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Deep oil exploration coring technology cannot accurately maintain the in-situ pressure and temperature
of samples, which leads to a distortion of deep oil and gas resource reserve evaluations based on con-
ventional cores and cannot guide the development of deep oil and gas resources on Earth. The funda-
mental reason is the lack of temperature and pressure control in in-situ coring environments. In this
paper, a pressure control method of a coring device is studied. The theory and method of deep intelligent
temperature-pressure coupling control are innovatively proposed, and a multifield coupling dynamic
sealing model is established. The optimal cardinality three term PID (Proportional-Integral-Differential)
intelligent control algorithm of pressure system is developed. The temperature-pressure characteristic of
the gas-liquid two-phase cavity is analyzed, and the pressure intelligent control is carried out based on
three term PID control algorithms. An in-situ condition-preserved coring (ICP-Coring) device is devel-
oped, and an intelligent control system for the temperature and pressure of the coring device is designed
and verified by experiments. The results show that the temperature-pressure coupling control system
can effectively realize stable sealing under temperature-pressure fields of 140 MPa and 150 °C. The
temperature-pressure coupling control method can accurately realize a constant pressure inside the
coring device. The maximum working pressure is 140 MPa, and the effective pressure compensation
range is 20 MPa. The numerical simulation experiment of pressure system control algorithm is carried
out, and the optimal cardinality and three term coefficients are obtained. The pressure steady-state error
is less than 0.01%. The method of temperature-pressure coupling control has guiding significance for
coring device research, and is also the basis for temperature-pressure decoupling control in ICP-Coring.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

the development of deep oil and gas resources has become a
strategic demand for various countries (Gao et al., 2021a). However,

Continuous exploitation during the past century has led to the
gradual depletion of shallow resources on Earth (Xie et al., 2015), so
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the lack of a deep earth exploitation theory makes the exploration
of “deep oil” and “deep gas” difficult (Gao et al, 2019). The
temperature-pressure characteristics and physical and mechanical
behaviors have been distorted, which leads to the distortion of deep
theories (Xie, 2017, 2019; Yang et al., 2007; Gao et al., 2019).
Therefore, the accuracy of deep rock mechanics theory is directly
determined by the accuracy of maintaining the in-situ
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temperature-pressure of deep rock (Pang et al., 2015). However,
existing deep rock coring devices cannot accurately control the in-
situ temperature and pressure. The fundamental reason is the lack
of deep temperature and pressure control means and methods
(Xiang et al., 2021; Yang et al., 2021). Coring devices are complex
and precise downhole equipment (Ruffine et al., 2021). Due to the
limitation of the drilling aperture, the core device is filled with
various functional parts. Therefore, it is very difficult to integrate
core insulation and pressure-maintaining devices in an extremely
limited space (Tanner et al., 2021). The pressure and temperature
control measures adopted need to break through the limitations of
size and high-temperature and high-pressure environments (Guan
et al, 2021).

During the deep coring process, two core parameters, namely,
temperature and pressure, determine whether core samples can
maintain an in-situ state. As shown in Table 1, many countries
worldwide have studied the pressure holding capacity of coring
devices (Gao et al., 2022). In the field of deep-sea combustible ice
coring, a constant sample pressure is the key to preventing the
decomposition of combustible ice. Therefore, most combustible ice
coring tools have a certain pressure holding capacity. In 1983, the
Ocean Drilling Program (ODP) organization of the United States
developed a second-generation pressure core barrel (PCB) coring
device, i.e., the pressure core sampler (PCS). The sealing mode of
the coring device is a ball valve, and its maximum working pressure
is close to 70 MPa (Zhang and Yang, 2009). The device has been
used in many field experiments to extract pressure-maintaining
combustible ice in the Blake Ridge (Dickens et al., 2000). The hy-
drate coring equipment system (HYACE), funded by EU marine
science and technology projects, has successfully collected
pressure-retaining cores, which can be transferred to the mea-
surement system at an approximate in-situ pressure of 35 MPa
(Milkov et al., 2004). At present, coring technology can only achieve
low-pressure sealing (N.H. Wu et al., 2020), which is far from coring
in a deep ultrahigh-pressure environment, and cannot achieve
stable pressure control (Gao et al., 2018a, 2018b, 2021b).

