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ABSTRACT

Drilling geothermal and high-pressure, high-temperature (HPHT) wells can present significant challenges to drilling automation and well
control due to extreme formation temperatures and elevated pressures. Proactive management of both downhole pressure and temperature
is crucial to maintaining wellbore integrity, ensuring the functionality of downhole tools, and preventing well loss. Despite separate
advancements in managed pressure drilling (MPD) and managed temperature drilling (MTD), integrated managed pressure and
temperature drilling (MPD-MTD) has not yet been addressed. This paper introduces an integrated MPD-MTD control framework based
on improved reduced drift-flux model (RDFM) that incorporates temperature dynamics, interface mass transfer, and a new lumped
pressure dynamics model to describe geothermal and HPHT drilling. The proposed MPD-MTD control strategy utilizes MPD choke
adjustments, flow rate modulation, and mud cooling to simultaneously regulate downhole pressure and temperature.

System identification techniques are adopted to develop a reduced-order model that captures the key thermal-pressure dynamics. This
reduced model simplifies the thermal-hydraulic interactions, allowing for efficient and yet accurate controller design. Based on this
reduced-order model, a multi-input-multi-output (MIMO) controller was developed to simultaneously control both the bottomhole
pressure and temperature. Simulations were conducted to demonstrate the utility of the developed MIMO controller. Various drilling
scenarios and control actuations were evaluated, showing that the proposed integrated MPD-MTD under the MIMO control framework
outperforms the decoupled MPD and MTD control strategies with respect to the stabilization time, overshot, and robustness for both
downhole temperature and pressure.

1. INTRODUCTION

Geothermal energy, as one of important sustainable energy sources, remains significantly underutilized due to the challenges it faced in
the well construction phase. The exploitation of high-enthalpy geothermal reservoirs, with temperatures exceeding 300°F, is essential to
achieve energy production and commercial applications (Fallah et al., 2021; Khaled et al., 2023). As outlined by van Oort et al. (2021),
the widespread utilization of geothermal energy is still hindered by technical, operational, and economic challenges during the drilling
and completion of geothermal wells. More specifically, main difficulties facing the construction of geothermal and high-pressure high-
temperature (HPHT) wells are the control of elevated downhole temperatures and pressure encountered in the extreme downhole
environment. In such drilling scenarios, a simple lapse in well control can lead to kicks/losses, wellbore integrity problems, tool
overheating failures, etc., which ultimately lead to substantial non-productive time (NPT). Among them, the primary limitation that
prevents the drilling of deeper or more cost-effective wells is the failure of tools and sensors under extreme downhole thermal conditions,
especially in high-enthalpy geothermal and high temperature oil and gas wells. Although high-temperature drilling tools, rated for up to
350°F and in select cases up to 570°F, are available, their reliability is still questionable when operated in such harsh environments
(Chatterjee et al., 2015). Recently, approaches that integrate advanced pressure and temperature control while drilling have been developed
to address these challenges. Such methods are effectively combined with existing thermo-hydraulic models to achieve precise well control,
thereby improving the operational reliability and economic viability of geothermal wells. However, existing methods control the downhole
pressure and temperature through separately using managed pressure drilling (MPD) and managed temperature drilling (MTD), but do
not yet consider the interaction between downhole hydraulics and thermodynamics. A strategy that simultaneously controls both pressure
and temperature through integrated MPD and MTD is needed.

In order to develop an integrated MPD-MTD control framework, an essential first step is to develop a model to describe downhole thermal-
hydraulics behavior. In terms of well thermo-hydraulic model, the one-dimensional two-phase Baer and Nunziato (BN) model is widely
adopted, where seven hyperbolic partial differential equations (PDE) are used to describe the two-phase mass, momentum, and energy
conservation, as well as the volume advection behavior (Baer & Nunziato, 1986). When the momentum transfer between the liquid and
the gas phases is simplified using an algebraic equation, the drift-flux model (DFM) is obtained (Fallah et al., 2020; Xu et al., 2019; Yang
et al., 2019). Sometimes DFMs further ignore the total energy equations, which results in a simplified, 3-PDE DFM (Fjelde et al., 2003;
Udegbunam et al., 2014). The 3-PDE and 4-PDE DFMs are the most widely reported models in the literature for two-phase flow modeling
in well construction applications, exhibiting superior computational stability and higher fidelity.

