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ABSTRACT

Geothermal drilling poses significant challenges due to high temperatures, harder rock formations, and complex geological conditions,
which intensify torsional vibrations in the drill string. These vibrations adversely impact drilling efficiency, increase operating costs, and
reduce equipment lifespan. This study employed numerical simulations to optimize drilling parameters, specifically focusing on mitigating
torsional vibrations in geothermal wells. Key parameters such as weight on bit (WOB) were systematically varied to analyze their
influence on vibration behavior. The objectives were to identify the factors most critical to torsional vibration control, develop
optimization strategies, and provide best practices for geothermal drilling. A comparative analysis between geothermal and conventional
wells highlighted the challenging conditions in geothermal environments, which lead to prolonged sticking phases and more severe
torsional oscillations. Analysis was done to evaluate the effectiveness of different WOB values in reducing stick-slip tendencies, with
findings showing that lowering WOB minimized sticking phases and improved synchronization with the top drive rotation speed. The
results demonstrate that torsional vibrations are inherently more pronounced in geothermal wells due to their geological and thermal
properties.

1. INTRODUCTION

Geothermal energy represents a promising, sustainable solution to global energy needs, with the potential to provide a constant and clean
energy source [1]. However, the technical challenges associated with geothermal drilling, particularly in hard rock formations and at high
temperatures, pose significant operational and economic obstacles [2 — 3]. One of the critical issues in geothermal drilling is the
phenomenon of torsional vibrations, which lead to severe fluctuations in the bit rotational speed [4 — 5]. These vibrations, often manifesting
as stick-slip can drastically reduce drilling efficiency, increase wear on drilling components [6 — 8], and raise the risk of equipment failure
[9 — 12]. Optimizing drilling operations to control these vibrations is essential to ensure efficient and cost-effective geothermal well
development.

Geothermal wells tend to experience more severe vibrations than conventional oil and gas wells due to several unique operational factors
[3]. Geothermal reservoirs typically operate at much higher temperatures than oil and gas reservoirs, causing thermal expansion and
material degradation that affect the performance and durability of drilling tools and fluids. Additionally, geothermal drilling often
encounters hard, abrasive igneous and metamorphic rock formations, which demand higher energy at the drill bit and increase the
likelihood of torsional vibrations. Drilling through these tough formations requires higher weight on bit (WOB) and unconventional
parameter settings, which amplify torque variations and mechanical stress on the drill string. The combination of high weight on bit
(WOB), specialized high-temperature drilling fluids, and unconventional parameter settings creates an environment highly prone to
dynamic instability and severe vibrational effects. Torsional vibrations are influenced by several drilling parameters, such as the rotational
speed (RPM), WOB, torque, and mud properties [4]. In recent years, research in vibration control has emphasized the importance of tuning
these parameters to stabilize drill string dynamics and improve performance [5].

Several works have been done on torsional vibrations. Discrete models have also been applied in analyzing the interaction between
torsional and axial vibrations with specific reference to the effect of bit rock interaction on drill stem vibrations. The contributions in
works by [13-17] affirm the existence of stick-slip instabilities in these models by assuming a constant friction coefficient. However, the
approach by Richard et al. [14] for axial and torsional damping is not considered. Besselink et al. [18] modified the model equations of
Richard et al. [14] by incorporating damping into the axial motion and taking into account the axial stiffness of the drill pipe but neglecting
torsional damping. It was shown from this work that stick-slip arises from a coupled delay time, friction, and cutting effects at the bit. An
active control system of the rotational speed is proposed as one of the ways to mitigate severe stick-slip problems [15,17]. Two different
Rate of Penetration (ROP) models, linear and nonlinear, were considered by Sharma et al. [19] to evaluate the influence of ROP on bit-
rock interaction and general drilling vibrations. Dunayevsky et al. [20] analyzed drill string dynamics for a wide range of drilling
parameters using a finite element model of continuous wall contact. Having a detailed model of parametric resonance, they could detect
failure modes but did not capture failure’s time-dependent behavior and excluded whirl and stick-slip effects. The different rock types
were analyzed with laboratory and field experiments by Dykstra et al. [21], who gave suggestions for the reduction of downhole vibrations
caused by operational deficiencies. Kriesels et al. [22] introduced the Soft Torque Rotary System (STRS) as an alternative means of
attenuating torsional vibrations, especially stick-slip problems. After the introduction of the STRS, penetration rates and bit life both
improved. The use of vibration analysis software in the design of Bottom Hole Assemblies, in combination with more frequent surveys
of the drillstring components, further improved the drilling performance. According to Leine et al. [23], Finite Element Models provide
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valuable quantitative insights into the dynamics of the drill string. They further noted that with Finite Element Models, there arise very
complex problems that are, however, highly nonlinear with large displacements and consequently difficult to investigate for certain
vibration behavior entailed during drilling operations.