As shown in Fig. 1, the deep coring environment is high tem-
perature and high pressure. The specific requirements for the
control algorithm in this environment are small memory, fast
response and strong stability. The PID control algorithm based on
the optimal parameters is an algorithm that meets these three
conditions at the same time. At the same time, other algorithms
either have too much memory or have slow response speed and
cannot meet the requirements.

Pressure control involves a wide range of technologies and ap-
plications, and many fields have higher requirements for it. Scholar
Yang proposed a positive-negative servo system in the field of air
pressure control to realize the dynamic adjustment of seal chamber
pressure (Yang et al., 2017). The fuzzy PID control algorithm is used
to realize the control in the range of 2—140kpa. However, its control
core component is the valve system, which is too large and cannot
be used under the condition of limited internal space of the coring
device. In the field of chemical industry, in order to control the
pressure in the distillation tower, Scholar Stefano used the integral

Table 1
Acronyms and full names.

Acronym Full English name

PID Proportional- Integral- Differential
ICP-Coring In-situ condition-preserved coring

OoDP Ocean Drilling Program

PCB Pressure core barrel

PCS Pressure core sampler

PTCS Pressure and temperature coring system
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absolute error as the parameter variable to reduce the disturbance
in the control process (Ciannella et al., 2018). It was proved superior
to the traditional pressure control scheme. The control theory of
this method was innovative. However, in the multi-field coupling
environment, the control system is not clear and impossible to
select and evaluate the effective range of integration error in
advance. The control object in his study was a large distillation
column. The control method was solenoid valve circuit control. The
pressure compensation depended on the pressure pump and
cannot be applied to the accurate control of small space. In the
research of pressure pump control, scholar Li adopted the dual-
mode variable control method (Li et al., 2020), which effectively
improved the control effect of pressure pump. The control object of
this method was pressure pump, which had large volume and have
no downhole service conditions (Gao et al., 2021c).

As mentioned above, compared with a single pressure field,
multiple physical fields interfere with each other in the coring
environment (Gao et al., 2021d, 2021e). Therefore, as the control
object, the control model of the pressure system has great uncer-
tainty, and the ordinary negative feedback control method cannot
be used. At the same time, the current pressure control methods are
mostly valve control and pump compensation, which cannot be
applied to narrow coring devices. Thus, the fundamental reason
why fidelity coring pressure cannot be controlled at present is the
lack of effective pressure control theory and method. The core
difficulties include deep control system integration, control struc-
ture miniaturization and control mean breakthrough.

Although many countries in the world were concerned about
coring in pressure environment. However, there were no re-
searches on pressure control methods for deep coring environment
at present, and only a few studies have done work on sealed and
pressure maintaining coring, so they do not have the ability of
pressure control. Therefore, this paper purposed to propose a
pressure control method suitable for deep coring environment,
which was verified by simulation and experiment. In this paper, the
pressure precision control of deep fidelity coring is studied, the
temperature-pressure coupling alternating theory in the deep
coring environment of the earth is constructed, and a multifield
coupling dynamic sealing model is established, the optimal cardi-
nality three term PID intelligent control algorithm of pressure
system is developed. The intelligent temperature and pressure
control system of the coring device is developed and verified by
experiments.

2. Temperature and pressure alternating control theory and
sealing model of the coring device

2.1. Temperature and pressure alternating control model of the
coring device

The core function of the deep in-situ fidelity coring tool is to
keep the core temperature and pressure unchanged. The deep
coring process uses a hydraulic screw motor to drive drilling (Alali
etal., 2021), so the core enters the pressure holding chamber and is
in an environment of liquid intrusion. The pressure holding
chamber is filled with water when it is closed (Gao et al., 2020).

