistent approach to vapour pressure lowering (VPL) and
water adsorption, including the dependency of capillary pressure on
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temperature and salt concentration.

- Enhanced, albeit still simplified, modelling of NaCl partitioning in
the gas phase to improve transitions phase from two-phase to single
gas phase and vice versa.

EWASG has subsequently been coupled with other simulators be-
longing to the TOUGH2 family of codes (Battistelli, 2012), such as
iTOUGH2 (Finsterle, 2007) and TOUGH-MP (Zhang et al., 2008).
EWASG was also used as the starting point for the development of new
TOUGH2 EOS modules such as ECO2 and ECO2N. Its correlations for
brine properties have been included in other TOUGH2 EOS modules
such as EOSM, TMVOC V.2.0 (Battistelli, 2008) and TMGAS (Battistelli
and Marcolini, 2009).

4. Modification of the analytical calculation of heat exchange
between wellbore and formation

The availability of analytical computational methods to calculate
wellbore-formation heat exchange allows substantial simplification of
grid discretization, thereby reducing both the complexity of the nu-
merical model and computational time. However, both methods im-
plemented in the original version of T2Well have some limitations.
Ramey’s (1962) method works effectively only for times longer than
approximately a week, and so is not suitable for the study of short
transient phenomena. Zhang’s et al. (2011) method, on the other hand,
uses a simplified wellbore design, assuming there is no thermal re-
sistance related to well completion. To overcome these limitations, the
Ramey analytical function for heat exchange between wellbore and
formation was modified by introducing the Chiu and Thakur (1991)
time function. As suggested by Ramey (1962), thermal resistance of the
wellbore completion was also taken into account with the introduction
of this author’s expression for wellbore heat conduction rate:

_2tnU (G- Tp)
n U f(tp) + ky @
at

Where: r; is the wellbore radius (m), f(tp) the time function, tp = = the
2

';—f, ¢ the specific heat, p the density of the

dimensionless time, a =
formation and r, the well completion radius, T; the wellbore tem-
perature, Tg the formation temperature, kr the thermal conductivity of
the formation, dZ differential element of depth, and U the over-all heat
transfer coefficient of well completion as defined by Willhite (1967).
Moreover, the following time function by Chiu and Thakur (1991)

was added to T2Well:

f(tp) = 0.982In(1 + 1.81fp) 2

which is in good agreement with the exact solution of Carslaw and
Jaeger (1959) for all the times, as shown in Fig. 1.

Willhite (1967) provides the general expression for computation of
the overall heat transfer coefficient (U) which is carried out considering
wellbore completion as a series of thermal resistors for radial heat
transfer. Starting from the Willhite’s expression, and assuming that the
inner casing wall is in thermal equilibrium with the flowing fluid and
that the casing resistors are negligible, in the case of a single cemented
annulus the fluid produced flows in the production casing and U is
given by:

keem
n In %

3)

where r; is the wellbore radius, r, the completion radius and k., the
thermal conductivity of the wellbore completion.