However, most of the studies were conducted on oil and gas wells, where temperatures and, particularly, the rock formation are vastly
different from those in the geothermal environment. This gap indicates the need for special research in the development of methodologies
to optimize the process of drilling with the parameters aimed at geothermal wells, considering the specific problems of their exploration.
This study is aimed at finding how to set various drilling parameters to minimize torsional vibrations for geothermal wells. In this work,
an attempt will be made to identify the settings of the parameters for stability and reduced intensity of vibration through numerical
simulations. The ultimate goal of such findings is to help the geothermal industry surmount all problems relating to the drilling process
so that geothermal energy is developed as a competitive source of energy. The optimization strategies developed herein could also give
insight into improving drilling execution in other unconventional high-temperature settings.

2. NUMERICAL SIMULATIONS

A numerical simulator was used to model an upscaled drill string at a bit depth of 446.1 m. The string configuration included components
such as a polycrystalline diamond compact (PDC) bit, near-bit stabilizers (NBS), string drill collars (SDC), vibration generating subs
(VGS), drill collars (DC), stabilizers (SS), measurement while drilling (MWD), heavyweight drill pipe (HWDP), and drill pipe (DP).
Table 1 provides a detailed illustration of the drill string configuration. The time-domain analysis module of the simulator was applied in
this study to assess the effects of varying WOB while maintaining other critical parameters such as torque, RPM, and mud flow rate
constant.

Bit aggressiveness is a crucial factor in the analysis of torsional stick-slip behavior, particularly in geothermal formations. Aggressiveness
refers to the bit's ability to engage and cut through rock under specific operational conditions. Geothermal wells typically exhibit a bit
higher aggressiveness than conventional formations due to increased tectonic activity, harder rock formations, and elevated temperatures.
These factors intensify the torsional vibrations experienced during drilling operations. This concept formed the basis of the simulation,
where specific values were assigned to represent the bit aggressiveness in both conventional and geothermal wells. A value of 50 kgf-m/tf
was assigned for conventional wells, while a 100 kgf'm/tf was used for geothermal wells to account for the harder rock properties
associated with geothermal drilling. These values are supported by the increased cutting force and torque requirements typical in
geothermal environments. Table 2 summarizes the input parameters for the four simulation runs. The analysis compared the bit RPM for
both conventional and geothermal scenarios, demonstrating the significant impact of bit aggressiveness on torsional stick-slip tendencies.

Table 1 Drill string configuration

Type Length oD ID Gauge lz:;lll Mass ;l;:;t:sl Lli:;eszr Oj]())i:lot()l
(m) (inch) (inch) (inch) (m) (kg) (kg) (kg/m) (inch)
PDC 0.45 - - 558 0.45 28.16 28.16 62.59 -
NBS 1.6 4172 218 55/8 2.05 100.14 1283 62.59 -
SDC 175 4172 218 - 38 109.53 | 237.83 62.59 -
VGS 3 4172 218 | VARIABLE | 68 187.76 | 425.58 62.59 -
SDC 3.7 4172 218 - 10.5 23157 | 657.15 62.59 -
DC 9 4172 218 ] 19.5 56327 | 122042 | 62.59 -
ss 1.6 4172 218 558 211 100.14 | 132056 | 62.59 -
MWD 10 4172 218 ] 311 62586 | 194642 | 62.59 -
DCx6 54 4172 218 - 85.1 3379.64 | 532606 | 62.59 -
:*OWDP X 95 312 2 1/16 ; 180.1 | 317008 | 8496.14 | 33.37 4172
DP x 28 266 312 258 } 446.1 64162 | 1491234 | 24.12 5
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Table 2 Input parameters

WOB Mud density Time Aggressiveness (kgf.m/tf)
(kip) (8G) (sec) Conventional Geothermal
1 20
2 15
1.2 30 50 100
3 10
4 5

3. RESULTS AND DISCUSSIONS

The bit RPM in both geothermal and conventional wells was monitored and compared with the keyed top RPM to assess the impact of
WOB on stick slip torsional vibrations.

