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Disclaimer
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official EC response if necessary.
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GTW Geo-Thermal-Well

GWellFM Geothermal Well Flow Simulator
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Executive Summary Deliverable

Scope of the deliverable

The objective of WP2 is to develop tools and models to predict the heat flow towards a closed-loop
geothermal well and the associated temperature decrease of the surrounding rock, considering the rock
properties, groundwater flow and the different layers of the walls of the well, such as casing and cement.
Within WP2, Task 2.2 aims at integrating the available in-house models for the heat flow towards
geothermal well from Task 2.1 in models for the heat and fluid flow in the annulus and the central pipe.
The objective is to simulate different well configurations using water as pipe-fluid and test the heat
transfer coefficients that control the heat flow from the well-wall interface to the fluid.

Main conclusions

Following the benchmarking of two available in-house codes, GWellFM (IFPEN) and GTW (IFE), in Task
2.1 [1], the same simulators were used to model both the fluid flow in the well, considering the
hydrodynamic effects, and the heat transfer between the fluid in the well and the hosting rocks, similar
to Task 2.1. In addition, a third in-house simulator, BHEModel (UNIFI) was applied. The same analytical
solutions as in Task 2.1 were used to compare the results and to identify the impact considering the
fluid flow. In addition, and in difference with Task 2.1, the physical properties of the fluid were pressure
and temperature dependant.

The three simulators were able to reproduce the mentioned analytical solutions and they all give similar
results concerning the temporal evolution of fluid’s temperature. The only discrepancies between the
three codes were in the early time steps. However, a stronger impact of the fluid flow and the calculation
of the physical properties was shown in GWellFM.
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1.Introduction

Within the context of WP2, which focuses on developing numerical tools to forecast heat transfer
between the rock formation and the wellbore, Task 2.2 is dedicated to combining the heat transfer
predictions (benchmarked in Task 2.1) with fluid flow models to achieve a comprehensive well model.

The models developed independently by the partners (GWellFM from IFPEN, GTW from IFE and
BHEModel for UNIFI) have been compared using the methodology developed in Task 2.1. Various case
studies were utilized to compare the models across a wide range of geometries. Great attention has
been given to the comparison of internal heat exchange (between the annulus and the tubing) and
pressure losses models.

The report has been structured as follows: The Methodology section includes a description of the various
models and the equations utilized. Additionally, the selection of case studies intended for benchmarking
the models is outlined. The Results section contains the comparison of the models output for the
different test cases. The different models have been compared in the Discussions section, while the
main findings have been summarized in the Conclusions.
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2. Methodology
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2.1Pipe flow equations

Momentum balance

Similar to the heat flow described in Deliverable D2.1 [1] of the project, the fluid flow in all compartments
of the well is steady-state, single-phase, 1D and axisymmetric. The pipe flow equations consisting in
calculating the pressure losses due to the friction and integrated them in the pressure balance.

Generally, in pipe flows the total pressure drop per length unit [Pa/m] is the sum of the losses due to the

where the indices are S = C, T for the casing side or the tubing space, f refers to the friction losses and
g to losses due to gravity. The gravity pressure drop is:

(dP) B 8 )
az), =P gsin 2

with g [m?/s] the acceleration of gravity, p [kg/m?] the fluid density and & [°] the inclination of the well (0°
if the pipe is horizontal, 90° if the pipe is vertical).

For single-phase flow, the pressure losses due to friction can be calculated by the well-known Darcy—
Weisbach equation:

(@), %

dz); 2D,

where u [m/s] is the velocity of the fluid, Dy [m] is the hydraulic diameter and f is the Darcy friction factor.
For laminar flow it is a consequence of Paiseuille's law:

64
f =25 Re <1000 (4)

whereas for higher Reynolds numbers it can be calculated from the Colebrook-White equation [2]:

1 ( £ 2.51 )
— = —2.0log (5)

ﬁ 3.7Dy, + Re\/?

where g [m] is the roughness of the pipe wall and the Reynold number is:

__ Dyup
U

Re

(6)

with u [Pa.s] fluid’s viscosity.

