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Abstract

In ultra-cold narrow-window drilling, pipe connection causes flow-path switching as the
main circulation is interrupted and bypass circulation is established, breaking the initial
relative pressure balance of the whole wellbore and inducing asymmetric transient vari-
ations in flow distribution, annular friction, and bottomhole pressure response, thereby
increasing the risks of wellbore instability, lost circulation, and kicks. To address the poor
pressure-control accuracy, long non-productive time, and inadequate low-temperature
adaptability of conventional drilling technologies in the Irkutsk block of Russia, this study
developed and field-tested an integrated all-electric managed pressure drilling (MPD) and
cold-resistant continuous circulation system (CCS). Existing conventional technologies
often suffer from high communication latency and hydraulic freezing in extreme cold
environments, leading to uncoordinated pressure compensation. To overcome these limita-
tions, the scientific novelty of this work lies in proposing a transient pressure rebalancing
mechanism that effectively suppresses the asymmetric pressure disturbances induced by
topological flow path switching. Methodologically, the proposed system was validated
through a comprehensive industrial field test. An improved Herschel-Bulkley temperature—
pressure coupled model was established to dynamically calculate full wellbore annular
pressure loss. Furthermore, a dedicated hardware adapter module utilizing multi-protocol
conversion was integrated to achieve a communication delay of less than 8 ms, enabling
high frequency coordinated pressure regulation. Field results demonstrate that compared
to the delayed responses of conventional systems, the proposed integrated approach suc-
cessfully maintained a dynamic backpressure tracking error within +0.069 MPa under
extreme conditions of —38 °C and a narrow pressure window of 0.08 g/cm?. The rapid
suppression of asymmetric transient responses prevented any lost circulation, kicks, or
wellbore collapse. These findings highlight the significant advantages of the integrated
system in maintaining pressure field stability, thereby providing a robust and innovative
engineering solution for complex well interventions.

Keywords: ultra-cold drilling; flow-path switching; asymmetric transient response;
rebalancing control; integrated system; narrow pressure window
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1. Introduction

With the continuous advancement of global oil and gas exploration and development,
the reserves of shallow and easily discovered reservoirs are being gradually depleted, and
complex reservoirs such as high-pressure narrow-window wells have become important
targets for sustaining oil and gas production [1,2]. The Irkutsk block in Russia, as an impor-
tant hydrocarbon-enriched region, contains more than 37% high-pressure narrow-window
wells and therefore has considerable development potential. However, the exploration and
development of such wells have long been constrained by multiple technical challenges,
which severely limit resource conversion efficiency [3]. First, the safe drilling pressure
window is extremely narrow, and pressure fluctuations in conventional drilling operations
can easily trigger complications such as lost circulation and kicks, thereby substantially
increasing operational risk [4-6]. Second, the block is characterized by an extremely cold
environment, in which conventional hydraulically driven equipment is prone to sticking
and malfunction, seriously compromising operational continuity [7,8]. Third, key opera-
tions such as pipe connection require interruption of drilling fluid circulation, which can
readily cause accumulation of cuttings and stuck-pipe risk, leading to non-productive
time exceeding 35% and markedly reducing development efficiency [9]. In addition, the
limited operational budgets must be optimized to improve economic performance, whereas
conventional drilling methods are inefficient and difficult to manage in terms of risk, fur-
ther aggravating these challenges [10,11]. Therefore, resolving the key issues of pressure
control, circulation assurance, and efficient operation in high-pressure narrow-window
wells under extremely low-temperature conditions has become a central research focus
in petroleum drilling across the greater Russian region. It should be emphasized that, in
ultra-cold narrow-window drilling, pipe connection is not merely a routine operational step,
but rather the most critical transient process affecting the stability of the whole-wellbore
pressure field [12,13]. The interruption of the main circulation and the establishment of
bypass circulation induce flow-path topology switching, thereby breaking the original
relatively stable pressure distribution and equilibrium state and triggering short-term
asymmetric variations in flow distribution, annular friction evolution, and bottomhole
pressure response [14,15]. Under such conditions, if pressure compensation is delayed or
insufficient, the bottomhole pressure is more likely to deviate from the target control range.
This deviation directly exacerbates the risks of severe wellbore instability and gas invasion.
As demonstrated in recent investigations into complex geological scenarios, including hy-
drate bearing sediments and deepwater kick operations, such pressure imbalances critically
threaten overall drilling safety [16,17]. Therefore, investigating transient pressure control
during pipe connection under ultra-cold narrow-window conditions is not only of great
engineering significance, but also provides a new analytical perspective for understanding
the evolution of the wellbore pressure field in terms of symmetry breaking and dynamic
rebalancing [18,19].

The integrated application of managed pressure drilling (MPD) and a continuous
circulation system (CCS) is widely recognized worldwide as an effective technical approach
for addressing the development challenges of high-pressure narrow-window wells [20].
MPD technology can effectively maintain the pressure window balance through precise
regulation of bottomhole pressure, whereas the CCS enables uninterrupted circulation
throughout the whole wellbore during operations, thereby preventing accumulation of
cuttings and abrupt pressure fluctuations. The synergy between the two systems there-
fore offers the potential to fundamentally overcome existing technical bottlenecks [21,22].
However, the current application of such integrated technologies in the Irkutsk block of
Russia still faces significant limitations, and no mature and reliable solution has yet been
established [23]. In particular, under ultra-cold narrow-window conditions, the transient
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pressure response induced by flow-path switching during pipe connection becomes more
sensitive, placing higher demands on the coordinated control capability of the integrated
system [24,25].

Although existing MPD and CCS technologies have matured independently, their
combined application in ultra-cold and narrow-window environments reveals significant
theoretical and practical limitations [26,27]. Current MPD frameworks and continuous
circulation models demonstrate high precision in temperate or marine high-temperature
and high-pressure wells [28]. However, under extreme cold conditions, these systems
frequently suffer from hydraulic freezing, valve sticking, and unacceptable pressure fluctu-
ations [29,30]. Similarly, while some continuous circulation systems and offshore integrated
attempts effectively reduce nonproductive time [31,32], they generally lack the specific
low-temperature preheating and low-latency data interaction required for complex ter-
restrial climates [33,34]. Recent theoretical simulations have explored the feasibility of
integrating MPD with continuous circulation [35,36]; yet these studies largely ignore the
severe effects of temperature—pressure coupling and fail to address the underlying protocol
incompatibilities that lead to unsynchronized compensation during fluid diversion [37-39].
To clearly illustrate these technological gaps, a critical comparison of representative state of
the art integrated technologies is presented in Table 1.

