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Abstract. Drilling simulators have been utilized as a key for drilling optimization and cost reduction for the drilling
process. Supporting the drilling simulator with realistic and accurate models can enhance the simulation processes
leading to a more efficient drilling operation. This paper presents the implementation of a newly developed tem-
perature model in the software simulator at Drilling Simulator Celle (DSC). The model can simulate and predict
the temperature of the wellbore fluids, drill string, casing, cement, and the surrounding formation for depth and
time. The model is also able to simulate both the flowing condition of the drilling fluids and the static condition or
the so-called thermal recovery period. The model is embedded into the drilling simulator through an application-
programming interface (API) which allows the communication between each model and the drilling simulator
itself. The user of the simulator can monitor the wellbore system temperature at each depth in real-time or even in
accelerated mode. This allows the pre-drilling of the well on the simulator in the design and planning phase. For
application and demonstration purposes, a case study has been conducted for a geothermal well in the Hanover
(Germany) area. The historic data has information about the formation, drill string, and bottom hole assembly, as
well as operational parameters. Different simulation runs have been conducted using the drilling simulator, and
the transient behaviour of the wellbore temperature is analyzed during circulation and shut-in periods.
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1 Introduction

The heat transfer process between the wellbore fluids and the surrounding formation, casing, and cement can
affect all phases of the well design. These include the design of the drilling fluid, cement slurry, and the electronic
components used in the measurement during the drilling[1–4]. The drilling fluid temperature has a significant effect
on the fluid rheological properties. Different research efforts have been conducted aiming to model the effect
of the temperatures on the drilling fluids properties[5–8]. They have concluded that the temperature is heavily
affecting the drilling fluid viscosity, yield point, gel strength, and density. These properties can significantly affect
the drilling process; inadequate viscosity of the drilling fluid may lead to extensive wellbore cleaning problems.
Viscosity is also affecting the annular pressure losses, which affect the value of the ECD[9]. This value is critical
and especially during drilling wells with narrow mud windows, which is the margin between the pore pressure and
the fracture pressure.

Moreover, Zhang et al. [3] presented the influence of temperature on wellbore stability, especially for geother-
mal drilling applications. They have concluded that significant damage of the borehole walls can be resulted from
the temperature recovery during drilling geothermal wells. This results from the effect of the temperature variation
on the mechanical properties of the rock. They have also shown the effect of the thermal recovery periods where
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the circulation stops on the wellbore stability.
Another researches such as Choi and Tan [10],Chen and Ewy [11], and AlBahrani et al. [12] have considered

the time-dependent wellbore stability issues resulting from the drilling fluid temperature variations. In their work,
they have shown the temperature difference between the circulating fluid and the surrounding formation rock can
result in a contraction of the rock grains in the wellbore wall, which may cause a reduction in the hoop stresses.
This depends on the formation rock thermal expansion coefficient and the porosity. Another important aspect
regarding the thermal effects on the wellbore stability arises during drilling in gas hydrates reservoirs. Li et al. [13]
explored the temperature effect on the disintegration of the wellbore walls of the gas hydrates reservoirs. They
have obtained a relationship between the drilling fluid temperature and the borehole enlargement.

Furthermore, the temperature of the wellbore can affect many parameters during cement slurry design. Nu-
merous researches have noted the direct effect of the temperature on the thickening time, compressive strength, and
the rheology of the cement during pumping. The temperature has a direct impact on the primary chemical reactions
that control the hydration of the cement slurry. Overestimating or underestimating the wellbore temperature will
result in a variety of non-productive time events, ranging from excessive Wait On cement (WOC) to drilling out of
cementing of the casing[14].

This results in the importance of accurate modelling and simulation of the borehole temperature and the sur-
rounding formation during drilling. Accurate estimation and simulation of those temperatures should be supported
by a comprehensive dynamic study of the heat transfer between the wellbore fluid and the surrounding formation.