Due to the low compressibility of water, the pressure in the
pressure chamber will decrease rapidly in the case of seal leakage in
the pressure chamber (Ding et al., 2021). Therefore, this paper
proposes a pressure compensation method for gas-compatible
cavities. Under the condition that the pressure balance between
the gas-compatible cavity and the liquid-compatible cavity is ach-
ieved, the pressure is controlled by the gas-compatible cavity.

As shown in Fig. 2, after the coring device completes the coring
operation, the center rod grabs the core and pulls it into the core
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Coring chamber

==

=i

Gas chamber

’f&i —
¥ 1"!5 "_
s R

igtﬁl

Liquid chamber

Fig. 2. Schematic diagram of the internal structure of the coring device.

chamber, and along with the core entering the core chamber, there
is also the in-situ water phase of the core. At this time, the pressure
in the core cavity is the same as the in-situ pressure of the core, so
the whole core cavity constitutes a sealed high-pressure container
filled with liquid and contains multiple high-pressure sealing
structures.

There are two kinds of liquid pressure sources for closed high-
pressure vessels: elastic expansion of the vessel and compression
of the liquid (Lyras et al., 2021). Compared with the coring device,
during in-situ coring, the internal and external pressures are
balanced, and the volume of the container will not change.
Therefore, hydraulic pressure is generated by the compression of
in-situ liquid, and the main component of in-situ liquid is water.
The variation law of its volume V with pressure can be expressed
as:
V=Vo(1-B(P—Py)) (1)
In the above formula, Py is the initial pressure of water, Vy is the
initial volume of water, and f is the compressibility of water, which
is related to temperature and pressure (Zhu et al.,, 2021). f(P,T) is
the influencing factor of water temperature and pressure on
compressibility. Therefore, the actual compressibility coefficient of
water is:

B(P,T)=Bof (P, T) (2)

The in-situ pressure and temperature of coring reach 140 MPa
and 150 °C (Zhang et al., 2021). When the core is lifted to the
ground, the ambient pressure is standard atmospheric pressure.

7

Po<P

(3)
Therefore, the pressure P in the pressure holding chamber can

be expressed as:

AV =B(P,T)PV, (4)

Fluid leakage rate of the liquid-compatible cavity Q;, is as
follows:

w= > Cuf(Qut) (5)
i=1

Considering the pressure change in the holding chamber, the
comprehensive leakage rate is as follows:

AV — " Cuf(Qui,t) = B(P, T)PVg (6)
i

AV=" Cuf(Quist) 7)
i

When Eq. (7) is satisfied, the pressure in the container will become
0:
P=0 (8)

Equation (8) shows that when the amount of water leakage is
equal to the compressed volume of in-situ formation water, the



N.-H. Wu, M.-Z. Gao, L.-Y. Zhu et al.

pressure in the pressure holding chamber will be reduced to zero.

$(140,150)=4.5 x 10710 p, 9)
When the space volume of the pressure holding chamber of the
whole coring device is 3 L, the initial hydraulic shrinkage is as
follows:

AV=140x 10 x45x 1071 x 3 =0.189 L (10)

According to the above formula, because the water compression
coefficient is small and the leakage rate has a great influence on the
pressure, it is impossible to realize constant pressure control only
by adopting closed pressure-maintaining technology (Tian et al.,
2021).

Therefore, to keep the pressure in the coring device constant,
this paper innovatively proposes an intelligent temperature-
pressure coupling control method based on the gas-liquid pres-
sure balance principle, as shown in the following figure.

As shown in Fig. 3, a high-pressure gas-liquid balancer is inte-
grated in the center rod, and the high-pressure liquid in the core
chamber is led to the liquid chamber through the liquid inlet. The
balance piston will move toward the gas chamber under hydraulic
pressure and squeeze the gas. Eventually, the pressure in the gas
chamber Pc will be the same as the pressure in the liquid chamber
Pc.

Pe=P; =P (11)

The filter is a porous network structure, which is used to filter
debris, crushed stone, and other impurities in the core cabin liquid.
The bursting pressure of bursting disc is 160 MPa. When the
downhole pressure increases sharply, to protect the coring device
from damage, the bursting disc will be fractured to release
pressure.