Table 1. Comparison of representative drilling technologies and the proposed integrated system.

Data

Technoloev/Svstem Actuation Low-Temperature Svnchronization Pressure Control Key Limitations in
8Y/SY Mechanism Adaptability y Latency Accuracy Ultra-Cold Conditions
Conventional MPD Hydraulic Poor (Fallos below Not applicable +0.034 MPa Valve sticking and
—-20°C) response lag
Unable to strictly
Conventional CCS Mechanical/Electric Good (Up to —40 °C) Not applicable Low maintain narrow pressure
windows
. Protocol incompatibility
Standard integrated Mixed Moderate >50 ms >0.10 MPa and unsynchronized
systems .
compensation
Overcomes
Proposed system All electric Excellent (OS table at <8 ms +0.069 MPa hetgrogeneous protocql
-38°C) barriers and asymmetric

pressure disturbances

Consequently, the mere physical integration of MPD and CCS hardware is insuffi-
cient to resolve the wellbore instability observed in the Irkutsk block. The core scientific
problem lies in the symmetry breaking of the wellbore pressure field during pipe con-
nection. Specifically, the attenuation of the main circulation and the establishment of
bypass circulation create highly asymmetric spatiotemporal fluid disturbances and local-
ized friction variations.

Therefore, the scientific novelty of this study transcends standard equipment integra-
tion by proposing a theoretical transient pressure rebalancing mechanism. Grounded in
an improved temperature and pressure coupled rheological model, this research explores
the underlying fluid dynamics of topological flow path switching. A dedicated ultra-low-
latency adapter module was developed and field tested in Well VS91-4830G to validate
this theory. By actively compensating for pressure field symmetry breaking, this study
shifts the engineering paradigm from conventional static pressure maintenance to dynamic
asymmetric response suppression, providing profound theoretical insights and practical
solutions for deep complex reservoir exploitation in extreme climates.
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2. Technical Principle of the Integrated System Under Flow-Path
Switching and the Temperature-Pressure Coupled Model
2.1. Integration Mechanism of Managed Pressure Drilling and Continuous
Circulation Technologies

Conventional managed pressure drilling mainly relies on real-time adjustment of the
surface choke opening to dynamically compensate for bottomhole pressure, and its standard
operational workflow is shown in Figure 1. However, during conventional pipe connection
when pumping is interrupted, the instantaneous loss of annular circulating pressure loss can
readily trigger severe pressure fluctuations throughout the whole wellbore [40]. Under the
coupled harsh conditions of an ultra-cold environment and an extremely narrow pressure
window, abrupt changes in fluid inertia and friction often cause the pressure state to exceed
the formation safety boundary, making the bottomhole pressure deviate from the target

control range within a short time.
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Figure 1. Schematic of single-path circulation in conventional managed pressure drilling.

To fundamentally mitigate the hydrodynamic instability caused by pump shutdown,
a continuous circulation system was introduced in this study, and its core operational
workflow is shown in Figure 2. Throughout the entire pipe-connection cycle, the continuous
circulation sub together with the bypass valve assembly ensures uninterrupted injection of
drilling fluid into the wellbore, thereby maintaining the continuity of the whole-wellbore
flow path and reducing the adverse effects of circulation interruption on bottomhole
pressure and wellbore cleanliness.

Gate Valve

Top Drive

'

Mud Pump

Continuous
Circulation Sub

Supply Pump
Pressure Relief Valve

Figure 2. Schematic of the continuous circulation system workflow.

https://doi.org/10.3390/sym18060985


https://doi.org/10.3390/sym18060985

Symmetry 2026, 18, 985

50f22

By deeply integrating the above two independent systems, an integrated managed-
pressure-control technology framework was established. During coordinated operation,
the continuous circulation system maintains the basic stability of the whole-wellbore flow
field and equivalent circulating density, whereas the all-electric managed pressure drilling
system applies precise surface backpressure compensation through high-frequency dy-
namic adjustment of the choke valve. Under the ultra-low-latency synchronization enabled
by the dedicated adapter module, the two systems achieve coordinated coupling between
seamless physical flow-path switching and millisecond-level software-based pressure regu-
lation, thereby suppressing the pressure-field symmetry breaking and asymmetric transient
disturbances induced by flow-path switching during operations such as pipe connection
and establishing a relatively stable constant-pressure environment at the bottomhole.

2.2. Improved Temperature—Pressure Coupled Rheological and Transient Pressure-Control Model

Accurate prediction of the whole-wellbore equivalent circulating density (ECD) is
fundamental to the implementation of high-precision pressure control in the integrated
system. Under ultra-cold, high-pressure, and narrow-window conditions, the rheolog-
ical behavior of drilling fluids is strongly affected by the combined action of extreme
temperature and pressure fields. To address this issue, the present study adopted the
Herschel-Bulkley rheological equation and a temperature—pressure coupled model [41,42],
and further reconstructed them for applicability under the specific conditions of flow-path
switching during pipe connection in an ultra-cold environment. To overcome the limitation
of conventional models in failing to capture the effect of well-depth gradient, a dynamic
temperature-field function covering the entire spatial domain from the ultra-cold surface to
the deep high-temperature region was established, so as to more accurately characterize the
depth-dependent variation in whole-wellbore rheological parameters and annular pressure
loss. The real-time drilling-fluid temperature T(z, t) at an arbitrary vertical depth z can be
expressed as follows [43,44]:

T(z,t) = Tsut + Gr -2+ AT(g, ¢, 2) (1)

where T, is the ambient temperature at the extremely cold surface, °C; Gr is the geother-
mal temperature gradient; z is the vertical well depth, m; AT(q,t,z) is the additional term
of dynamic convective heat transfer inside and outside the wellbore determined by the
CCS flow rate g and circulation time ¢, °C.