2 Governing Equations

The set of thermal balance equations that describes the thermal behaviour of the borehole and the surrounding
environment is acquired from our previous work Abdelhafiz et al. [15]. This set of equations divides the wellbore
system into two main zones. The first zone is the ”wellbore zone”, which contains the fluid inside the drill pipe
with a temperature of T (P ), the solid walls of the drill pipe with a temperature of T (S), and the fluid in the annulus
with a temperature of T (A). The second section is the ”post wellbore zone” with a temperature of T (PW ). This
zone includes the casing strings, the cement behind the casing, and the formation rock.

The thermal balance equation for each section is as follows[15]:
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where the superscript A,P , S and PW denotes annulus, pipe, pipe wall and post wellbore sections respectively. ρ,
cp and k along with the subscript (P, S and A) are the density, the specific heat capacity and the conductivity index
of the pipe fluid, pipe wall and the annuls fluid respectively. The symbols hP , hA,in and hA,out are the convective
heat transfer coefficients for the pipe and the inner and outer annulus walls respectively. The radii rP,in, rP,out,
and rA represent the drill pipe inner, outer and the annulus radius respectively. Finally, uP and uA are the fluid
velocity inside the pipe and the annulus. As can be seen from Eq.(1 to 3), the radial heat transfer between the
wellbore fluids and the surroundings is considered using the local convective heat transfer coefficients (h) [16]. By
that, the thermal energy balance equations are decoupled from the momentum equation. In other words, the heat
transfer in the radial direction is only a function of the convective heat transfer coefficient, not the velocity profile
or the pressure gradient. This approach is valid in the fully developed flow, as the local convection coefficient
becomes constant [17].

Additional heat is generated at the interface between the drill bit and the rock formation due to friction, which
is derived from the relative rotating motion between the bit cutters and the formation. The amount of heat generated
is related to the drill bit cutting mechanism. Shear cutting drill bits like polycrystalline diamond compact (PDC)
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bits have been widely used in the drilling industry for oil and gas wells and geothermal wells[18]. The cutting
mechanism of that type of drill bit leads to generate a considerable amount of heat due to friction.

According to Glowka and Stone [19], the total heat rate generated due to friction per unit area is:

Qfriction =
fFNv

Ac
, (5)

where Qfriction is the heat rate generated due to friction (W/m2), f is the coefficient of dynamic friction
between the bit cutters and the formation. FN is the normal force acting in the drill bit which can be considered
as the weigh on bit. (N ), v is the cutting speed (m/s) which is derived from the bit rotational speed ω multiply
the hole radius (ra). Finally, Ac is the contact surface area between the drill bit and the formation (m2). This
additional heat generation should act as a heat source at the bottom of the well which is added to the bottom
boundary condition which considers the frictional heating and convective cooling.

For the shut-in condition, a thermal balance for heat transfer by conduction tool place as following:

Ėstr = ∆Ė

∣∣∣∣
(rdl)

+ ∆Ė
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, (6)

where Ėstr is the energy stored, (rdl) and (axl) denotes for the radial and the axial directions respectively. ∆Ė =
Ėin − Ėout. This equation is then applied for each section of the wellbore zones and discretized as explained in
the following section.

The equations have been discretized by the means of the finite volume method(FVM). The first-order upwind
scheme is utilized for the advective term. The fully explicit linear approximation is used for the time integration[15,
16].

3 DrillSim-600

The Drill-Sim 600 is an advanced virtual drilling simulator provided by the company Drilling Systems[20].
The simulator is mainly offering drillers and operators to train on the drilling and the well control operation. Along
with the graphical representation, the simulator combines several mathematical models to describe the physical
phenomena at the surface and the downhole during the drilling process.

The simulator has four main components as shown in Fig. 1 The first is the student station (Fig. 1a). Here,
the user has control over all the drilling rig systems such as mud pumps, draw works and top drive, and also the
well control unit. In front of the chair, additional screens that show the current drilling parameters for real-time
monitoring as the weight on bit, rpm, torque, rate of penetration (ROP), hook load, mud flow rate in and out, and
pump pressure. At the front, eight large screens display the view of the actual driller position to mimic the real
situation.