5. Verification and validation of T2Well-EWASG

The modifications made to T2Well-EWASG, were tested to verify the
new analytical equation for the heat flux with and without the wellbore
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Time (s) Fig. 1. Comparison of Chiu and Thakur time function with the Carlsaw
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completion effect. radial element representing the completion (r = 0.10 m). The radius of
Validation of these changes consisted in reproducing the flowing the radial grid was incremented by 5%, moving from the wellbore
pressure and temperature profiles reported in the literature and in in- completion to an outer radial boundary set at about 450 m, where
terpreting field production tests with a full-coupled wellbore-reservoir constant temperature conditions of 20 °C were maintained during the
simulation. simulation. The thermal conductivity of the completion (cement) was
set at 1.4 W °C™' m ™!, while negligible density, porosity and specific
5.1. Verification of the analytical heat exchange option heat were assigned in accordance with the assumption made by Ramey
(1962), as shown in Eq. (1). When the analytical function is used, two
Example 1 of the Zhang et al.’s paper (2011), was used to verify the additional parameters are requested in the simulation input file: the
analytical computation of wellbore-formation heat exchange. We con- completion radius and the overall heat transfer coefficient (in our case
sidered a 1 m section of a wellbore with a radius of 0.05 m initially full U = 40.395W °C~ ' m™ 1) computed with Eq. (3). A comparison of the
of water at 100 °C. The temperature of the fluid inside the wellbore was heat flux between the wellbore and the formation, as illustrated in
kept constant. The rock formation around the wellbore had a fixed Fig. 2, shows that, apart from the first 100 s, agreement between the
initial temperature of 20 °C, density 2600 kg m >, heat conductivity of two results is good.
21W°C 'm™! and a specific heat of 1000J°C~' kg~ '. For the si- Comparison between the results obtained when wellbore comple-
mulation using the analytical option, the numerical grid was limited to tion, was taken into account or not, evidences the effect exerted by well
the wellbore only (at least two well blocks are required by T2Well). For completion, which in this case proved to be considerable at the short
the heat exchange numerically simulated, the grid included the well- times.
bore and the surrounding formation discretized with 185 radial ele- When the analytical function is used, to model the temperature
ments. The radius of the radial grid is incremented by 5%, moving from transients driven by the conductive heat flow in the upper-cased section
the wellbore to the outer radial boundary, which was set at about of the well, the grid around the well is not necessary. This simplify the
400 m from the well axis. The initial temperature at the radial lateral grid construction and speeding up the simulation. On the other hand,
boundary was kept constant during the simulation. A negligible per- since Eq. (1) derived by Ramey (1962) assumes constant wellbore
meability (10~2° m?) was assigned to the rock formation so as to avoid temperature, it provides reliable results when well production, or re-
fluid mass fluxes. The results of the using the analytic function were injection, is performed at fairly constant conditions, like those found in
found to be in good agreement with the those numerically simulated, as long term production or injection operations. When considering at short
shown in Fig. 2 (curves labeled “without completion”), where heat flux transients driven by rate changes, a more rigorous use of eq. 1 would
values between wellbore and formation as a function of time is plotted. require the application of the superposition principle as discussed by
Again, the analytical results obtained when wellbore completion was Chiu and Thakur (1991) and Zhang et al. (2011). It should be re-
taken into account were compared with the heat exchange numerically membered that the calculated heat loss must subsequently divided by
simulated (Fig. 2, curves labeled “with completion”). In this case, the the flowing mass rate to evaluate the effect on fluid enthalpy. As the
numerical grid consists of the wellbore (r = 0.05 m), surrounded by a mass flow in producing geothermal wells is significant, a non-accurate
1.E+05 Fig. 2. Heat flux between the wellbore cell and the formation vs time
- with and without the well completion, comparison between the nu-
""""" numerie merical and analytical results.
analytic
Without completion
& 1E+04 +
£
<
E
z
b
= 1E+03 A
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evaluation of heat transfer vs time usually has a limited effect on fluid
enthalpy and flowing temperatures.

5.2. Validation of wellbore flow in geothermal wells

Validation of T2Well-EWASG’s capability to model the wellbore
flow in geothermal wells was performed by reproducing published
flowing temperature and pressure logs recorded in geothermal wells
producing brine with dissolved CO,. Two flowing logs were chosen
from the literature: the first referred to well W2 (Barelli et al., 1982),
the second to well KD13 (James, 1975). Since initial wellbore pressure
and temperature conditions were not given in either case, we assigned
reasonable initial conditions to reproduce the measured logs on the
assumption that these were recorded when the wellbore flow was close
to the steady-state. The T2Well was used to simulate the well opening
and subsequent discharge, until reaching almost steady-state condi-
tions. The transient behaviour was simulated by assigning constant
bottom-hole pressure, temperature and composition conditions, and a
set of geothermal fluid extraction rate from the wellhead element. The
discharge rate was gradually increased at the beginning to mimic well
opening and to avoid steps of excessively short duration. The rate was
then held constant at the value reported in the literature.

Well W2 is 1355 m deep and produces low salinity brine (9600 ppm
of mass fraction) with large amounts of CO, (20,000-100,000 ppm of
mass fraction). It is completed with a 13 3/8” (0.334 m) production
casing. The measured flowing bottom temperature was 225 °C while
pressure was 9.8 MPa. A linear temperature profile was assigned with a
bottom temperature of 225 °C and a wellhead temperature of 35 °C. The
initial pressure profile was hydrostatic from the bottom (pressure
9.8 MPa) to 400 m, while from 400 m to the wellhead, it was assumed
to be gas static. Fig. 3(a) shows the temperature and pressure profiles
used as initial conditions. The well mesh has 47 elements, representing
only the wellbore, with constant conditions set at the bottom including
CO, and NaCl mass fraction contents of 30000 ppm and 9600 ppm,
respectively, as reported by Barelli et al., 1982.