Reduced Drift Flux Models (RDFMs) are simplified from Drift-Flux Models (DFMs) to enhance efficiency in the modeling of complex
two-phase flow systems. DFMs, known for their ability to accurately capture detailed phase interactions and flow patterns, offer high
precision but are computationally too demanding for real-time applications in well construction. RDFMs address this limitation by
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simplifying pressure wave dynamics while retaining the essential temperature and mass transfer dynamics. Specifically, the "No Pressure
Wave" (NPW) assumption in RDFMs alleviates the stringent Courant-Friedrichs-Lewy (CFL) condition, enabling numerical stability with
larger time steps and reduced computational costs. This makes RDFMs a more practical and efficient choice for real-time pressure and
temperature control applications.

Control of downhole pressure and temperature has also been extensively studied. Building on the advancements in two-phase flow model,
especially the RDFM, recent research efforts have emphasized the integration of well control objectives to address the challenges of
bottomhole pressure (BHP) or bottomhole circulating temperature (BHCT) regulation. Ma et al. (2016) proposed a choke model and a
Proportional-Integral (PI) controller for BHP control. Aarsnes (2016) proposed a BHP control algorithm based on the simplified well
hydraulics, which highlighted the effects of liquid-gas transport velocity differences and pressure wave velocities. The choke control
algorithm was later improved by Ambrus et al. (2017) to handle both single- and two-phase flow. In addition, a Bayesian network was
also adopted by these authors to detect a variety of well control events that can lead to degraded system conditions. The identified system
conditions were subsequently used to update the chock response based on a process control model. Gu et al. (2019) incorporated
thermodynamics into the RDFM and proposed an MPD control approach that delivered high-precision control by solving the energy
equation using an explicit finite-difference method (FDM). This method provided a real-time dynamic temperature profile with minimal
computational expense. Recently, Luu et al. (2024) developed the PID controller for MTD using this RDFM approach. The surface
temperature and mud pump rate were adopted as control inputs.

In this paper, RDFM, system identification techniques, and control algorithms are unified into a coupled MPD-MTD framework. The
advanced temperature dynamics, interface mass transfer, and improved pressure dynamics are integrated to identify the transfer function
between surface temperature, pump rate, choke opening, and BHP/BHCT, forming a control-oriented reduced-order model. Surface
temperature and mud pump rate, or mud pump rate and choke opening, are selected as the control input to simultaneously control the
downhole temperature and pressure. These improvements enable the accurate prediction and management of bottomhole conditions in
elevated temperature and pressure environments. The key contributions of this work are: (1) System identification techniques were
employed to derive a simplified yet effective control model that accurately represents the coupled pressure and temperature dynamics in
drilling systems; (2) A robust multi-input-multi-output (MIMO) control strategy was developed, enabling the simultaneous regulation of
downbhole pressure and temperature in real time, addressing the complex interactions present in geothermal and HPHT wells; (3) Extensive
simulations were conducted to validate the proposed MPD-MTD control strategy.

2. THERMO-HYDRAULIC MODELING AND CONTROL FRAMEWORK

2.1 Summary of RDFM

The governing equations that define the RDFM can be categorized into three categories: pressure equations, temperature equations, and
liquid and gas propagation equations. A full derivation of the RDFM can be found in Gu et al. (2022) but a brief summary is presented
here for convenience.

2.1.1 Pressure Equations

Egs. 1-3 describe the lumped pressure dynamics model used in RDFM.
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Eq. 1 describes the pressure distribution within the well, where p,, represents the pressure at the outlet boundary, fy;q, is the gravitational
force per unit volume, and f,,; denotes the wall friction force per unit volume. Eq. 2 and Eq. 3 are the pressure boundary condition for
open and closed system, respectively. In Eq. 2, p; ., is the exogenous pressure at the outlet boundary. In Eq. 3, § is the effective bulk
modulus, and V represents the total volume of the pipe of annulus. q; ¢ and g s refer to the flow rate of the liquid source and gas
source, respectively. VEl_T is the volume source term related to liquid expansion due to temperature variation. VEg,S and V,,,,,, denote the
volume source term corresponding to the gas expansion and fluid convection. Finally, q; is the volumetric flow rate at the outlet boundary.

Since the temporal variation of pressure is entirely governed by the outlet boundary pressure p;, this approach is referred to as the "lumped
pressure dynamics model". For an open system, p; is determined exogenously using Eq. 2, while for a closed or restricted system, it is
computed using Eq. 3. Once p;, is obtained, the fluid pressure profile within the well can be calculated using Eq. 1, which accounts for
the effects of gravitational force and wall friction.