Under this model, the pressure in the gas chamber satisfies the
Clapeyron equation (Takigawa and Horinaka, 2020).

PgV, = nRT, 12)
gvg g

The volume of the gas chamber and the volume V; of the liquid

in the pressure holding chamber satisfy:

Vg—i-V,:Vb (13)

V}, is the sum of the volumes of the whole pressure holding
cabin and the pressure control cabin.
The initial gas-compatible cavity volume Vg satisfy:

nRTgO
Py

Vgo = (14)
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AVg is the gas volume variation in the gas-compatible cavity,
and AV) is the volume change of liquid in the pressure holding
chamber.

Gg is the gas leakage rate of the gas-compatible cavity, which
can be known from the above formula.

AV =AVg +Gg (15)
The gas-liquid volume equilibrium equation satisfy:
n
AV, =B(P,T)(Pc — Py) [Vl - (Avg + Gg)] + Z Cwf(Qp) (16)
i=1
n
B(P.T)(Pc — Po)Vi + 3 Cuf (Qy)
AVg = =1 —Gq (17)

[1—B(P,T)(Pc — Po)]

Pg is the gas pressure of the gas-compatible cavity, and P is the
liquid pressure in the pressure holding chamber.

Pc =Pg (18)
The gas-liquid pressure balance equation is
Vi— 3 Cuf(Quit)
R S = M (19)
g0 —AVg (P, T)Vqy
According to the above formula, the equation becomes:
Pe=P, = ﬁ (20)

During deep coring, the pressure in the holding chamber is
much higher than the initial atmospheric pressure, and the original
equation changes as follows:

Z CWf(QLl)
ﬁ(P7 T)V,
%%me%@ 1B

The relationship between the temperature in the gas compatible
cavity and the pressure in the pressure holding chamber is as
follows:

=nRTg (21)

1 - 6(P,T)nR
" 1-B(P,T)(Vgo — Gg) —

BTV, (23)

Bursting disc

\\\ AN\
Liquid R \\\\\\\'”

\ \VLLALQ;
chamber E:\ \\\\\ \\\\

quU|d

N
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N\ |

Liquid flow channel Filter

Fig. 3. Intelligent control of pressure based on gas-liquid balance system.
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_1-B(P.T)nR

B n
; wa(QLi)

(24)

The above formula is the pressure-temperature alternating
model of the pressure control system of the deep in-situ coring
device. An intelligent temperature-pressure coupling control
method is proposed based on this theory. The formula shows that
the gas temperature in the accumulator is positively correlated
with the pressure in the pressure holding chamber, and the pres-
sure in the pressure holding chamber can be controlled by changing
the temperature of the gas-compatible chamber. Compensation of
the change in pressure value caused by leakage realizes the stability
of the pressure value in the pressure chamber.

2.2. Multifield coupling sealing model of the coring device

The pressure chamber of the coring device is a closed chamber
for storing the core, and its sealing performance directly de-
termines whether the in-situ pressure environment of the core can
be well maintained. The pressure chamber is not a whole but a
combination of several sealing models.

The environmental fields involved in the multifield coupling
sealing model of the corer include a deep ultrahigh-pressure field, a
high-temperature field, a fluid field, a polymer-metal contact field
and a mechanical action field. The pressure field acts directly on the
sealing surface and exerts shear force on the sealing parts. The
high-temperature field is a change field, and the temperature will
reduce the viscosity and shear strength of polymer sealing mate-
rials (Gao et al., 2021c).

In addition to being a sealed container, the pressure holding
chamber contains various parts and structures for coring. To
consider the action realization and ultrahigh pressure sealing of the
pressure holding chamber, the pressure holding chamber adopts
various sealing methods, such as anisotropic curved surface sealing
(Pruchnicki et al., 2021), multitube nested sealing, and thread radial
sealing. From the sealing mode, the sealing of the pressure holding
cabin can be divided into three categories: 1. fixed sealing struc-
ture; 2. separate sealing structure inside the coring device; and 3.
special sealing valve structure, as shown in Figs. 4-6.