A mathematically equivalent expansion of the Colebrook equation is:
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e 9.287
) (7)

1
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Several, approximations of the Colebrook equation exist, such as the standard Churchill formulation,
which is valid both for laminar and turbulent flows:

ury
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3
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Energy balance
When the fluid flow in the well is considered, the energy balance must be modified, in comparison with
the one applied in the benchmarking of the tools [1], to consider the heat losses due to friction:

d .. : _
E[mp(H —zgsinf)] = -Q (11)

where H [J/kg] is the specific enthalpy of the fluid and Q [W/m] are the heat losses.

Thermodynamic calculations

It should be also noted that, differently from the approach of Deliverable D2.1, the physical properties
of the fluid were pressure and temperature dependant. Either lookup tables were used, or
thermodynamic tools were integrated in the available codes to perform calculations in thermodynamic
equilibrium with specific Equation-of-States (EoS).

2.2 Numerical tools

GWellFM (IFPEN)

GWellFM (Geothermal Well Flow Model) solves successively and iteratively the steady-state
momentum, Eq. (1), and the enthalpy, Eq. (11), balances at every cell along an axial mesh in the well.
The heat flow (the term Q in the energy equation) from the hosting formation to the well is numerically
computed by solving the 2D transient Fourier heat conduction equation, as previously described in
Deliverable D2.1 [1]. The differences with the simulations performed in Task 2.1 and detailed in the
corresponding Deliverable are:

e Friction losses both in the momentum and the enthalpy balances are considered.

e The friction factor is calculated with Eq. (5).

e The transport properties (density, viscosity, heat capacity and thermal conductivity) of the fluid
(water) are temperature and pressure dependent and the integrated thermodynamic tool is used
to perform calculations in thermodynamic equilibrium using the CPA (Cubic-Plus-Association)
EoS.
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The energy equation, Eq. (11), was further expanded to consider the temperature instead of the enthalpy
for comparison reasons with the analytical solutions and the other codes [1]. For performing
thermodynamic calculations, an internal tool (Carnot) has been integrated in GWellFM.
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GTW (IFE)

GTW (GeoThermal Well) solves two equations iteratively in the case of an incompressible fluid. Firstly,
a temperature equation for the rock and the well [1], and secondly, a pressure, Eqg. (1), and a
temperature, Eq. (11), equation for the pipe flow in the well. The first equation accounts for the transient
cooling of the well, when the properties of the fluid are given, and the second equation solves for
pressure and temperature in the well when the heat flow through the pipe walls is given. The basis for
the first equation is energy conservation of the combined system of the pipe and rock, and the section
equation is mass, momentum and energy conservation in the pipe. Furthermore, the fluid flow in the
pipe is assumed to be in a stationary state. The energy conservation of the combined system of the rock
and pipes are solved with a fully implicit upstream energy conservative finite volume method. Therefore,
the time stepping is unconditionally stable. The second equation, the stationary state of the pipe is found
by integration downstream from the pipe inlet to the outlet.

These two equations are solved by an iteration loop. The temperature equation for the well and the rock
is solved first using the fluid properties from the previous time step or the previous iteration. This step
provides the heat flow through the walls of the pipe. The next step solves for the temperature and the
pressure in the pipe given the external heat flow. This second step provides fluid properties, which are
used in the first step of the next iteration. More than two iterations are rarely needed per time step.

Fluid properties such as density, thermal expansibility, compressibility, viscosity and enthalpy are taken
from tables. The simulations in this report are done with tables for H,O. The tables are equidistant in the
steps of pressure and temperature which makes look-up and interpolation a fast operation. The
momentum equation accounts for friction, as given by Eq. (7).

BHEModel2.0 (UNIFI)

UNIFI model has been developed extending an existing model used for theoretical analysis on
geothermal systems [3]. The original model was conceived to represent a variety of geothermal systems
(EGS, CPG, BHE, etc.) simply by replacing the heating section, as depicted in Figure 1. The model has
been modified to comply with the specific HOCLOOP geometry.