Well KD13 is 700 m deep and completed with a 9 5/8” (0.222 m)
production casing. It produces a low salinity brine with a salt mass
fraction of 1000 ppm and a large CO, concentration (mass fraction
equal to 20000 ppm). Bottom flowing temperature and pressure were
193 °C and 5.5 MPa, respectively. A linear temperature profile was as-
signed with a bottom temperature of 200 °C and a wellhead tempera-
ture of 100 °C. The initial pressure profile was assumed to be hydro-
static from the bottom up to 150 m, and from that point upwards to be
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Fig. 4. Comparison between experimental data and simulation results for the flowing
temperature and pressure profiles of wellW2 after 11 h of production.

gas static. Initial temperature and pressure profiles are shown in
Fig. 3(b). The wellbore was discretized with 15 elements and the heat
exchange is simulated with the analytical function.

Fig. 4 compares the simulated flowing P & T profiles of well W2 after
11 h of production at 34.1kgs™! (considering the two cases, pure
water, and water with salt and CO,) with the experimental data. Taking
the chemistry of the reservoir fluids into account, the match between
the experimental data and the simulated results when water with salt
and CO, is considered, is reasonably good. The maximum absolute
difference between the simulated and experimental temperature values
is 1.17%, while the average value is 0.61%. The average percentage
difference between simulated and experimental pressure readings is

(a) Temperature (°C) (b) Temperature (°C) Fig. 3. Pressure and temperature profiles used as
0 50 100 150 200 250 0 50 150 200 250 initial conditions for the simulation of wells W2 (a)
0 e . + + + + 0 © + & + + and KD13 (b).
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Fig. 5. Comparison between experimental data and simulation results for the flowing
temperature and pressure profiles of well KD13 after 100 h of production.

2.8%.

Fig. 5 shows the simulated flowing temperature and pressure pro-
files of well KD13 after 100 h at a production rate of 90.56 kg s~ ! (also
considering the case with pure water). In the case of water with salt and
CO,, the agreement with the experimental data is good. The difference
between experimental and simulated results is 0.17% for temperature
and 0.91% for pressure. The same simulations, for both wellbores W2
and KD13, performed without salt and CO, do not show a similar
agreement between the simulated and experimental data. In this case,
the high CO, and salt content cannot be ignored, with the result that a
proper equation of state has to be chosen. This highlights the usefulness
of the thermodynamic description of EWASG. The above results show
that T2Well-EWASG can simulate wellbore flow at conditions found in
geothermal wells discharging two-phase H,O-CO,-NaCl mixtures. Fu-
ture work will include checking the code with respect to a wider range
of PTX conditions.

5.3. Validation with respect to coupled wellbore-reservoir flow in
geothermal fields

To validate T2Well-EWASG’s capability of simulating coupled
wellbore-reservoir flow in geothermal systems, a fully-coupled well-
bore-reservoir simulation was performed. Field data were collected
during the short production test performed on well WW-01, (ELC
Electroconsult, 2013; Osborn et al., 2014). WW-01 is a slim vertical
1200 m hole producing from a liquid-dominated reservoir in a volcanic
environment. The reservoir brine has an estimated NaCl and CO, mass
fraction content of 6000 ppm and 1760 ppm, respectively. Maximum
temperature and pressure of 238 °C and 10.2 MPa, respectively, were
measured under shut-in conditions. The conceptual model is shown in
Fig. 6. The WW-01 well-reservoir model included the cap-rock from 0 to
—297 m, and three main feed zones: the first located between —297 m
and —344 m (FEED1), the second between —710m and —734m
(FEED2) and the third between —880 m and —940 m (FEED3). The
model also had reservoir layers called RESV1 and RESV2 between the
feedzones, and a less permeable rock domain (BOTTM) beneath the

162
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Fig. 6. Conceptual model: well WW-1 and formation.

third feedzone. The well was completed with a 7” production casing
with an internal diameter of 0.159m and a 4 %2” slotted liner of
0.102 m internal diameter. The liner hanger was set at —263 m. The 2D
radial grid used for the wellbore-reservoir system extended to an outer
radius of 1500 m with the wellbore located on the axis of symmetry, for
a total of 1658 elements.