1) Before coring, the fixed seal inside the coring device has ach-
ieved the sealing assembly requirements and reached the seal-
ing standard. The fixed seal structure includes a fluoropolymer,
i.e., polytetrafluoroethylene (PTFE), rubber retaining ring seal
between pipe threads and a seal of thread penetrating parts.

Pipe wall-A

Inner tube (moving part)

Petroleum Science 20 (2023) 1169—1182

2) Before coring, no sealing standard is formed, and the classifi-
cation of late sealing by the action of the coring device in the
working process is a separated sealing structure. The separated
seal structure includes a multitube nested seal and a moving
radial seal.

3) The special sealing valve structure is the structure in which the
coring device realizes core passing and high-pressure sealing. It
is a self-triggering anisotropic curved surface sealing structure,
which exhibits dynamic sealing during the coring process (Lyu
et al.,, 2021).

3. Design of the temperature-pressure coupling control
system for the coring device

Based on the temperature-pressure alternating model of the
coring device described above, a method to control the pressure of
the liquid phase by controlling the temperature of the gas phase
was determined. In this paper, the pressure compensation method
for the pressure chamber of the coring device is proposed. Based on
the approximate positive correlation between the temperature
parameters of the gas-compatible chamber and the pressure value
in the pressure chamber, an intelligent compensation system for
the ultrahigh pressure of the coring device was designed and
manufactured. The core of this method is to establish a high-
voltage circuit sealing system and an intelligent control system in
a small space. Therefore, this method is especially suitable for
pressure control in complex temperature-pressure coupling envi-
ronments, such as deep fidelity coring devices.

As shown in Fig. 7, the ultrahigh-pressure intelligent control
system relates to the core holding chamber of the coring device.
After the holding chamber enters a sealed state, the in-situ formed
water seal is stored in the holding chamber, and the whole holding
chamber is a liquid chamber. Therefore, the liquid-compatible
cavity communicates with the high-pressure liquid environment
in the pressure holding chamber through the liquid inlet, and the
obtained fidelity core is stored in the pressure holding chamber.
The gas-compatible chamber maintains pressure balance with the
liquid chamber through a high-pressure balance piston. Since the
leakage of liquid is the main reason for the pressure reduction of
the pressure holding chamber, the pressure leakage is compensated
by a gas with greater compressibility. To maintain the in-situ
pressure of deep rock, the in-situ coring device for deep rock
needs to be pressurized. Based on the temperature-pressure
alternating model of the coring device pressure control system,
the pressure in the coring device pressure chamber can be
controlled by changing the temperature of the gas-compatible
chamber.

Sealing

structure
1 Pipe wall-B Center
. piece

R i o

Core chamber

Pipe thread

Fig. 4. Fixed sealing model of the coring device.
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Fig. 5. Separate seal model of the coring device.
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The control principle of the temperature-pressure alternating
control system is shown in Fig. 8. Based on the dynamic balance
principle of gas-phase and liquid-phase pressures, using the
temperature-pressure coupling characteristics of the gas-
compatible cavity, the pressure of the gas phase is controlled by
the pulse current power input, and then the pressure of the liquid
phase is controlled to solve the problem of pressure compensation
in a complex and narrow deep environment. The method and
technology are provided for maintaining and controlling the pres-
sure of the coring device. This scheme is based on the negative
feedback loop control of pressure loss, which is based on the

Water

Wireway seal joint

|

relationship between the pressure and leakage rate, the control
coefficient of temperature and current pulse, and the change law of
temperature and pressure coupling. The temperature-current pulse
control coefficient acts on the temperature heater to adjust the
electric heating power by adjusting the pulse duty cycle.

4. Feasibility experiment verification and results

Based on the theoretical model of the temperature-pressure
alternation of a coring device, in this study, a temperature-
pressure coupling intelligent control system is designed and
manufactured. Under the condition of ultrahigh pressure, the sys-
tem should not only meet the requirements of ultrahigh pressure
sealing and strength but also realize the controllable adjustment of
pressure. To verify the feasibility and sealing stability of the control
method, a temperature-pressure coupling test system is designed.
The theory and system of temperature and pressure alternating
control are verified by experiments.