The evolution of pressure and enthalpy are given by Egs. (1) and (11). The pressure losses have been
evaluated using the standard Churchill formulation with Egs. (8)-(10). The heat transfer in the pipe is
evaluated considering the thermal resistances, Ry [m K/W], of the different parts:

Q= RG,int AT + Re,ext ATyt (12)
where only the annulus has the internal contribution. The thermal resistances are evaluated as follows:

Do
oo 1 1 in (Dn-) (13)
Gllnt T[Dtlh’tl TI’-DtOhtO ant

D
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1 D, 14)
R — Cl R (
6,ext T[Dcihci + 27ch + Roge
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Figure 1. Left side: overall model scheme. Right side: schematization of the heating section representing the HOCLOOP
technology (different heating sections can be considered for modelling different geothermal systems).

with k [W/m/K] the thermal conductivity of the solid material (t: tube, c: casing), D [m] the corresponding
diameter (i: internal, o: external) and h [W/m?/K] the forced convective heat transfer coefficient of the
fluid calculated considering the turbulent Nusselt number as follows:

Nu kfpyiq

h o= D, (15)

where Dy, is the hydraulic diameter, kf,,;4 is the fluid heat conductivity and:

Nu = 0.023Re%8pr04 (16)

The heat transfer in the rocks has been evaluated following the same approach of Zang et al. [4] based
on the approximate solution of the heat transfer problem provided by Carslaw & Jaeger [5]:

RG,e = T[ke f(td) (17)
with the time function:

1
1+(t)_% 1<td>§+1t t; <2.8
5T \Ilg) =7 \— qla d .
ft) =1 *, w8 (18)
Y
- , tqg = 2.8
In(4tg) — 2y (In(4ty) — 2y)? ¢
In the above equation t; = a,t/DZ, is a dimensionless time, a, = k./p.Cy. is the thermal diffusivity of
the rocks and y is Euler’s constant. Equation (17) can be directly used to retrieve thermal resistance in
case of stationary flow. On the other hand, if a significant fluctuation of the flow rate in the well is

expected, a convolution approach can be used to estimate the evolution over time of the temperatures
around the well [5].




The system has been integrated through the well using a fifth order Runge-Kutta solver [6] as
implemented in the python SciPy library [7]. The fluid properties are retrieved using REFPROP [8] which
is a commercial software developed by NIST that implements a modified version of the Benedict-Webb-
Rubin Equation-of-State. REFPROP is known for its accuracy, especially for pure fluids composed of
simple molecules so that it is sometimes used for benchmarking of other software [9]. The system has
been integrated using pressure and density (instead of pressure and enthalpy) due to some stability
issue with REFPROP in the lower temperature water region. The density derivative has been calculated
as follows:

D2.2 Flow pipe model for fluid circulation

ap
dp _|0p 9T, (dH 0OH \|dP
- ﬁﬁa_T(ﬁ‘ﬁT) P (19)

The total derivatives (Z—I; and Z—i) are evaluated starting from Egs. (1) and (11), while the partial
derivatives can be directly evaluated using REFPROP.

2.3Case studies
Two simple and two complex cases from Deliverable D2.1 [1] were selected to be used here. The three
available simulators are applied for the same conditions and the results will be later compared. For the
complex cases, some modifications of the well geometry were necessary to avoid issues resulting of
high pressure losses.

Simple cases

Cases A and B are, respectively, a vertical and a horizontal complete cased wells (Figure 2). The wells
are considered to open to the reservoir (serve as injectors). Table 1 summarizes the configurations of
the two cases.

Q ‘v Tinj Casea Q¥ T sutace . Case b
surface r—=>
r > r
- Constant rock:
g" Conductivity ZF
Constant rock: Heat capacity
ﬁ’- Conductivity Density
Casing —* . Heat capacity \ Q
Density [ 3
v ) Horizontal length > Tout
Q: Fluid flow rate r: domain radius
Tinj: Injection temperature
Q ‘ Tout Tout: produced temperature

Figure 2. Graphical representation of simulated cases A (vertical well) and B (horizontal well).
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Table 1. Underground, wellbore fluid and well geometry description for the simple cases.