To accurately reflect the heat loss in the ultra-cold environment, the specific functional
form of this dynamic convective term is defined as:

ATconv = _kh(Tﬂuid - Tsurf) eXp(—thccsf) )

where kj, is the overall heat transfer coefficient of the exposed surface manifold; Tpqy;q is
the local temperature of the drilling fluid inside the surface manifold, °C; « is a decay
factor associated with the circulation flow rate; and Qs represents the volumetric flow
rate sustained by the continuous circulation system, L/s. At the extreme surface boundary
condition of —38 °C, the initial thermal exchange is highly aggressive. Field sensor data
from the test well demonstrate that the specific boundary value of ATcony at the wellhead
reaches a maximum temperature drop of —15 °C before the fluid enters the subterranean
formation. Incorporating this specific boundary condition directly addresses the abrupt
increase in fluid viscosity at the surface, thereby guaranteeing the mathematical fidelity
of the subsequent rheological parameter calculations. Based on the above along-hole
temperature field T(z, t) and hydrostatic pressure field p(z), the consistency coefficient K
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and initial yield stress 1y of the drilling fluid are no longer constants, but a temperature—

pressure coupling system of equations varying continuously with well depth [45]:
K(z) = Ko - explax(p(z) = po) — Bx(T(z,t) = To)] 3)
(2) = Tref - eXplac(p(z) — po) = fr(T(z,t) — To)]

where Ky and T ,f are rheological parameters at the reference point under normal tem-
perature and pressure; ag and a; are pressure correction coefficients; and Bk and . are
temperature correction coefficients.

Accordingly, the constitutive equation of dynamic shear stress in the local infinitesimal
segment is revised as:

™(2) = w(2) + K(2)7" 4)

where 7(z) is the shear stress, Pa; 7 is the shear rate, s~1: and # is the flow behavior
index, dimensionless.

Unlike the consistency coefficient and yield stress, which exhibit high sensitivity
to thermal and baric gradients, the flow behavior index n primarily characterizes the
inherent shear thinning property of the drilling fluid. Preliminary rheometer tests indicated
that within the extreme operational temperature and pressure ranges of the target well,
the fluctuation of n remained statistically negligible. Consequently, to balance real-time
computational efficiency for the control algorithm and overall model accuracy, n is treated
as a constant dimensionless parameter in this coupled framework rather than a dynamic
variable. Given the nonlinear evolution of rheological parameters with well depth z, the
annular circulating pressure loss Ap,(t) of the whole wellbore must be accurately solved
along the wellbore using the infinitesimal integration method [46]:

4Tw z,t)
Apq(t) / D1z ( )dz 5)

where Ap,(t) is the annular circulating pressure loss of the whole wellbore, MPa; H is the
vertical well depth, m; 7,(z,t) is the circulating friction of drilling fluid at the wellbore
wall, Pa; and Dy, (z) and Dj(z) are the borehole diameter and drill pipe outer diameter at
the corresponding depth, m, respectively.

Furthermore, the transient equivalent circulating density calculation model under the
action of the integrated system is obtained:

ECD(t) = om + Apu(t) ;IfbaCk(t) (6)

where ECD(t) is the transient equivalent circulating density, g/cm?; py, is the base density
of drilling fluid, g/cm?; ppaac(t) is the dynamically compensated surface back pressure,
MPa; and g is the gravitational acceleration, taken as 9.81 m/s?.

The mathematical fidelity and predictive capacity of this coupled temperature—
pressure formulation were systematically validated using a 457.2 m high pressure ex-
perimental flow loop prior to field implementation. By simulating the equivalent thermal
gradients, the calculated annular friction losses were benchmarked against empirical trans-
ducer measurements. As illustrated in Figure 3, the theoretical predictions closely trace the
experimental data across a wide range of operational shear rates, yielding a mean absolute
percentage error (MAPE) of 3.4%. This validation confirms that the dynamic initialization
and baric corrections accurately capture the nonlinear rheological transitions of the drilling
fluid under combined thermal and geopressured gradients.
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Figure 3. Comparison of predicted annular pressure loss and measured data from the 457.2 m high
pressure flow loop across varying shear rates. (a) Measured vs. calculated annular pressure loss;
(b) Correlation and error band analysis.

On the basis of the temperature—pressure coupled model, the integrated system can
analyze the rheological characteristics of the whole wellbore in real time, accurately cal-
culate the pressure loss variation at the instant of manifold flow-path switching, and
convert it into control commands to actuate the all-electric choke valve. This provides
the basis for characterizing the asymmetric evolution of the whole wellbore pressure
field and its dynamic compensation under extreme operating conditions, thereby enhanc-
ing the dynamic pressure-control capability of the integrated system under ultra-cold
narrow-window conditions.

2.3. Flow-Path Topology Switching and Asymmetric Pressure-Field Evolution in the
Integrated System

The coordinated pipe-connection operation of the integrated system is essentially a
transient fluid-dynamics control process under multi-field coupling conditions. Within the
very short time window of circulation-path switching, the boundary conditions of the flow
field inside the manifold undergo abrupt changes. According to the transient evolution
mechanism of fluid dynamics, the path switching of the continuous circulation system
induces the topological evolution of the physical flow paths, as illustrated in Figure 4.

As shown in Figure 4a—c, the manifold flow field undergoes a physical topological
evolution from a relatively balanced single path circulation state to an asymmetric flow
dividing transition state, and then to a bypass dominated stable pipe-connection state. In
the relatively balanced single path circulation state, Gate 1 and Gate 2 are fully open to
direct the fluid through the top drive, while Gate 3 and Gate 4 remain closed. This valve
configuration ensures that the flow boundary conditions and pressure distribution of the
system remain relatively stable. During the very short transition interval of the asymmetric
flow-dividing transition state, Gate 3 and Gate 4 are commanded to open while Gate 1 and
Gate 2 remain temporarily open. This specific control logic connects the main and bypass
flow paths in parallel, causing the flow path cross-sectional area, flow distribution, and
local resistance to be rapidly adjusted, which readily induces transient pressure fluctuations
along the wellbore. The system then enters the bypass dominated stable pipe-connection
state, achieved by completely closing Gate 1 and Gate 2 while keeping Gate 3 and Gate 4
open. In this operational state, the main circulation is physically interrupted and the drilling
fluid is injected downhole entirely through the bypass circulation path, allowing the system
to gradually form a relatively stable pressure response under the new flow configuration.
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Therefore, this process is not merely a simple flow-path switch, but rather a rigorously
controlled evolution of the manifold flow field driven by synchronized valve actuations.