As shown in Fig. 9, for the sake of test safety, the control object of
the temperature-pressure alternating control system adopts an
ultrahigh-pressure sealed cavity with an internal volume of 2 L,
which truly simulates the ultrahigh-pressure liquid environment of
the coring device (D.F. Wu et al., 2020). The temperature-pressure
alternating control system relates to the cavity through threads,
and the joint is sealed by ultrahigh pressure. The deep ultrahigh-
pressure environment is simulated by the ultrahigh-pressure cy-
cle failure detection system. At the same time, the flow leakage of
the liquid chamber is detected. The power and temperature of the
heater are controlled by an intelligent temperature controller, and
the pressure change in the cabin is detected by a pressure gauge.

4.1. Test and calibration of the system leakage rate

Because of the high-pressure leakage and test error in the high-
pressure experimental liquid chamber, it is necessary to test the

Gas | | , i Liquid chamber

chamber

I

Wireway

Graphene heater

Liquid
inlet

Balance piston

Fig. 7. Temperature-pressure coupling control system of the coring device.
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Fig. 9. Temperature-pressure coupling intelligent control test system.

pressure holding capacity of the high-voltage test cabin separately
before testing the temperature-pressure coupling intelligent con-
trol system and calibrate the test accuracy of the system based on
the test results.

A total of 10 groups of pressure holding experiments with
different preset pressures were carried out. Because the pressure
source is a high-pressure plunger pump, there is a certain deviation
between the initial pressure and the set value. Ten groups of
pressure values are set in ascending sequence from 15 MPa to 100
MPa, and the holding time is set from 0 to 0—150 s. The experi-
mental temperature was 25 °C, and the pressure medium was
water.

Figure 10a shows the pressure variation with time in a high-
voltage test cabin under various pressures. The results show that
after loading to the preset pressure, the pressure in the test
chamber changes little with time, and the flatness of the whole
preset value-time-pressure three-dimensional surface is good,
which intuitively shows that the pressure in the test chamber is
well maintained. Therefore, the system can be used as a test plat-
form for the pressure keeping capability of the pressure keeping
controller.

1175

Figure 10b shows the variation in pressure leakage with time
under various preset pressures, which can be used to calibrate the
test accuracy of the high-voltage test system. According to the
measured experimental results, the initial offset is set for the high-
voltage test system, and the pressure value of the pressure keeping
controller corresponding to the sealing time is corrected so that the
measured pressure data are real data.

4.2. Experimental results and analysis

To verify whether the temperature-pressure coupling intelligent
control system can work under deep pressure conditions, an
ultrahigh-pressure test of 140 MPa was carried out, and the pres-
sure was maintained for 30 min. To determine the pressure regu-
lation ability of the intelligent temperature-pressure coupling
control system, pressure control tests with initial pressures of
0 MPa (The pressure parameters in this paper are relative pressure),
1 MPa, 2 MPa, 5 MPa and 10 MPa were carried out for the sake of
test safety. The test temperature ranged from room temperature
(25 °C) to 300 °C, and the changes in pressure and temperature
during the heating process were measured.
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Fig. 10. Experimental results of pressure leak calibration in a high-voltage test cabin.

(1) Experimental verification of the ultrahigh-pressure seal

The test results are shown in Fig. 11a. The test lasted for 65 min,
and the pressure was adjusted from atmospheric pressure to
140 MPa by the hydraulic control system. For safety reasons, the
whole process cannot directly raise the pressure to the highest set
pressure, so the pressure raising process was divided into four
parts: 0—10 MPa, 10—30 MPa, 30—80 MPa and 80—140 MPa. When
the pressure reached 140 MPa, the pressure remained stable. At the
same time, leakage of the whole system was detected, as shown in
Fig. 11b.