The second part is the instructor station (Fig. 1b). This is considered the control interface to the simulator
where sitting up the simulation scenario took place. Monitoring the downhole parameter is also possible from the
instructor station. From there, one can monitor the well control status and the wellbore integrity. Additionally, the
instructor can also add an artificial malfunction to one of the drilling rig components for training purposes.

Besides the instructor station, the API work station is located. Here, All the external downhole models are
implemented. More details about the API workstation are in the next section.

The last part act as the brain of the simulator is the computing and graphical processing unit. This unit is
responsible for processing all the needed calculations from the downhole physical model to simulate the drilling
process. It also processes all the graphical output in real-time.

3.1 Drill-Sim 600 application programming interface (API)

The API is generally considered as a communication software that connects between different computers or
between different computer programs.

Figure 2 illustrates the communication through the API with the simulator and the external models imple-
mented on the API workstation. The API acts as a door where the inputs needed for the implemented model can be
obtained. And also the final output values from the model can be sent back to the simulator. As an example for the
thermal model, The mathematical equations and the solution algorithm is written in a computer code with C# as a
programming language. The code is implemented on the API workstation. The algorithm calls for initial wellbore
construction data like borehole diameter, drill string design, drilling fluid properties, and initial depth. Additional
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(a) Student Station (b) The instructor (right) and the API workstation (left)

(c) The computing and graphics unit

Figure 1. Main components of the Drilling simulator Drill-Sim 600

important parameters that are not available from the simulator as the thermal properties of the formation, drill
string, and drilling fluid are set directly from the API work station via a graphical user interface as going to be
discussed later. Other variables are changing with time such as flow rate, current depth, bit RPM.

The model then runs on the API workstation calculating the temperature of the wellbore system at that time
step according to the operational parameters acquired from the simulator. Ideally, The temperature is set back to
the simulator at the current step. However, currently, the simulator does not have a temperature module. Therefore
the calculated temperature remains at the API workstation for real-time visualization.

Cooperation with the simulator provider company is taken place therefore a temperature module is created to
set and update the temperature with time. This will be an input for the temperature-dependent properties model as
viscosity with lead to more realistic simulations.

One important feature of such a communication interface is the abstraction. The API hides all the internal
details of the system that the communication is done with, and only exposes the parts or variables that are needed
for the communication[21]. This can lead to more robust and more flexible to future changes in the main code.
Another important advantage in the case of Drill-Sim 600 is that the commercial company can keep all their code
parts closed and confidential and also provide a way for scientific development.

3.2 Solution Algorithm

The discretized set of equations described in section 2 are coded using visual C# Windows Forms. Figure.
3 shows the main blocks in the code. The program starts with loading the static input parameters into the memory.
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Figure 2. Sketch illustrating the communication between the Drilling simulator with external implemented models
through the API

The available input parameters from the simulator Drill-Sim 600 are called via the API. The other parameters
are then called from the input window is will be discussed in section 3.3. The second block is to initialize the
simulation state where the initial conditions are set. The third block is where the actual simulation takes place.
Here the thermal balance equations are solved for each grid volume each time step. The simulation block, continues
updates in the dynamic variables are considered. In addition to updating the results in the graphical window in
real-time. A more detailed description of the third block algorithm is shown in fig. 4.

Figure 3. Flow chart for the basic blocks of the solution algorithm
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Figure 4. Detailed flow diagram for the solution procedure of the transient simulation block
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3.3 GUI

To facilitate the use of the model for more efficient simulation runs, a graphical user interface (GUI) has been
developed. The GUI aid the user to adjust the input parameters to the model without going through the code itself
which makes it more user-friendly. As discussed earlier, the input for the thermal model comes from two sources
which are the Drill-Sim 600 and additional inputs by the user. To make the code functional even on its own, all the
input parameters can be controlled through the GUI. In case the API is available, the input variables are taken from
the Drill-Sim 600. Figures 5a and 5b shows a snapshots from the control wand the results windows of the GUI.