2.1.2 Liquid and Gas Propagation Dynamics

For calculating liquid and gas propagation dynamics, we use the mass conservation relations shown in Eqs. 4-5.
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where a; and a; are the volume fractions of liquid and gas, respectively. p; and p, are the density of gas and liquid, respectively. pg
represents the equivalent density of the dissolved gas. I}, ; and Iy, 4 are the rate of mass generation from sources per unit volume.

Eq. 4 and Eq. 5 are solved separately to obtain the liquid/gas volume fractions and equivalent density of the dissolved gas, with the
velocities v, and v; being calculated explicitly using the Egs. 6-7.
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where v, is the drift velocity and Cj is the distribution parameter.

2.1.3 Thermodynamics

The thermal processes in typical drilling operations primarily involve conduction and convection mechanisms. Conduction occurs radially
through the pipes, cement, and formation. Axial conduction within the formation is typically neglected due to its minimal impact.
Convection processes include axial and radial convection within the pipe and annulus mud flow, as well as natural convection in the
surrounding seawater for offshore applications. The dynamics of these thermal processes are governed by the energy conservation
equation, as presented in Eq. 8.
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In this equation, e is the energy per unit mass, and h denotes the enthalpy per unit mass. The relationships are further defined by Egs. 9-
10.
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Here ¢, is the specific heat capacity at constant volume, T is the temperature, g is the gravitational acceleration, and s is the vertical
position.

On the RHS of Eq. 8, three source terms are defined: Q,, the rate of heat transfer through the walls per unit volume, considers all the
radial conduction and convection; I}, 4y, the rate of total enthalpy generation from all sources per unit volume, considers the influence of
mass transfer between the annulus mud flow and the surrounding formation and reservoir; Qp;;, the rate of heat flux from the bit per unit
volume. I}, 4y and Q¢ can usually be determined exogenously from the given information about the mass sources, the bit, and the drilling
operation conditions. Qp, on the other hand, requires a heat transfer network to calculate the transient heat transfer rate between the mud,
the drillstring, the casing, the cement, and the formation. A heat transfer network proposed by Fallah et al. (2020) is applied in this
research. The details are shown in Figure 1: Schematic of heat transfer network. 1. Heat transfer between drillstring fluid and the annulus
fluid. 2. Heat transfer between the annulus fluid and the formation in the open hole. 3. Heat transfer between the annulus fluid and the
formation in the cased hole. Adapted from Fallah et al. (2020)
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Figure 1: Schematic of heat transfer network. 1. Heat transfer between drillstring fluid and the annulus fluid. 2. Heat transfer
between the annulus fluid and the formation in the open hole. 3. Heat transfer between the annulus fluid and the formation
in the cased hole. Adapted from Fallah et al. (2020).

For the flow in a drillstring, there is only heat flux from its outer surface and Qp,; can be calculated as:
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For the flow in the annulus, there are heat fluxes from both its inner and outer surfaces, and Qp,; can be calculated as:

Tm,in_Tm,ann Tm,out_Tm,ann (12)

Qnt = th,inner + th,outer = Rirmer Router
where Q htouter 18 the rate of heat transfer at the outer surface of the drillstring/annulus per unit volume; th,inner denotes the rate of heat
transfer at the inner surface of the annulus per unit volume. Ty, 5,,; is the temperature of the medium outside the annulus. T, 4 refers to
the temperature of the drillstring medium. R, is the thermal resistance in the outer surface of the drillstring/annulus. Similarly,
Tpn,in Tepresents the temperature of the medium inside the annulus. Ty, 4, corresponds the temperature of the annulus medium,
and Rjpper is the thermal resistance of the inner surface of the annulus.

The inner and outer thermal resistances (Rjpner and R,y ter) are calculated by adding the proper conduction and convection resistances on
the outer and inner sides. The conduction resistance is calculated using the typical formula for a hollow cylinder. With the non-Newtonian
facts being considered, the convection resistance is calculated through the Nusselt number with various formulas, depending on whether
it is laminar or turbulent flow, and whether the flow occurs in the pipe or the annulus. Moreover, the variation of the near-well formation
temperature is also considered by including a dynamic meshing strategy in formation, which helps describe the cooling effect of the mud
on the formation, as shown in Figure 2. Discretization of rock formation for heat transfer calculation for a cased section of the wellbore.
Adapted from Fallah et al. (2021).
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Figure 2. Discretization of rock formation for heat transfer calculation for a cased section of the wellbore. Adapted from Fallah
et al. (2021).