D2.2 Flow pipe model for fluid circulation

Case A B
Rock thermal conductivity [W/m/K] 2.423 2.423
Bulk rock density [kg/m?3] 2600 2600
Rock specific heat capacity [J/kg/K] 902.67 902.67
Surface temperature [°C] 21.111 11
Thermal gradient [°C/m] 0.01513 0.0325
Type of fluid Water Water
Injection temperature [°C] 14.72 45.00
Injection pressure [bar] 10 10
Fluid flow rate [kg/s] 8.8 8.8
Completion Totally cased | Totally cased
Type of directional well Vertical Horizontal
Vertical depth [m] 1828.8 3000
Horizontal section length [m] -- 3500
Total depth [m] 1828.8 6500
Casing internal diameter [m] 0.1617 0.1617
Casing external diameter [m] 0.1778 0.1778
Casing thermal conductivity [W/m/K] 43.268 43.268

Complex cases

Case E and F are a vertical and a horizontal pipe-in-pipe fully cased wells (Figure 3) closed at the end.
The fluid is injected in the annulus side and recovered at the surface from the central tubing. Table 2
summarizes the configurations of the two cases.

Q Tout
Casee
Tout Tinj n surface Case f
Q
T l'l surface r >~
inj >
1 r—>e
| Constant rock:

2 = Conductivity

a [a] .

= Constant rock: Heat capacity

g | y .

E 13 Conductivity Density

a)
Casing 11 Heat capacity 3 r
Density inner twbe. =t - S| z|e=0
v Horizontal length i
U Q: Fluid flow rate r: domain radius

Tinj: Injection temperature
Tout: produced temperature

Figure 3. Graphical representation of simulated cases E (vertical well) and F (horizontal well).
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Table 2. Underground, wellbore fluid and well geometry description for the complex cases.

Case E F
Rock thermal conductivity [W/m/K] 2.423 2.423
Bulk rock density [kg/m3] 2600 2600
Rock specific heat capacity [J/kg/K] 902.67 902.67
Surface temperature [°C] 21.111 11
Thermal gradient [°C/m] 0.01513 0.0325
Type of fluid Water Water
Injection temperature [°C] 14.72 45.00
Injection pressure [bar] 10 40
Fluid flow rate [kg/s] 8.8 8.8

Completion Totally cased | Totally cased
Type of directional well Vertical Horizontal

Vertical depth [m] 1828.8 3000
Horizontal section length [m] -- 3500
Total depth [m] 1828.8 6500

Casing internal diameter [m] 0.2917 0.1617

Casing external diameter [m] 0.3078 0.1778

Casing thermal conductivity [W/m/K] 43.268 43.268
Inner tubing internal diameter [m] 0.08 0.1
Inner tubing external diameter [m] 0.13 0.13
Inner tubing thermal conductivity [W/m/K] 0.1 0.1

12
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3. Results

The tree simulators, GTW (IFE), GWellFM (IFPEN) and BHEModel (UNIFI), were evaluated against
analytical solutions. GTW and GWellFM model the heat flow in the rock by humerical approaches while
BHEModel integrates an analytical approach. The computed temperature profiles along the well were
compared with the same analytical solutions applied in Task 2.1, using constant physical properties for
the fluid. For the analytical solutions, the physical properties of the fluid were always constant (Table 3).

D2.2 Flow pipe model for fluid circulation

Table 3. Fluid description for the calculations with the analytical solutions.

Case A,B,E F
Type of fluid Water
Compressibility [bar?] 0
Heat capacity [J/kg/K] 4196
Density [kg/m?3] 998.554
Thermal conductivity [W/m/K]| 0.5867
Viscosity [Pa.s] 0.0011

3.1Simple cases

Case A

This case corresponds to the injection of water with a temperature lower than the rock temperature in a
vertical well. All simulators predicted a continuous increase of the temperature as the water flows down
in the well. These forecasts follow Ramey’s analytical solutions [10] as shown in Figure 4 for different
simulation times and in Figure 6a for the outlet temperature. When compared to the analytical solution,
GTW and BHEModel showed better agreement rather than GWellFM. The solutions of GTW and
BHEModel are almost overlapping. In comparison with the results of Task 2.1 [1], both GTW and
GWellFM predicted slightly higher fluid temperature, which results from the consideration of the friction
and the fact that the physical properties of the fluid were not constant.