(a) Snap shot of the control window of the GUI

(b) Snap shot of the graphical results window of the GUI

Figure 5. Graphical User Interface

4 Application and results

In this section, an actual geothermal well is selected for the application of the developed model. The selected
well is a part of the GeneSys project, which aims to extract the geothermal heat energy from low permeability
sedimentary rocks with a single well concept. The geothermal well Groß Buchholz Gt1 (GB-GT1) is located in
the Hannover area, Northen Germany.
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The stratigraphic column, and the actual wellbore plan as well as casing setting depths and sizes of the GB-
GT1 well can be seen in Fig.6. The well has a total depth of 3901 m targeting the lower Buntsandstein formation.
A conductor casing of size 601 mm is set at depth 38.5 m followed by drilling the surface hole section with a drill
bit size of 171⁄2 in to depth 1175 m. The surface casing is set in the Wealden formation with a size of 133⁄8 in.
The intermediate hole with size of 121⁄4 in is drilled to a depth of 2876 m and the intermediate casing was set with
a size 95⁄8 in. Finally, the production hole with size 81⁄2 in is drilled reaching the target depth at 3901 m with a
maximum deviation angle of 30◦.

Figure 6. Stratigraphic column and wellbore sketch of well completion of geothermal well GB-Gt1[22]

The first step for conducting this simulation is to select the time interval to be simulated. The optimum time
interval for conducting the thermal simulation and comparison with the measured data from the GBGT-1 well is
the 20 hours interval between the depths 1250.5 m and 1368 m as it is preceded by a long shut-in duration, and an
initial temperature equivalent to the geothermal grad int can be assumed.

The simulation is performed for the described section using 500 cells in the vertical direction, and 30 cells in
the radial direction. Figure 7 represents screen capture of the final temperature state resulted from the temperature
simulation of the GBGT-1 well. The window consists of five different subplots. On the top, a contour plot repre-
sents the wellbore system temperature. The x-axis represents the depth, the y-axis represents the radial distance
from the borehole centre and the colour represents the temperature On the figure, different components which have
been included in the simulation are outlined. In the middle, the drill string with different cross-sections is clearly
shown. The conductor and the surface casings are also outlined. The mud tank temperature is represented with
the same colour map of the wellbore system temperature. For the bottom part of the figure, on the left side of the
figure, the vertical temperature profile of the borehole is represented. This includes the pipe temperature T (P ),
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annulus temperature T (A) and the pipe walls surface temperature T (S). Worth noting that T (S) at the bottom of
the well (in the DC section) has a different behaviour than the other of the well. This behaviour resulted from
the bigger cross-section area of the DC relative to the DP and the HWDP which lead to different heat transfer
coefficients, especially in the annulus section.

On the right of this plot, another three subplots can be seen. The top plot shows the inlet and the outlet fluid
temperature with time. At the bottom of the figure, two radial temperature profiles are presented at different depths.
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Figure 7. Final result graphical output of the thermal simulation process of GBGT-1 well for the interval between
1251.5 m to 1368 m

A comparison between the measured and the simulated outlet fluid temperature is presented in fig.fig:genesyscomparison.
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Figure 8. Simulation results for the inlet outlet and bottom hole temperature in comparison with the measured field
data from GBGT-1 well

A good match between the simulated and the measured outlet temperature can be seen from the figure. A
direct impact on the outlet temperature can be noticed according to the flowing status. The simulated and the
measured outlet surface temperature follows the same behaviour during the shut-in condition. As the fluid stop
flowing, the surface outlet temperature starts to decrease as it is affected by the surface ambient temperature. A
variation in the bottom hole temperature is also noticeable, However, the bottom hole temperature is highly affected
by other drilling parameters like the weight on the bit, and the bit rotational speed RPM. To quantify the error, the
L2 relative error norm is L2

error = 0.0048 for the outlet temperature using the measured data as the reference.

5 Conclusions

In this work, a demonstration of the coupling between a wellbore temperature model and a comprehensive
simulator virtual drilling simulator was presented. The solution algorithm of the thermal model for dynamic real-
time temperature simulation has been presented. The model successfully simulated the temperature during drilling
the intermediate section of the geothermal well GBGT-1. The results are compared with the field measured data
which shows a good agreement with the simulated temperature. Coupling the thermal model with different physical
downhole models can lead to better simulation of the drilling process.
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