2.1.4 Numerical Method

The aforementioned equations are supplemented by closure relations, which include the equations of state for liquid and gas, as well as
the relationship between volume fractions, as defined in Eqgs. 13-15.

p=f®T) 13)
pg =f®T) (14)
Pgsat = f(@,T) (15)
ata; =1 (16)

In this paper, the RDFM uses a first-order upwind scheme in space and explicit Euler method in time. When solving the differential
equations, the explicit Euler method is applied, where any differential equation with the format of Eq. 17 can be discretized as Eq. 18.

FEICL) (17
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2.2 Control Framework

2.2.1 System Identification

System identification is beneficial for understanding a system’s dynamic behavior and subsequently informing the design of its controller.
For SISO systems, let the model be given by

_ B®
Y(s) = A(S)U(S) (19)
Or in the time domain
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where y(t) is the response variable—such as the BHP or BHCT in this context. And u(t) is the control variable, which may be mud pump
rate Q, mud temperature at inlet T;,, or choke opening. Here, y ¥ (t) denotes the :th derivative of y(t) with respect to time, and u® (t)
denotes the k:th derivative of u(t) with respect to time. The model coefficients can be calculated via a least-squares approach, given by

B = [ §v=1 ¢(tk)¢T(tk)]_1 Zliv=1 q)(tk)yn(tk) (21)
0=[a;, - ap by - bpl" (22)
¢ () = [—y(n_l)(tk) e —yt) uM™y) u(tk)] (23)

Additional details regarding this approach and its implementation are provided in Ljung (2009) and Garnier et al. (2003).

Using this technique, transfer functions relating the control variables to the response variables are identified. Figure 3. System
identification results for mud pump rate. The mud pump rate (left) remains at 400 gpm, then increases to 600 gpm at 500 minutes. The
middle panel shows BHP, and the right panel shows BHCT, with observed data compared against identification results. compare the
original system with the identified system where the control variables are mud pump rate, mud temperature at inlet and choke opening,
respectively. Further details about the choke model can be found in Ma et al. (2016) and Ambrus et al. (2017). Once the system reaches
steady state, the control variables are changed to examine how incremental changes in these variables affect the response variables. The
identified systems agree very well with the original systems.
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Figure 3. System identification results for mud pump rate. The mud pump rate (left) remains at 400 gpm, then increases to 600

gpm at 500 minutes. The middle panel shows BHP, and the right panel shows BHCT, with observed data compared against
identification results.



Duan et al.

Mud Temperahse at inlet BHP BHCT
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Figure 4. System identification results for mud temperature at inlet. The mud temperature at inlet (left) remains at 77 °F, then
increases to 120 °F at 500 minutes. The middle panel shows BHP, and the right panel shows BHCT, with observed data
compared against identification results.
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Figure 5. System identification results for choke opening. The choke opening (left) remains at 0.3, then increases to 0.5 at 500
minutes. the right panel shows BHP, with observed data compared against identification results.

2.2.2 MIMO Control Algorithm

PI controllers are utilized in the system. Specifically, PI controllers H;; are designed for each identified transfer function G;;. When mud
pump rate and mud temperature at inlet are employed as control variables, the MIMO control diagram of is presented as in Figure 6.
Control diagram of the MIMO controller. Control variables are mud pump rate and mud temperature at inlet.
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Figure 6. Control diagram of the MIMO controller. Control variables are mud pump rate and mud temperature at inlet.
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Figure 7. Control diagram of the SISO controllers. Control variables are mud pump rate and mud temperature at inlet.

The calculation of control variables is shown in Eq. 25.
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To highlight the effectiveness of the coupled controller, it is compared with two SISO controllers, where the off-diagonal entries in the
controller H;; are set to 0. This configuration implies that the control variable Ty, is solely regulated by BHCT, while Q is exclusively
controlled by BHP, as depicted in Figure 7. Control diagram of the SISO controllers. Control variables are mud pump rate and mud
temperature at inlet..

In some cases, the choke is preferable for controlling BHP. Similar MIMO and SISO control algorithms are adopted when choke opening
and mud pump rate are control variables.

3. CONTROL SCENARIOS AND DISCUSSION

3.1 Well Data

The open-source Utah FORGE geothermal well dataset is used to test the MIMO controller for geothermal temperature simulation and
control (Utah Forge Data, 2022). Table 8: Drilling fluid properties for Utah FORGE 16A78-32 well. and Table 9: Formation geothermal
properties for Utah FORGE 16A78-32 well. list the drilling fluid properties and formation geothermal properties.

Table 8: Drilling fluid properties for Utah FORGE 16A78-32 well.

Unit Value
Fluid density ppg 9.0
Fluid plastic viscosity 1bf*s/1001t? 27151
Specific heat capacity BTU/(Ib*°F) 0.907
Thermal conductivity (BTU*in)/(hr*ft2*°F) 5.200

Table 9: Formation geothermal properties for Utah FORGE 16A78-32 well.