Gate 2 >< Gate 2 <
Main Flow Main Flow
Gate1 < X Gate 4 Gate1 <

Return Flow

MPD Electric
Choke

Solids Control

Return Flow

MPD Electric
Cl

hoke
Solids Control

(a) (b)

Bypass Flow

Gate2 X

Return Flow

MPD Electric
oke

2}
=
x

Solids Control

(c)

Figure 4. Flow-path topology switching and asymmetric pressure-field evolution in the integrated
MPD-CCS. (a) Relatively balanced single-path circulation state. (b) Asymmetric flow-diverting
transition state. (c) Stable pipe-connection state dominated by bypass circulation.

To effectively suppress the fluid agitation induced by the above physical topological
evolution, the dedicated adapter module plays a key role as the coordination hub. With
an ultra-low latency of less than 8 ms, this module accurately synchronizes the transient
characteristic matrix of circulation flow rate from the continuous circulation system to
the pressure-control unit. The pressure-control system then relies on the underlying
improved temperature—pressure coupled model to reconstruct the transient friction profile
of the whole wellbore in real time and drives the all-electric MPD choke valve to perform
millisecond-level opening-displacement compensation. The time-sequence evolution of the
system’s dynamic coordinated control is shown in Figure 5.

As can be seen from the dynamic time-sequence curves in Figure 5, when the system
enters the transient path-switching stage, the top-drive circulation flow rate decreases
progressively, while the bypass circulation flow rate increases synchronously. In response
to the redistribution of the overall pipeline-network resistance caused by the change in the
cross-sectional area of the hardware flow paths, the MPD system reacts rapidly. During
the subsequent bypass-circulation interval, because the distribution of annular friction
throughout the whole wellbore differs from that under the normal drilling state, the
system dynamically adjusts and maintains a compensating surface backpressure of 2.2 MPa
according to the real-time calculation results of the temperature—pressure coupled model.

This deeply coupled mechanism between physical flow diversion at the surface
and software-based compensation at the wellhead enables the dynamic release and re-
establishment of surface backpressure to closely match the evolution trajectory of bot-
tomhole pressure. From a fluid-dynamics perspective, the above transient coordinated
response process mitigates the pressure instability caused by fluid inertial surging and the
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loss of annular friction during pump shutdown and pipeline switching in conventional
drilling, thereby helping maintain continuous high-precision constant-pressure control
within the extremely narrow pressure window of the whole wellbore.

40
= Top Drive Flow Rate
= = Bypass Flow Rate

351 Surface Back Pressure |

= N N w
w o [ 1=}

Mud Flow Rate/(L-s™1)

-
=

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Time/s

Figure 5. Time sequence of transient coordinated control and backpressure compensation for pressure-
field rebalancing in the integrated system.

2.4. Whole-Wellbore Dynamic Coordinated Pressure-Control Strategy and Time-Sequence Model
for Pressure Rebalancing

To address the problem that the instantaneous loss of whole-wellbore annular friction
during pipe connection may cause the ECD to fall below the safe operating window, this
study proposes a whole-wellbore dynamic coordinated pressure-control strategy based
on the deep coupling of CCS and MPD. Taking a standard pipe-connection cycle as an
example, the theoretical time sequence of the dynamic coordinated control is shown in
Figure 6.

As shown in Figure 6, this strategy divides the flow-field topology switching during
pipe connection into four core sequential stages: steady circulation, transient flow-path
switching, continuous-circulation pipe connection, and flow-field recovery. To explicitly
correlate these stages with the horizontal timeline across the three subgraphs, the initial
steady circulation stage spans from 0 to 1.0 min. The first transient flow path switching
stage corresponds to the interval between 1.0 and 1.5 min. The system then operates in the
continuous circulation pipe connection stage from 1.5 to 6.5 min. Finally, the flow field re-
covery stage takes place from 6.5 to 7.0 min, after which the wellbore returns to the baseline
steady circulation. The core of the control strategy lies in millisecond-level compensation
during the transient flow-path switching stage. During the overlap period between the
reduction in the main-pump flow rate and the opening of the CCS bypass valve, the MPD
system simultaneously captures the attenuation signal of the whole-wellbore flow rate and
drives the high-frequency servo choke valve to close in advance, so that the instantaneously
applied surface backpressure can accurately offset the lost annular friction and mitigate
the short-term bottomhole pressure fluctuation induced by flow-path switching. In the
steady-circulation stage, the whole-wellbore flow state and bottomhole pressure remain
relatively stable, and the system mainly relies on conventional pressure control to maintain
the target pressure window. In the transient flow-path switching stage, the main circulation
gradually decays while the bypass circulation is progressively established, causing rapid
changes in the flow boundary conditions and making the bottomhole pressure most suscep-
tible to disturbance. In the continuous-circulation pipe-connection stage, the bypass flow
path fully undertakes downhole fluid supply, and the system must dynamically maintain
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compensating backpressure according to the redistribution of whole-wellbore friction. In
the flow-field recovery stage, as the main circulation is re-established, the additional com-
pensation is gradually withdrawn, allowing the bottomhole pressure to return smoothly
to the normal drilling control state. Through this staged control approach, the integrated
system can regulate in an orderly manner the pressure disturbances caused by flow-path
switching throughout the entire pipe-connection cycle.
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Figure 6. Time sequence of high-frequency dynamic coordinated pressure control and rebalancing
during the 8 min pipe-connection process in the integrated system. (a) Flow-rate variation and
communication-delay response during CCS flow-path switching. (b) Dynamic backpressure compen-
sation of the all-electric MPD choke valve. (c) Bottomhole pressure stability under whole-wellbore
micro-servo pressure regulation. The shaded vertical intervals on the horizontal timeline specifically
indicate the transient flow path switching and flow field recovery stages.