Fig. 7 illustrates the vertical cross section of the model, obtained
with TOUGH2Viewer (Bondué et al., 2012), in which the main feed-
zones (in lighter colour) and the change in wellbore diameter can be
seen. Note that TOUGH2Viewer visualizes 2D radial symmetric grid
elements as hexahedral blocks. The cap-rock has not been included in
the model in terms of grid blocks. In this case, the heat exchange be-
tween wellbore and cap-rock above 297 m depth was simulated using
the original T2Well analytical function.

Fig. 8 shows the WW-01 shut-in temperature and pressure logs
measured during well warm-up subsequent to the drilling operations
and completion tests. They are believed to be sufficiently close to re-
servoir conditions and were therefore adopted as tentative initial con-
ditions for the steady state simulation. In fact, as shown in Fig. 8, the
formation temperature assumed for production at FEED2 and FEED3
was slightly modified, and used as a matching parameter enabling
better reproduction of a recorded flowing temperature log.

This probably implies that the shut-in temperature log was not yet
stabilized after the disturbances caused by drilling operations and
completion tests. This is indeed a frequently observed phenomenon
when field operations are speeded up in order to acquire preliminary
field data required for fast decision making. Recorded data are dis-
played in Fig. 9 on a pressure-temperature plot with the pure water
saturation curve. The plot is useful to identify the flash conditions
(238 °C and 3.53 MPa g — relative pressure —) and to estimate the
NCG partial pressure (0.4 MPa). The inflows at FEED2 and FEED3 are
clearly identified.

The wellbore’s production history, (Table 1) was assigned to the
model using a time- dependent fluid extraction from the top element of
the wellbore grid. The field test was performed using a horizontal line
with a lip pressure pipe discharging into an atmospheric separator



E.M. Vasini et al.

Temperature (°C)

0 50 100 150 200 250
0 =t ————————————
"“*‘;rm,_h_\
S
N
AN
200 + N

initial T formation ‘*m‘

== === initial T well i

it | initial P |

|

|

|

E |
= 600 + i
& !
8 \
F
800 + :
§
g

i

1000 + g

i

{

E

u

T3/ J AP S S S S S

0 3 6 9 12 15

Pressure (MPa)

Fig. 8. Initial pressure and temperature conditions assumed for the wellbore-reservoir
model.

equipped with a weir box. Total mass and mixture enthalpy were
computed using the James (1962) equation for the critical flow at the
lip pipe combined with the isenthalpic flash at atmospheric conditions.

The history-matching process involves reproducing the experi-
mental data by simulating the production history. In this first applica-
tion of T2Well-EWASG to the WW-01 test data, the possible contribu-
tion of FEED1 was ignored, and it was assumed that only FEED2 and
FEED3 were producing. As shown in Fig. 10 production history was
assumed, to have a stepped progression, each step corresponding to
available field measurements.

The experimental data considered consist of two downhole pressure
transients, one flowing pressure and temperature log, the WHP and lip
pressure measurements, and the brine level measurements at the weir
box. Surface measurements were used to compute total mass rate and
discharge enthalpy at wellhead conditions. Downhole pressure was
continuously recorded at depths of 800 m and 1180 m during the two
pressure transient tests. The permeability of different rock domains was
varied in order to reproduce the experimental results. Table 2

163
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Fig. 7.2D vertical section of WW-01 well-
bore-reservoir model. The main feedzones are in-
dicated in lighter colours. Visualization of the model
was performed by TOUGH2Viewer (Bonduad et al.,
2015). To visualize the well, vertical exaggeration
was set at 0.001 times.
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Fig. 9. Measured P & T log data plotted with the pure water saturation curve, with esti-
mated flash conditions and partial pressure of NCG.

summarizes the horizontal permeability values obtained by calibration
of the model. For this preliminary study, we assumed that the skin
coefficient of the wellbore was zero.

Figs. 11 and 12 show a reasonably good match of the measured
flowing pressure and temperature profiles with the simulated data. The
percentage difference for the temperature values is 0.37%, and 2.12%.
for the pressure. Both simulated P & T overestimate measured values in
the upper 300 m above the location of inferred FEED1, which was not
considered in these preliminary simulations.

Fig. 13 shows pressures recorded at 800 m, 1180 m depth and at
wellhead and the simulated results. The agreement between recorded
and simulated pressure is reasonably good up to 21000 s, while the
WHP and downhole pressures are underestimated after 21000 s.