The test results show that the leakage rate of the high-pressure
test is consistent with the initial calibrated leakage rate, and the

leakage amount is caused by the ultrahigh-pressure test cabin.
Therefore, it can be concluded that the intelligent temperature-
pressure coupling control system can achieve stable sealing un-
der every pressure condition and meet the strength requirements.
When the pressure reached 140 MPa, long-term pressure sealing
and system stability can be realized. The system can work stably in
an ultrahigh environment.

(2) Temperature-pressure coupling alternating test
The initial pressure of the coring device directly determines the

controllable range of the experiment. The initial gas pressure of this
experiment was set to 0 MPa, 1 MPa, 2 MPa, 5 MPa and 10 MPa,
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system for temperature and pressure

(b) Experimental cabin

Fig. 11. Experimental curve and apparatus for ultrahigh-pressure experiments.
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which was used to verify the feasibility of alternating the temper-
ature and pressure control of the coring device and explore the
influence of the initial pressure on the temperature and pressure
curve. At the same time, it is considered that the balance piston
may leak some liquid in the liquid-compatible cavity. The gas-liquid
mixed state is formed in the gas-compatible cavity, so test 12.d was
supplemented. In this experiment, 50% of the initial volume of the
gas-compatible cavity was injected in advance, and the
temperature-pressure coupling test was carried out under an initial
pressure of 0 MPa.

Under initial pressure conditions of 0 MPa and 1 MPa, the curves
of temperature and pressure are exponential. As shown in Fig. 12,
when the initial pressure is 0 MPa, the maximum pressure that the
system can control and compensate is 1.5 MPa. When the initial
pressure is 1 MPa, the maximum pressure that the system can
compensate is 2.3 MPa.

When the initial pressure of the system is above 2 MPa, the
relationship between temperature and pressure is approximately
linear, and its slope gradually increases with increasing initial
pressure. As shown in Fig. 13, when the initial pressure is 2 MPa, the
linear relationship between temperature and pressure is satisfied,
and the slope of the fitting curve is 0.0048. When the initial pres-
sure is 5 MPa, the slope is 0.016, and when the initial pressure is
10 MPa, the slope is 0. 0342. It can be concluded that the influence
of the initial pressure is very important in the temperature-
pressure coupling alternating model.

Under the condition of prefilling with 50% water, it is found that
the temperature-pressure alternating curve is quite different from
that of a pure gas environment. The maximum pressure compen-
sation range is 40.3 MPa, far exceeding the pressure compensation
amount of pure gas. When the pressure reaches 17 MPa and the
temperature reaches 645 K, the temperature-pressure alternating
curve returns to a linear relationship. Therefore, the test results
show that the pressure can be better controlled by changing the
initial volume ratio of liquid to gas. The purpose of this investiga-
tion is to study the temperature-pressure alternating model and
verify its feasibility. No further research has been done on the
specific influence of the gas-liquid volume ratio, and this topic will
be studied in subsequent work.

Y'=0.01e00126x

1.53 MPa

Gas pressure, MPa

System pressure

-0.2 T T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Test temperature, K

(a) Temperature-pressure experimental curve with
an initial pressure of OMPa
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The slope of the temperature-pressure alternating curve at low
pressure (<1 MPa) changes. Through the temperature-pressure test
of 50% volume water, it is found that the change may be caused by
the water component in the gas, which will be studied later.

When the pressure is greater than 2 MPa, the test curve of the
temperature-pressure alternation agrees with the theoretical
derivation in advance, which proves the correctness of the theory
and verifies the pressure compensation ability of the intelligent
compensation system of the temperature-pressure alternation.

In order to further verify the compensation effect of tempera-
ture on pressure under higher pressure conditions, pressure
compensation experiments with an initial temperature of 50 °C and
an initial temperature of 70 °C were carried out, and the pressure
medium was replaced with water to raise the temperature to 150 °C
respectively. As shown in Figs. 14 and 15, the pressure inside the
pressure device increased linearly with the increase of tempera-
ture, and the final pressure was even 150 MPa, which fully
explained that, Under the condition of using water as pressure
medium, the device has higher pressure compensation effect.