This theoretical time-sequence model provides the basis for whole wellbore constant
pressure control. In terms of algorithmic execution, unlike conventional reactive propor-
tional integral derivative (PID) controllers, the high frequency regulation of the all-electric
choke is governed by a feedforward model predictive control (MPC) framework. The MPC
dynamically ingests transient inputs from the temperature—pressure model to anticipate
upcoming annular friction variations caused by flow path switching. The controller re-
solves the optimal choke opening trajectory by minimizing the following objective cost
function J over a finite moving horizon:

] Zl 1 thk+1|k) prefk+ +Z 0 Au k+])) (7)

where P is the prediction horizon and M is the control horizon. The term pyy, (k + i|k) is the
predicted bottom hole pressure at future step k + i; ps is the target safe pressure window
reference. The variable Au(k + j) is the incremental adjustment of the all-electric choke
valve opening; w, and w, are the weighting coefficients penalizing pressure deviations and
aggressive mechanical valve actuation, respectively. This predictive formulation allows
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the system to execute preemptive backpressure compensation, effectively neutralizing
asymmetric transient responses before they compromise wellbore stability.

However, successful implementation of this strategy under ultra-cold field conditions
requires heterogeneous CCS and MPD systems to overcome the limitations imposed by
communication delays in conventional industrial bus systems. Only when rapid bidirec-
tional interaction of low-level data is achieved can synchronized responses be ensured
among flow-rate variation signals, valve-position signals, and surface backpressure reg-
ulation commands, thereby allowing dynamic compensation to act on the bottomhole
pressure-control process in a timely manner.

Therefore, the dynamic coordinated pressure-control strategy proposed in this study
does not rely on a single piece of equipment to accomplish pressure regulation. Instead, on
the basis of maintaining flow continuity through continuous circulation, it combines the
real-time calculation capability of the temperature-pressure coupled model with the low-
latency data-transmission capability of the adapter module to dynamically compensate and
regulate whole-wellbore pressure response. Under ultra-cold narrow-window conditions,
this control time-sequence model essentially describes the process by which the integrated
system identifies, compensates for, and rebalances the asymmetric pressure-field response
induced by flow-path switching, thereby providing a theoretical basis for stable field
pressure control.

3. Experimental Scheme and System Configuration
3.1. Basic Overview and Geological Characteristics of the Test Well

Well VS§91-4830G is a deep extended-reach horizontal well deployed in the ultra-cold
high-latitude Bolshetilsk block, Irkutsk Oblast, Eastern Siberia, Russia. The target reservoir
of this well is deeply buried and characterized by highly complex geological structures.
Multiple complex stratigraphic intervals are encountered from top to bottom, and the basic
engineering conditions and detailed geological characteristic parameters of the well are
listed in Table 2.

Table 2. Basic overview of test well VS91-4830G.

Parameter Category

Parameter Name

Value & Detailed Description

Engineering information

Structural location

Bolsheretsk block, Irkutsk Oblast, Russia

Well type

Deep extended-reach horizontal well

Hole size sequence

393.7 mm — 295.3 mm — 219.1 mm —
155.6 mm

Temperature information

Surface temperature

—38°Cto —15°C

Geological stratigraphy and lithology

Shallow-middle interval
(1424-2046 m)

Blesky Formation, Belsky Formation;
dominated by carbonate rock, mudstone,
and gypsum-salt rock

Middle-deep interval
(2046-4096 m)

Trap intrusive rocks; characterized by
high hardness and strong abrasiveness

Deep interval (40966851 m)

Usol Formation and Osinsky Horizon;
dominated by interbedded brittle
mudstone, dolomite, limestone,

and anhydrite
o Maximum collapse pressure 95.01 MPa
Target zone pressure characteristics —
Minimum fracture pressure 97.93 MPa
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As shown in Table 2, the key geological challenge for managed pressure drilling in
this well lies in the superimposed effect of a large temperature-pressure gradient and a
narrow safe pressure window. On the one hand, the extremely low surface temperature of
—38 °C causes rapid heat loss of the drilling fluid and a significant increase in viscosity in
the wellhead region, while the elevated temperature in the deeper interval further alters the
rheological parameters, resulting in a nonlinear distribution of annular circulating pressure
loss along the whole wellbore. In addition, the trap intrusion rocks encountered in the
upper and middle sections are highly abrasive, which intensifies drill-string vibration and
flow-field disturbance. On the other hand, in the deep target interval, the formation fracture
pressure is very close to the collapse pressure boundary. In the 155.6 mm horizontal section,
conventional pump shutdown during pipe connection causes an instantaneous reduction
in whole-wellbore circulating friction. Under such conditions, once this frictional support
is lost, the bottomhole pressure may fall below the lower collapse-pressure limit, thereby
increasing the risks of wellbore instability and stuck pipe.

Therefore, the composite conditions of this well impose not only high requirements
on the precision of pressure-control equipment, but also stricter demands on the transient
pressure response induced by flow-path switching during pipe connection. For such an
ultra-cold narrow-window well, a key issue to be verified in the field test of the integrated
system is how to maintain the stability of the whole-wellbore pressure distribution un-
der complex temperature—pressure conditions and mitigate the influence of short-term
disturbances on bottomhole pressure.

3.2. Integrated Hardware and Software Configuration of the Combined System

To address the dual challenges of an ultra-cold surface environment and a narrow
pressure window in the deep formation, the field test integrated a conventional cold-
resistant CCS with a novel all-electric MPD system, and the key equipment configuration
is listed in Table 3.

Table 3. Parameter configuration of the integrated system.

System Classification Equipment Name Technical Specifications and Parameters

Continuous circulation sub and Maximum working pressure 70 MPa, applicable

bypass valve pipe diameter 140-168 mm
Burservis CCS - - -
Byoass manifold Maximum circulation flow rate 60 L/s, extreme
yp working temperature —40°C~+80 °C
. . Servo motor driven, pressure regulation accuracy
Fully electric main choke valve £0.05 MPa, response frequency 100 Hz
HL MPD

Dynamic flow measurement accuracy =+ 0.1%;

ioli fl .
Coriolis mass flowmeter density measurement accuracy + 0.002 g/cm?