Fig. 14 shows the comparison between production enthalpy com-
puted using field data and the numerical simulation results. The si-
mulated results give an almost constant production specific enthalpy of
about 1011 kJ kg ~*: considering the potential energy loss between the
ground surface and a flash depth at slightly above 400 m, flash enthalpy
is about 1015 kJ kg~ !, slightly lower than the 1022 kJ kg ™! estimated
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Table 1
Production history of wellbore WW-01.

Time Total flow (kg s~  WHP (MPa) Enthalpy (kJ kg’l) Remarks

08:55 0.45

09:00 0.45 well opening

09:05 31.3 1.80 1088

09:14 269 1.80 1125

09:25 26.3 1.78 1237

09:45 25.6 1.78 1280

10:00 24.5 1.79 1223 opening

10:15  22.7 1.79 1170

10:30 27.3 1.75 1290

11:18 25.0 1.75 1332

11:40 27.3 1.75 1230

12:25 25.0 1.75 1292

12:45 28.7 1.75 1163

12:50 throttling

12:55 26.0 1.79 1223

13:15 27.1 1.79 1178

13:50 28.6 1.78 1156

14:15 27.1 1.77 1155

14:40 throttling

14:45 16.8 19.4 1148

14:55 17.3 2.02 1095

15:05 16.4 2.02 1169

15:25 16.3 2.02 1157

15:45 17.2 2.03 1105

15:57 throttling

16:02 8.3 2.08 1156

16:15 8.0 2.08 1184

16:30 8.0 2.08 1184

16:50 0.0 2.08 well shut-in

18:00 0.0 pool out of hole
for the brine at flash conditions. The enthalpy change due to heat

transfer is quite limited because the initial formation temperature is
quite close to the flowing temperature. Although an almost constant
wellhead enthalpy is in agreement with production from a liquid
dominated geothermal reservoir, the simulated values underestimate
the data derived from field measurements as shown in Fig. 14 of about
250 kJ kg ™! in the first period up to 15000 s, and of about 140 kJ kg ~*
in the second period. The reduction of measured enthalpy is not exactly
correlated with the reduction of discharge rate which takes effect after
20700 s.

The higher enthalpy given by the field data has already been evi-
denced in the ELC Electroconsult (2013) report. This fairly short-
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Table 2
Reservoir formation permeability (horizontal) as obtained by model
calibration.
Rock type Horiz. permeability (m?)
FEED1 15.0 x 107 1°
RESV1 1.5 x 1071°
FEED2 150.0 x 10~ 1°
RESV2 0.5 x 1071°
FEED3 30.0 x 107'°
BOTTM 0.02 x 1071%

duration production test, performed using the Russell James method
with a lip pipe discharging into an atmospheric pressure separator,
measured the separated brine flow with a V-shaped weir. The higher
estimated enthalpy result could be due to:

- Measurement errors during the production tests

and/or:

- The contribution of the first feedzone not considered in the present
model.

In this preliminary study, we adjusted only the horizontal perme-
ability of FEED2 and FEED3 in order to match the field data but did not
attempt to simulate the behaviour of all the feed zones in greater detail.
For this reason, the second point mentioned will be the object of further
study since the first feed zone below the cap-rock is in two-phase
conditions. FEED1 could then increase production enthalpy by dis-
charging a two-phase mixture with excess steam with respect to the
static feed temperature. By discharging pure steam at local conditions
(232 °C), FEED1 should contribute to 5, 10 and 15% of the total dis-
charge rate and increase the mixture enthalpy to about 1112, 1200 and
1290 kJ kg, respectively. This significant contribution should then be
verified by simulating its effects on measured P& T logs, since the
present model is slightly overestimates recorded flowing P& T in the
upper 300 m.

On the other hand, possible measurement errors might derive from:

- Unreported instrumentation problems;

- Reduced separator efficiency, as liquid water was discharged at the
separator top (carryover), with an underestimation of liquid rate
and an overestimation of mixture enthalpy. To obtain the enthalpy
inferred from the flash temperature, the brine carried over the si-
lencer should be in the order of 30% of that measured at the weir
box, which seems highly unlikely. The carryover was enhanced by

Fig. 10. Comparison between simulated and mea-
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the vigorous airflow which was sucked into the separator inlet pipe
through holes drilled in the inlet pipe plate. The air increases the gas
phase velocity in the vertical separator pipe, thereby reducing
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Fig. 11. Comparison between measured and simulated flowing pres-
sure. The two set of data show a fairly good agreement, with major
differences in correspondence of feed inflows, at the flash depth, and
in the upper well section above FEED1.