Ramey’s analytical solution is generally known not to be very accurate at early time steps and to
overestimate fluid’s temperature (for the specific study case). The three simulators also gave different
results at early times (below 3 days), but later all of them converged to almost the same value (Figure
6a).

All simulators predicted similar pressure evolution with the GWellFM giving continuously higher
pressures. The results for all times steps were similar as in Figure 5. Figure 6b gives the evolution of
the outlet pressure over time. Again, the predictions of GWT and BHEModel were closer than those of
GWellFM.

13



BocLoo

T(°C)

14 15 16

17

18 19 14 16

D2.2 Flow pipe model for fluid circulation

T(°0)

18

20

22 14 16

()
18 20 2

7 days

® Ramey
—GTW
——GWellFM
——BHEModel

30 days

91 days

1200 -

1400

1600 - °

1800

182.5d
2000 wlin

730 days

3650 days

Figure 4. Comparison of fluid temperature along the well for case A at different times using the different simulators.
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Figure 5. Comparison of fluid pressure (a) along the well and (b) close to the outlet (zoom) for the case A after 7 days using
the different simulators.
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Figure 6. Comparison of the temporal evolution of (a) the outlet temperature and (b) the outlet pressure of the well of case A.

To identify if these differences between GWellFM and the two other simulators were due to the physical
properties’ calculation, the same case was run with GWellFM but imposing constant physical properties
(denoted as case A2). The results are presented in Figure 7, Figure 8 and Figure 9. In this case, the
results of GWellFM matched the analytical solution and were closer to the other two codes. This
indicates that the contribution of friction in the energy balance is marginal, as expected, and doesn’t
affect the results. On the other hand, the physical properties and their calculations have quite a strong

impact.
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Figure 7. Same as Figure 4 but with constant physical properties for GWellFM.
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Figure 8. Same as Figure 5 but with constant physical properties for GWellFM.
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Figure 9. Same as Figure 6 but with constant physical properties for GWellFM.

The heat transfer in a horizontal injector well without a returning pipe was evaluated in this case. Results

of fluid’s temperature and pressure evolution along the well are shown in Figure 10 and Figure 11
respectively, while in Figure 12 the time evolution of the outlet temperature and pressure are presented.
The presence of the horizontal section with initial constant temperature makes the temperature profile

to changes in slope. As previously, the simulations were able to follow the modified Ramey’s solution

[1], including the decrease in temperature at shallow depths due to heat leakage from the well to the
surrounding rock. For this case, all codes give similar results with GWellFM estimating slightly higher

temperature and pressure. As before for case A, when compared the results with Task 2.1, GWT and
GWellFM predicted slightly higher temperatures due to the different parameters of the models.
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Figure 10. Comparison of fluid temperature along the well for case B at different times using the different simulators.
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Figure 11. Comparison of fluid pressure (a) along the well and (b) close to the outlet (zoom) for the case B after 7 days using
the different simulators.
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Figure 12. Comparison of temporal evolution of (a) the outlet temperature and (b) the outlet pressure of the well of case B.
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3.2Complex cases

For estimating the maximum theoretical heat extraction, Q [W], the below equation is introduced for the
coaxial cases E and F:

Q= m(Hout - Hin) = mef (Tf,prod - Tf,inj) (20)
CaseE

The heat extraction in a vertical well with a coaxial returning pipe was tested in this case. The capacity
of the simulators to model the heat losses in the returning pipe were compared with Kabir’'s analytical
solution [11]. The exact form of the equation can be also found in Deliverable D2.1 of the project. Figure
13 shows the temperature profile in the annulus (injection: continuous line) and in the return coaxial
tubing (production: dashed line) and Figure 14 the corresponding pressure evolution. As above,

GWellFM predicted slightly higher temperature and pressure (Figure 15a, b), and lower heat extraction
(Figure 15c).
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Figure 13. Comparison of fluid temperature along the well for case E (continuous line: annulus, dashed line: tubing) at
different times using the different simulators.
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Figure 14. Comparison of fluid pressure (a) along the well and (b) close to the outlet (zoom) for the case E after 7 days using
the different simulators.
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Figure 15. Comparison of the temporal evolution of (a) the outlet temperature, (b) the outlet pressure of the well and (c) the
produced power of case E.