System-level integration hub

Specialized hardware Bidirectional parsing of heterogeneous protocols;
adaptation module communication latency < 8 ms

Built-in dynamic Temperature—pressure coupled
Integrated pressure control software model; micro-servo
pressure-regulation computation

In terms of hardware integration, the CCS bypass manifold maintains the continuity
of the whole-wellbore flow field, whereas the all-electric MPD manifold regulates the choke
opening through a servo motor and provides backpressure compensation. Functionally,
the two systems are responsible for maintaining circulation continuity and dynamically
regulating pressure, respectively, thereby providing the basis for pressure control during
flow-path switching in pipe connection. The equipment parameters listed in Table 3 indicate
that the Burservis CCS is capable of operating under ultra-cold conditions and high-flow-
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rate requirements, whereas the HL MPD features high pressure-regulation accuracy and
response frequency. Meanwhile, the dedicated hardware adapter module and the integrated
pressure-control software provide the low-level support required for coordinated operation
between the two systems. To mitigate the risk of equipment freezing and blockage under
ultra-cold conditions, the system adopts an internal thermal-balance strategy: aviation-
grade anti-freezing hydraulic oil is used in the actuators to reduce mechanical lag, and
the cooling unit of the measurement-and-control center is modified for low-temperature
adaptation so that the internally generated heat from high-power components is retained
inside the explosion-proof enclosure. This thermal-protection design reduces the failure rate
of external thermal-insulation pipelines and maintains the operating temperature of the low-
level control chips, thereby providing hardware support for achieving a communication
delay of less than 8 ms in the integrated system.

To rigorously evaluate the robust performance of the system prior to field deployment,
a comprehensive reliability assessment was conducted. The adapter module and control ar-
chitecture were subjected to extreme thermal stress and continuous data transmission tests
in the laboratory. Furthermore, system fault tolerance was established via a dual channel
redundant network topology for all critical control paths, ensuring automated switching
to backup communication lines upon any primary link interruption. Cybersecurity mea-
sures utilized localized and hardware isolated industrial Ethernet configurations running
customized protocols with AES-256 encryption, fully mitigating the risks of unauthorized
external access or signal tampering on the rig floor. The key reliability metrics and fault
tolerance thresholds are summarized in Table 4.

Table 4. Reliability and fault tolerance assessment of the integrated control architecture.

Assessment Category

Data transmission
Thermal stress
Mechanical reliability

Cybersecurity

Evaluation Parameter Measured/Evaluated Fault Tolerance
Value Mechanism/Standard
Packet loss rate 0.02% Dual channel redundant
network topology
Continuous operation 45 °C to +60 °C ' Explosion proof
temp. insulated enclosure
Hardware failure rate <0.01% (at 500 h load) Aerospace grade hydrauhc antt
freeze oil
Signal encryption AES-256 Protocol Hardware isolated

localized Ethernet

3.3. Adapter Module Architecture and Protocol Coordination Mechanism

To overcome the low-level communication barriers between the conventional cold-
resistant CCS and the novel all-electric MPD, a wide-temperature-range intelligent hard-
ware adapter module was developed in this study, and its core architecture is shown in
Figure 7.

The ports of this module integrate high-speed optoelectronic isolation circuits to
reduce the influence of on-site electromagnetic interference and vibration disturbance.
At the protocol-parsing level, a heterogeneous data-mapping matrix is embedded in the
module, enabling real-time acquisition of flow-rate variation and valve-position actuation
signals during CCS flow-path switching, and converting them into Ethernet messages that
can be directly read by the MPD system, thereby achieving lossless cross-parsing of data.
In addition, the system incorporates an edge-computing buffer and a microsecond-level
global clock-alignment mechanism, allowing bidirectional interaction of heterogeneous
data to be completed directly between low-level microcontrollers without polling by the
host computer. This mechanism effectively reduces the delay associated with cross-protocol
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conversion and provides support for high-frequency dynamic control of the integrated
system during flow-path switching.

Adaptation Module \
Low-latency data synchronization layer
Edge-Computing-Grade bidirectional data buffering;
Microsecond-Level clock forced alignment for multi-
Conventional Low- source heterogeneous devices . | New Fully Electric
Temperature Resistant MPD
ccs of ! I
protocol parsing & mapping layer
@ Manifold Customized data mapping matrix; C “’:"‘:“:"’:’Im“"“"’
# Sudden flow rate change in (State feature unpacking -> Data reorganization - PISERS .
@ High-frequency micro-
fow peth Messaas comphittion) servo pressure regulation
@ Bypass valve actuation
opening 1 @ Choke backpressure

command feedback

Hardware physical isolation layer

4 4

Wide-Temperature explosion-proof protection enclosure;
Light-Speed optoelectronic isolation Anti-EMI circuit

Figure 7. Hardware architecture of the adapter module and the logic of heterogeneous protocol signal
synchronization and mapping.

4. Results and Discussion
4.1. Field System Integration and Whole-Wellbore Flow-Field Reconstruction

To evaluate the heterogeneous integration capability of the integrated system under
ultra-cold conditions and its basis for whole-wellbore flow-field control, an industrial
field test was conducted in Well VS91-4830G. During the test, the surface temperature
dropped as low as —38 °C, posing extreme challenges to the physical reliability of manifold
valves and the underlying communication links. It is important to note that the selection
of a single well for this industrial validation was driven by the prohibitive costs and
severe operational risks associated with testing unproven technologies in extreme Siberian
climates. Well V591-4830G represents a worst case boundary scenario characterized by
simultaneous ultra-low temperatures and a nearly depleted safe pressure window. Because
conventional hydraulically driven systems completely fail to operate safely under these
specific coupled conditions, a direct parallel field comparison was physically impossible
and operationally prohibited. Consequently, the single well data provide an extreme but
highly representative boundary validation of the integrated system. The field physical
integration layout is shown in Figure 8.

(b)

Figure 8. Field view of the integrated system installation. (a) Field view of the Burservis CCS
wellhead bypass unit in operation. (b) Field view of the HL MPD manifold in operation.
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The Burservis CCS wellhead bypass unit and the HL MPD manifold were deployed
in series within the physical layout. In terms of operational strategy, this test abandoned
the conventional passive response mode of “pressure control only after encountering
problems” and instead adopted an integrated whole-wellbore control approach: during
normal drilling, the basic backpressure was provided by the electrically driven MPD choke
valve, whereas during pipe connection, system coordination between the CCS and MPD
was achieved through the dedicated adapter module. The integration of heterogeneous
equipment at both the physical flow-path level and the low-level signal level provided a
field validation platform for whole-wellbore transient pressure control.