Fig. 12. Comparison between measured and simulated flowing tem-
perature. The two sets of data show a good agreement, apart for the
upper well section.

separation efficiency. High critical pressure (absolute pressure) at
the lip pipe (up to 0.9 MPa), higher than the upper limit of 0.44 MPa
for which the method was calibrated in the field (James, 1962), was

——

Pressure (MPa)

O WHP exp
s WHP sim
« P 1180 mexp
P 1180 m sim
P 800 m exp
e P 800 M SIM

Fig. 13. Flowing downhole pressure and WHP: si-
mulated results compared with field measurements.
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Fig. 14. Measured and simulated wellhead production enthalpy.
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used. To this regard, it should be remembered that a theoretical
assessment of James’ method performed by Karamarakar and Cheng
(1980) showed that up to lip pressures of 1.03 MPa the method
shows the same deviation between empirical and theory results. The
calculation of mass rate and enthalpy should also take NaCl and CO,
content into account. Even if the CO, content is not huge, at the
highest lip pressures recorded (from 0.24 to 0.9 MPa), the dryness
fraction is low and CO, partial pressure represents a remarkable
fraction of measured lip pressure.

Fig. 15 shows the comparison between the measured and simulated
output curves. While measured WHP is well reproduced at rates above
20 kg s, at lower rates the simulated WHP underestimates the mea-
sured values.

As maximum discharge pressure is closely related to the production
enthalpy, this may suggest that production enthalpy could actually be
higher than that simulated. It follows that the inflow of higher enthalpy
fluid from the upper feed (FEED1), not considered in this preliminary
study should be further investigated.

6. Conclusion

T2Well, a coupled wellbore-reservoir numerical simulator was ap-
plied to improve outcomes of simulations of well tests in geothermal
reservoirs, integrating downhole and surface measurements. T2Well,

30000

coupled to the EWASG EOS module of TOUGH V.2.0, was able to model
the thermodynamics and compute the phase properties of 3-component
H,0-NaCl-CO, geothermal mixtures at typical conditions found in
currently exploited high enthalpy geothermal reservoirs. T2Well-
EWASG was verified, on the basis of a new time function included to
model wellbore heat transfer using the Ramey (1962) analytical ap-
proach, and validated by simulating flowing P & T logs reported in the
literature, and by simulating a short-duration production test per-
formed on a high enthalpy geothermal well. This latter application of
the coupled wellbore-reservoir simulator applied to the WW-01 slim
hole drilled in the Wotten Waven Field (Commonwealth of Dominica),
demonstrates that T2Well-EWASG can successfully be used as a tool to
improve the integrated interpretation of surface and downhole mea-
surements collected by production tests in geothermal wells. Simula-
tions considering two major feeds but not a shallower inferred feed
suggest a possible higher enthalpy contribution from the upper feed at
rates lower than 20 kgs™'. Future work on WW-01 should aim to
model the contribution of the first feedzone with a view to achieving a
better match of discharge enthalpy and WHP at low rates. Inverse si-
mulation techniques would be an important step forward, improving
reproduction of field measurements with coupled wellbore-reservoir
flow simulations. This would allow inclusion of a wider range of re-
servoir thermodynamic conditions and reservoir formation fluid com-
position and hydraulic properties, thereby improving matching with
observed surface and downhole parameters. To this end, we consider it

Fig. 15. Output curve: comparison between simulated results and
measured data.
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will be necessary to apply automatic inverse techniques. Options con-
sidered involve the use of PEST (Doherty, 2005), the integration of
T2Well into iTOUGH2 (Finsterle, 2007) or the use of iTOUGH2 im-
plementing the PEST protocol (Finsterle, 2011).

Our study enhanced the analytical computation of heat exchange
between wellbore and formation by extending its validity to the initial
production period and introducing the overall heat transfer coefficient,
which allows the thermal resistivity of the wellbore completion to be
taken into account. Developed for constant wellbore temperatures, the
analytical solution we implemented could be improved by applying the
principle of superposition of effects according to Zhang et al., 2011.
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