Case F

In this case, the ability of the simulators to model the coaxial closed-loop system in a horizontal well was
evaluated (the HOCLOOP concept). The results of the temperature prediction were compared with
Kabir’'s analytical solution [12]. The results are shown in Figure 16, Figure 17 and Figure 18. The findings
are similar with the previous cases with GWellFM giving slightly higher fluid’s temperature and pressure,
and GTW and GWellFM predicting higher temperatures when compared with the corresponding values
of Task 2.1. However, BHEModel's divergence was higher for this case in comparison with the previous
cases or the other simulators when comes to the outlet temperature.
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Figure 16. Comparison of fluid temperature along the well for case F at different times using the different simulators.
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Figure 17. Comparison of fluid pressure (a) along the well and (b) close to the outlet (zoom) for the case F after 7 days using
the different simulators.
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Figure 18. Comparison of the temporal evolution of (a) the outlet temperature, (b) the outlet pressure of the well and (c) the
produced power of case F.
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4.Discussions

To compare the results of the different models, the relative error & , between the temperature calculated
with a reference method, i.e., Ramey’s solution, and the temperature predicted by the simulators, Tpred,
is introduced:

Tre f = Tpred

5= 100 (21)

Tref
The results of the different simulators are compared against Ramey solutions at specific times and at
different depths in the well. For the coaxial wells, all simulators calculate the temperature along the
annulus but also in the central tubing, whereas Ramey solution calculates the temperature evolution in
the annulus only.

To compare the three simulators, the relative error, 6, is defined as:

5=21" %2, 22
-3 (22)
where @ is either the temperature or the pressure, and the subscripts 1 and 2 correspond to two
simulators.

4.1 Accuracy
As in Deliverable 2.1 [1], the results of all codes were compared with the available analytical solutions.
Figure 19 and Table 4 show the maximum and the average errors based on all computed points along
the well. Ramey’s analytical solution was used as a benchmark for cases A and B, while Kabir's
analytical solutions were used for cases E and F. All the three codes show a good agreement when
compared to the analytical solutions, with an average error below 3%. The case A2 corresponds to the
GWellFM with constant physical properties, which gave the minimum average error (less than 0.5%).

(a) (b)

5GWT
e uGWellFM

= BHEModel

Figure 19. Summary of (a) the maximum and (b) the average error (%) in the wellbore temperature estimation when
comparing all tools with Ramey’s solution for cases A & B and with Kabir’s for cases E &F.
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When compared to the analytical solutions, GTW and BHEModel seems to be more accurate. However,
it should be noted that BHEModel applies a similar analytical solution for calculating the heat transfer
between the well and fluid, and that GTW uses tables for finding fluid’s properties. As previously shown,
with GWellFM and constant properties the numerical results match the analytical ones.

Table 4. Summary of the maximum and the average error (%) when comparing the outlet temperature of the fluid of all tools
with Ramey’s (cases A & B) or Kabir’s (cases E & F) solutions.

Case

A
A2
B

4.2 Comparison of the three simulators
The maximum and average differences when the simulators are compared each other, are shown in
Figure 20 and Table 5 for the outlet temperature, Figure 21 and Table 6 for the outlet pressure, and
Figure 22 and Table 7 for the heat extraction.

The comparisons between GWT and BHEModel showed the lower error for all cases except case F, for
which BHEModel had the higher divergence when comparing to the analytical solution of Kabir. On the
other hand, GWellFM with constant physical properties (case A2) had the minimum error when
compared with the other two simulators.

(a) 5 GWT/GWellFM . (b)
u GWT/BHEModel
u GWellFM/BHEModel

A A2 B E F A A2 B E F
Case Case

Figure 20. Summary of (a) the maximum and (b) the average error (%) when comparing the outlet temperature of the fluid
between the tools for all four cases.
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Table 5. Summary of the maximum and the average error (%) when comparing the fluid outlet temperature between all tools.