From the field integration results, the integrated system achieved not only equipment-
level connection, but also established the basis for coordinated control centered on the
flow-path switching process. Under ultra-cold narrow-window conditions, the significance
of this integration lies in the fact that, during switching between the main circulation and
bypass circulation, the system can simultaneously maintain whole-wellbore flow continuity
and dynamic regulation of surface backpressure, thereby mitigating pressure fluctuations
caused by changes in flow state.

4.2. Verification of Whole-Wellbore Transient Coordinated Pressure-Control Accuracy and
Asymmetric Pressure-Response Suppression

Pipe connection is the most severe operating condition for inducing drastic whole-
wellbore ECD fluctuations and readily causing instability in deep brittle formations. To
verify the reliability of data interaction and coordinated operation enabled by the adapter
module, the software operation interface recorded during the field industrial test was
extracted, as shown in Figure 9.

Figure 9. Real-time monitoring interface of transient pressure control and asymmetric pressure
response in the integrated system.
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As shown by the data captured in Figure 9, during the transient pipe-connection
process, the CCS flow-rate fluctuation signal was synchronized to the MPD control unit
through the adapter module with a delay of less than 8 ms, thereby driving the all-electric
choke valve to compensate for the lost annular friction. The pressure curves indicate that,
throughout the entire flow-path switching cycle, the actual backpressure followed the
target value closely, with the dynamic tracking error controlled within +0.069 MPa. This
level of control accuracy verifies the reliability of data interaction through the adapter
module and demonstrates that the integrated system can effectively suppress flow-field
disturbances, thereby maintaining the whole-wellbore pressure profile at a depth of 6800 m
within the safe operating window. This further indicates that the asymmetric transient
pressure response induced by flow-path switching did not evolve into an uncontrollable
bottomhole pressure deviation, but was rapidly suppressed and restored to the target
control range under the action of the integrated system.

To rigorously evaluate the repeatability and statistical confidence of the system rather
than relying on a single isolated operation, transient pressure tracking data from fifteen
consecutive pipe connection cycles were extracted and statistically analyzed. The compre-
hensive error analysis parameters are summarized in Table 5.

Table 5. Statistical error analysis of transient pressure tracking over 15 consecutive pipe connection cycles.

Statistical Metric Parameter Symbol Evaluated Value
Total connection cycles analyzed N 15
Mean absolute error MAE 0.018 MPa
Root mean square error RMSE 0.021 MPa
Maximum transient deviation €max 0.062 MPa
95% Confidence interval 95% CI [—0.041, +0.045] MPa

The statistical evaluation in Table 5 reveals a RMSE of only 0.021 MPa across all
transient switching events. Furthermore, the 95% Confidence Interval confirms that the
overwhelming majority of dynamic pressure fluctuations remained strictly clustered near
the zero error baseline. To visually support these statistical claims, the repetitive transient
responses and the corresponding error distribution histogram are illustrated in Figure 10.

[-— - Safety Boundary (+0.069 MPa) I .000: " p— (iuu.m.:m I_-il
Overlay of 15 Connection Cycles 40 SE =0, — = 95% Confidence Interval
35
30
2
z
32
] 25
2
F 20
]
-3
e
e 15
10
S
0 y
- 6 8 10 -0.04 -0.02 0.00 0.02 0.04
Time during flow-path switching (min) Pressure Tracking Error (MPa)
(a) (b)

Figure 10. Statistical evaluation and repeatability analysis of transient pressure tracking over
15 consecutive pipe-connection cycles. (a) Overlay of dynamic pressure tracking errors demonstrating
control repeatability. (b) Error distribution histogram and Gaussian fit indicating the 95% statistical
confidence interval.
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In addition to static high-precision constant-pressure control, the integrated system
also possesses whole-wellbore dynamic anti-collapse closed-loop control capability based
on logging-while-drilling data. Taking the deep high-risk formation interval of the test well
as an example, its dynamic defense closed loop is shown in Figure 11.

== Formation Collapse Pressure Boundary <
w—— MPD-controlled BHP
-+ Warning & Pressure Regulation Point
Effective Support Pressure Differential
Collapse Risk Zone

—— Real-time Hole Enlargement Rate
High-risk Collapse Threshold

6350

6200

6150 6250

Depth/m

(a)

6300 6400 6250

Depth/m
(b)

Figure 11. Safe backpressure rebalancing and closed-loop verification of bottomhole pressure after

6300

weak-point warning. (a) Identification of wellbore-instability weak points driven by logging-while-
drilling data. (b) Safe backpressure rebalancing and closed-loop verification of bottomhole pressure
after weak-point warning.

When drilling reached 6200 m in the test well, the logging-while-drilling data indi-
cated a significant increase in the borehole enlargement ratio in this interval. The control
algorithm identified this signal as a precursor of wellbore instability and designated the
interval from 6200 to 6350 m as a collapse-prone risk zone. The temperature—pressure
coupled model simultaneously predicted the formation collapse-pressure boundary in
this interval, and the results showed that the equivalent formation pressure required to
maintain wellbore stability was close to 95.01 MPa. Based on this risk prediction, the system
automatically triggered an active defense strategy and increased the reference value of
surface backpressure for the all-electric choke valve before the bit penetrated into the weak
zone. As shown in the pressure closed-loop verification region in Figure 11, the finely
adjusted bottomhole pressure profile, with a measured value of 95.49 MPa, fully enveloped
the abnormal collapse-pressure boundary and established an effective supporting pressure
differential. Subsequent tripping records showed that no drag or collapse-related cuttings
were observed throughout this high-risk interval. This further demonstrates that the inte-
grated system can not only handle the asymmetric pressure disturbances occurring on the
time scale of pipe connection, but can also implement feedforward rebalancing regulation
for pressure-imbalance trends caused by local weak wellbore zones in deep intervals.