Unit Value
Formation surface temperature °F 67.85
Formation temperature gradient °F/ft 0.041
Rock density ppg 23.367
Formation specific heat capacity BTU/(Ib*°F) 0.222
Formation thermal conductivity (BTU*in)/(hr*ft2*°F) 16.016

3.2 Control Scenario: Using Both Mud Temperature at Inlet and Mud Pump Rate as Control Variables

This control scenario begins with the mud pump rate and mud temperature at inlet set to 400 gpm and 120 °F, respectively. By 200
minutes, the system reaches a steady state, and the controller is activated. The target pressure starts from its steady-state value prior to
200 minutes and increases by 80 psi over 10 minutes, while the target temperature decreases by 40 °F during the same period. The control
variables and corresponding response variables are depicted in Figure 10. MIMO control response when mud pump rate and mud
temperature at inlet are used.
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Figure 10. MIMO control response when mud pump rate and mud temperature at inlet are used.

It can be observed that the MIMO controller and the SISO controller perform similarly in regulating the BHCT. However, when controlling
the BHP, the MIMO controller exhibits noticeable oscillations. These oscillations result from an overshoot in the mud pump rate, which
is caused by the slow response of the BHCT. Furthermore, the MIMO controller demonstrates an undesirable spike in the mud temperature
at inlet, occurring because the pressure responds so rapidly that it exceeds the target pressure.

In contrast, the SISO controller effectively regulates both the BHP and BHCT without oscillations or overshoot. This improved
performance is attributed to the inherent differences in the natural frequencies of the two processes, which the SISO controller manages
more effectively by eliminating cross-influences.

Thus, we conclude that in this scenario, the SISO controller outperforms the coupled controller by avoiding cross-coupling effects and
delivering more stable control.

3.3 Control Scenario: Using Both Choke Opening and Mud Pump Rate as Control Variables

This control scenario begins with the mud pump rate and choke opening set to 400 gpm and 0.3, respectively. By 200 minutes, the system
reaches a steady state, and the controller is activated. The target pressure starts from its steady-state value prior to 200 minutes and
decreases by 30 psi over 10 minutes, while the target temperature decreases by 10 °F during the same period. The mud pump mud inlet
temperature is set to be 77 °F during the whole process. The control variables and corresponding response variables are depicted in Figure
11. MIMO control response when mud pump rate and choke are used.
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Figure 11. MIMO control response when mud pump rate and choke are used.

The MIMO controller achieves a slightly shorter settling time in regulating BHCT compared to the SISO controller. Additionally, it
demonstrates superior performance in controlling BHP, with a shorter settling time and reduced overshoot. Moreover, the MIMO
controller ensures smoother operation by minimizing variations in control variables, such as choke opening and mud pump rate. Therefore,
the MIMO controller outperforms the SISO controller in this scenario, delivering more efficient and stable control.

4. CONCLUSION

This study introduces a novel coupled Managed Pressure and Temperature Drilling (MPD-MTD) control strategy using a MIMO control
framework for combined and automate temperature and pressure management in geothermal and high-pressure, high-temperature (HPHT)
wells. The proposed MPD-MTD approach leverages an improved reduced drift-flux model (RDFM) with enhanced pressure and
temperature dynamics, offering excellent computational efficiency and accuracy for real-time control in extreme drilling environments.

Through simulations across various drilling scenarios, we compared the performance of MIMO and distributed SISO controllers using
different control variable combinations. When employing mud pump rate and mud temperature at inlet as control variables, the distributed
SISO controllers performed better, avoiding cross-coupling effects and ensuring greater stability. Conversely, with mud pump rate and
choke opening as control variables, the coupled MIMO controller prevailed, achieving shorter settling times, reduced overshoot, and
smoother operation by minimizing control variable fluctuations. These findings emphasize the need to tailor control strategies to specific
operational objectives.

In conclusion, a coupled, automated MPD-MTD strategy is expected to surpass traditional methods to manage complex temperature and
pressure situation and their interactions in the extreme well conditions of geothermal and HPHT wells. By integrating advanced modeling
with robust MIMO control, the MPD-MTD approach enhances operational reliability, optimizes drilling performance, and mitigates
thermal and pressure-related challenges sch as temperature-induced downhole tool failures. Future work will focus on field validation and
extending applicability to more complex scenarios, including wells with variable mud properties, advanced cooling technologies, and
dynamic drilling conditions.
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