Case
A
A2
B
18 16
a H GWT/GWellFM b
16 1 () = GWT/BHEModel 14 - (b)
B GWellFM/BHEModel
14
12
12 A
10
—_ _
X 10 A ES
5 g 81
o« ? ‘og
6 4
6 4
4 4
2 2 1
0 0
A A2 B E F A A2 B E F
Case Case

Figure 21. Summary of (a) the maximum and (b) the average error (%) when comparing the outlet pressure of the fluid
between the tools for all four cases.

Table 6. Summary of the maximum and the average error (%) when comparing the fluid outlet pressure between all tools.

Case

A
A2
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GGVEI‘ (%)

Case Case

Figure 22. Summary of (a) the maximum and (b) the average error (%) when comparing the heat extracted predicted by the
different calculation models in all four cases.

Table 7. Summary of the maximum and the average error (%) when comparing the heat extracted predicted by all tools.

The physical properties (density, p, viscosity, i, thermal conductivity, k, and heat capacity, Cp) were
calculated with each tool in the range of 1-40 bar and 1-90°C. In the plots of Figure 23 the results of the
evolution of the properties with temperature at 30 bar are shown, and in Figure 24 the evolution of the
properties with pressure at 40°C. The results for all other pressures or temperatures were similar. The
table method in GTW and the tool RERPROP in BHEModel are giving overlapping curves, whereas
Carnot in GWellFM gives different density and heat capacity. With GWellFM'’s tool, the changes in the
density and the heat capacity with the temperature are stronger and the values different from those used
in the calculations with the analytical solutions (Table 3). This observation explains why GWellFM differs
from the other tools and the analytical results.

For cases E and F, the heat extraction has the maximum error, higher than the corresponding
temperature error (Figure 22, Table 7), even between GWT and BHEModel. According to Eq. (20), the
value depends either on the enthalpy estimation with thermodynamic tools which apparently adds
additional errors. However, the outlet temperature is the most important parameter and not the power.
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Figure 23. Comparison of (a) density, (b) viscosity, (c) thermal conductivity and (d) heat capacity for water at 30 bar and
temperatures between 1 and 90°C as calculated by the three simulators.
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Figure 24. Comparison of (a) density, (b) viscosity, (c) thermal conductivity and (d) heat capacity for water at 40°C and
pressures between 1 and 40 bar as calculated by the three simulators.
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5.Conclusions

Three different simulators were compared on the same well heat exchange cases: GWellFM (IFPEN),
GTW (IFE) and BHEModel (UNIFI). All cases were completed by the three simulators and compared
with the corresponding analytical solutions showing the ability of their capability in predicting correctly
the temperature evolution of the fluid in the well.

All the simulators can model conductive heat exchange in vertical and horizontal wells, including closed-
loop well completions like the HOCLOOP concept. They can also account for vertical heterogeneous
rocks, changing temperature gradients and wells with multiple walls (i.e., casing, cement, insulation)
and complex geometries (i.e., changing diameter along the well).

For cases that involved injection of a fluid without recirculation of the fluid (cases A and B), the simulators
presented an average error between 0.3 and 3% when compared to Ramey’s analytical solution for the
temperature. The average error of the simulators when modelling closed-loop cases, such the
HOCLOOP concept (case E and F) was equal or lower than 2.8%, when compared to the Kabir's
analytical solutions. In all cases, the highest difference either between the tools and the analytical
solutions or between the tools each other was observed at the early time steps. However, the
temperature was always converging at the same values.

The simulators can also simulate the evolution of the fluid pressure, considering the pressure losses
due to friction and gravity. When the three codes were compared with each other, GWellFM showed the
larger difference, with GWT and BHEModel giving similar results with an average error between 0.3 and
2.4%.

The discrepancy between GWellFM and the other two codes is attributed mainly to the difference in the
physical properties. When GWellFM was run applying constant physical properties (case A2) the errors
in the temperature and the pressure were decreased in comparison to the analytical solution or the two
other simulators. A comparison of all physical properties revealed that the density and the heat capacity
in GWellFM are different from the corresponding values of GWT and BHEModel.

Computing the heat extraction as the difference in the enthalpy between outlet and inlet for cases E and
F, resulted in the highest error when all three codes were compared. The errors were higher from the
corresponding temperature difference. But again, the errors are coming mainly from the thermodynamic
tools available in each code and the calculation of the enthalpy.
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