In the first case, with a WOB of 20 kip, Figure 1 illustrates that the bit experiences sticking from the onset. Sticking occurs when the bit
becomes stationary and does not rotate at depth due to high resistance from the formation. The duration of the sticking phase is significantly
longer in the geothermal well compared to the conventional well, emphasizing the more challenging conditions in geothermal formations.
After approximately 30 sec, the bit in the conventional well overcomes sticking and begins to experience torsional oscillations, eventually
synchronizing with the top RPM. In contrast, the bit in the geothermal well overcomes its sticking phase after 45 sec, reflecting its greater
resistance to rotation under the same WOB.

When the WOB was reduced to 15 kip, Figure 2 shows the corresponding behavior of the bit. At this point, the duration of the sticking
phase decreased in both well types. In the conventional well, the sticking phase is significantly shorter, while prolonged sticking is still
evident in the geothermal well. Once the system overcomes sticking, the bit mimics the top RPM, but the geothermal well lags due to its
harsher drilling conditions.

Further reducing the WOB to 10 kip, as shown in Figure 3, results in an even shorter sticking phase. The bit in the conventional well
overcomes sticking after 22 sec, while the bit in the geothermal well takes 30 sec to reach a similar state. This demonstrates the direct
relationship between reduced WOB and decreased sticking duration.

Finally, with the WOB reduced to 5 kip (Figure 4), both well types drastically minimize the sticking phases. However, the geothermal
well continues to exhibit slightly prolonged sticking compared to the conventional well, showing the need for careful parameter tuning in
challenging geothermal environments.

While increasing WOB can improve the ROP, these results highlight the importance of optimizing WOB to balance drilling efficiency
and minimize long episodes of torsional vibrations, particularly in geothermal wells. Excessive WOB in geothermal formations can
exacerbate torsional stick-slip and negatively impact drilling performance, making fine-tuning an essential aspect of effective drilling
operations.
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Figure 1 Bit behavior at WOB of 20 kip
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Figure 2 Bit behavior at WOB of 15 kip
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Figure 3 Bit behavior at WOB of 10 kip
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Figure 4 Bit behavior at WOB of 5 kip

4. CONCLUSIONS

This study analyzed the optimization of drilling parameters, focusing on WOB, to minimize torsional vibrations in geothermal wells.
Using a numerical simulator, a drill string at a bit depth of 446.1 m was modeled and compared for geothermal and conventional wells
under varying WOB conditions. The findings show the critical role of WOB in mitigating torsional stick-slip behavior, especially in the
challenging environment of geothermal formations. The results reveal that higher WOB values lead to prolonged sticking phases,
particularly in geothermal wells. However, increased WOB is usually required to drill to harder formations. The prolonged sticking
observed in geothermal wells is attributed to the harsher formation conditions, illustrated by the high aggressivity. Progressive reduction
of the WOB showed a consistent decrease in the duration of the sticking phase. Lowering the WOB allows the bit to overcome sticking
faster and synchronize more effectively with the top RPM. However, even at reduced WOB, the geothermal wells continued to exhibit
longer sticking durations, reflecting their inherently greater resistance to torsional motion. This paper may also suggest a different way to
start the rotation process using smarter top drives that can ramp up the ROM in a different way. Our findings may suggest that to avoid
stick-slip situations in deep geothermal wells, they may require bits with less aggressiveness but high ROP.
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ACRONYMS

WOB — Weight on bit

RPM - Rotational speed

ROP — Rate of penetration

STRS — Soft torque rotary system

PDC — Polycrystalline diamond compact

NBS — Near bit stabilizers

SDC — String drill collars

VGS — Vibrations generating subs

DC — Dirill collars

SS — Stabilizers

MWD — Measurement while drilling
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HWDP — Heavy weight drill pipe
DP — Drill pipe
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