4.3. Analytical Discussion on Symmetry Breaking, Robustness, and Scalability

From a fundamental fluid dynamics perspective, the concept of pressure field symme-
try breaking can be strictly defined using the one-dimensional momentum conservation
equation for annular flow. During the steady circulation stage, the pressure gradient along
the wellbore axis z maintains a symmetric and time independent equilibrium, governed
primarily by hydrostatic and steady friction terms:

4
pgcos 0 — il

e

5 (8)

However, during the transient flow path switching stage, the rapid diversion of fluid
introduces severe temporal and spatial velocity gradients. This physical perturbation
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breaks the temporal symmetry of the pressure field by activating the transient inertial term
and the convective acceleration term:

oP(z,t)
0z

B 9_4Tw(Z,t)_ al_ Bj
~ PECO8 D,  Par %z

©)
where P represents the wellbore annular pressure, MPa; z is the coordinate along the
vertical wellbore axis, m; ¢ denotes the dynamic operational time, s; p is the dynamic
coupling density of the drilling fluid, g/cm?; g is the gravitational acceleration, m/s?; 6 is
the wellbore inclination angle at depth z, rad; T, is the shear stress at the wellbore wall,
Pa; D, is the equivalent hydraulic diameter of the wellbore annulus, m; and v signifies the
local axial velocity of the drilling fluid in the annulus, m/s.

The emergence of the non-zero transient inertial term paa—’t’ represents the mathematical
essence of symmetry breaking. It causes a sudden geometric localized pressure deficit. The
integrated control strategy proposed in Section 2.4 mathematically resolves this asymmetry
by commanding the all-electric choke to apply a dynamic boundary pressure that perfectly
counteracts the integrated spatial loss of the transient inertial forces, thereby forcing the
wellbore pressure field to rapidly reconverge to a symmetric steady state.

Rather than merely observing field phenomena, the field data provide fundamental
evidence for the concept of pressure field symmetry breaking. In a steady circulation state,
the annular pressure loss maintains a symmetric linear gradient along the wellbore trajec-
tory. During flow path switching, the temporal derivative of the fluid velocity introduces a
non-zero transient inertial term into the momentum conservation equations. This physical
perturbation breaks the spatial symmetry of the pressure distribution, creating a localized
pressure deficit at the bottomhole. The integrated system mathematically suppresses this
asymmetry by applying a compensatory surface backpressure that is out of phase with
the transient inertial term, thereby forcing the pressure field to rapidly reconverge to a
symmetric steady state.

Despite the successful suppression of disturbances in the target well, a comprehensive
analytical evaluation requires acknowledging the potential failure scenarios and boundary
limitations of the integrated system. Table 6 outlines the primary vulnerability matrices
under ultra-cold operations and the corresponding active defense mechanisms designed to
maintain system robustness.

Table 6. Potential failure scenarios, system vulnerabilities, and active defense mechanisms under
ultra-cold conditions.

Subsystem Potential F‘allure Trlggc.:r‘mg System Impact Robustness & Mitigation
Scenario Condition Strategy
e Extreme Unsynchronized Edge-computing logic
Critical . ; .
Adapter L electromagnetic valve actuation triggers auto hold; system
communication . .
module timeout interference on leading to severe gracefully degrades to
rig floor pressure surges independent control modes
Proloneed expostre Distortion of Real-time software
Measurement . & P feedforward inputs  calibration using redundant
. Sensor thermal drift to temperatures .
unit below —45 °C for the downhole PWD static
MPC algorithm reference checks
Freezing of Use of aerospace-grade
Mechanical Viscous lag of transmission fluids Delayed ChOk? anti-freeze synthetic oils
. response exceeding . )
actuator servo motor during 100 ms coupled with localized

extreme blizzards

internal heating elements
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This critical analysis demonstrates that the long term reliability of the system relies
not merely on hardware durability, but on the software fault tolerance mechanisms that
ensure safe degradation during unrecoverable anomalies.

Regarding industrial scalability, the integrated framework exhibits significant po-
tential beyond terrestrial extreme cold climates. The underlying coupled formulation
and the ultra-low-latency adapter module can be readily scaled to deepwater offshore
drilling operations. In such marine environments, the severe temperature gradients be-
tween the cold seabed and deep high-temperature reservoirs present identical asymmetric
pressure challenges, thereby confirming the broader industrial applicability of the proposed
integrated technologies.

5. Conclusions

This field study investigated transient pressure control during flow-path switching in
ultra-cold, narrow-window drilling environments. By integrating a continuous circulation
system with an all-electric MPD, dynamic pressure rebalancing was achieved and field-
tested in the Irkutsk block. The main conclusions are drawn as follows:

(1) A hardware adapter module was developed to resolve the communication latency
between heterogeneous CCS and MPD equipment. By reducing the data synchronization
delay to less than 8 ms, the integrated system established a reliable hardware basis for
high-frequency coordinated pressure regulation during pipe connection.

(2) To account for extreme thermal gradients, a temperature—pressure coupled rheolog-
ical model was established. Laboratory flow loop tests validated the model with a MAPE of
3.4%. Driven by this model, the feedforward control algorithm successfully maintained the
dynamic backpressure tracking error within £0.069 MPa under —38 °C surface conditions.

(3) Field application in Well V591-4830G confirmed that the integrated system effec-
tively mitigated the asymmetric pressure disturbances caused by bypass flow diversion.
The system sustained whole-wellbore circulation continuity and supported wellbore sta-
bility in deep brittle formations, verifying its engineering feasibility under the target
operational conditions.

While the field test confirmed the system’s effectiveness, this study is constrained by
its reliance on a single-well boundary validation. The long-term reliability of the electronic
adapter and Coriolis mass flowmeter under continuous extreme thermal cycling remains
to be thoroughly evaluated. Future research will prioritize expanding multi-well field
trials to build a comprehensive reliability database. Additionally, to further improve
real-time control accuracy in high-noise drilling environments, incorporating advanced
signal processing techniques, such as CEEMDAN and wavelet-based denoising, will be
investigated for transient pressure feature extraction.

Finally, the proposed transient pressure rebalancing mechanism is not limited to
terrestrial ultra-cold regions. The coupled control framework presents a practical approach
that can be scaled to deepwater offshore drilling operations, where severe temperature
gradients between the cold seabed and high-temperature deep reservoirs pose similar
asymmetric pressure challenges.
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