Through the above tests, it can be concluded that the ultrahigh-
pressure seal and stability of the intelligent compensation system
with alternating temperature and pressure can meet the needs of
deep coring pressure environments, and the pressure of the
compensation system can be effectively controlled by the alter-
nating temperature and pressure control system.

4.3. Research on pressure control algorithm of temperature-
pressure coupling system

The core of temperature-pressure coupling control system is the
mathematical model and control algorithm. In this paper, the
thermal fluid-solid coupling dynamic model of the pressure control
system was established, as shown in Fig. 16a. The solid piston
contacts the liquid domain and the gas domain respectively, and
the fluid pressure acted on the piston. The gas domain was a non-
isothermal flow system under the condition of temperature-
pressure field. The gas domain was set as a compressible fluid.
The constitutive equation of the gas domain is:
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(b) Temperature-pressure experimental curve with
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Fig. 12. Coupling curve of temperature-pressure at a lower initial pressure (<2 MPa).

1177



N.-H. Wu, M.-Z. Gao, L.-Y. Zhu et al.

Petroleum Science 20 (2023) 1169—1182

10.0

System pressure
95

9.4 MPa
9.0

y=0.016x+0.2273

8.5

8.0

7.5

7.0

6.5

Gas pressure, MPa

6.0

55

5.0

4.5 T T T T T T
350 400 450 500 550

600
Test temperature, K

(b) Temperature-pressure curve with an initial pressure of 5 MPa

45

System pressure

40

40.3 MPa y=0.0342x+0.0005
35

30
25

Water critical point

4 17 MPa

20

Gas pressure, MPa

0 MPa

700
Test temperature, K

(d) Water (50%) temperature and pressure experimental curve

Fig. 13. Coupling curve of temperature-pressure at a higher initial pressure (>1 MPa).

3.00
3 MPa
y=0.0048x+0.5189
275
© 2.50 -
o
=
T
5
n 225 4
%]
o
o
12}
©
O 200 (-~ 2 MPa
1.75 4
System pressure
1.50 T T T T T
300 350 400 450 500 550 600
Test temperature, K
(a) Temperature-pressure curve with an initial pressure of 2 MPa
System pressure
20 A
19.3 MPa y=0.0342x +0.0005
©
o
=
%
o
=
[}
(%}
[0}
&
[}
(2]
©
(O]
300 350 400 450 500 550 600
Test temperature, K
(c) Temperature-pressure curve with an initial pressure of 10 MPa
20 2 2 S 20
18 F r
18 B L
o 181 y=0.0342x+0.0005 | 16 L 16 18
o r 16 ®©
=| 141 Lud g e &
g 124 SlyuSle=
3 e [Pl el S
0 )
10 A o o [0)
3 F 10 rosr12235 5
= 7] [7]
S 8 b B r14 0
_ L8 @ 3 ?
© 8 = 10 < (]
= 6 y=0.016x+0.2273 o o x
c -6
44 e I8 L 12
-4
2 y=0.0048x+0.5189 M4
] L ——1 2 )
T T T T . e r r - 10
0300 350 400 450 500 550 600 650 700 750 800

Test temperature, K

Fig. 14. Experimental temperature-pressure curves for 0—10 MPa pressure gradients.

1178

Vair

ot + Vgir ® VWeir ) = — VPgir +V

Pair (

2
4 <:U«air (Vvair + (Vvuir)T) - §:U‘air(v i Vair)I) +F (25)

Where, vg; was the fluid velocity, p,; was the fluid pressure, pg;,
was the fluid density, g, was the hydrodynamic viscosity. In the
Formula.25, the corresponding relationship of each physical item
was as follows:

Inertia force F; satisfied:

0vg;
Fi = pair (% + Vair ® VVair) (26)
Fluid pressure F;, satisfied:
Fair = — VDair (27)

Viscous force Fy satisfied:
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Fig. 15. Temperature-pressure coupling control curve of pressure control device.
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Fy=Ve (ﬂair (Vvair + (Vvair)T) - %:U'air(v hd Vair)l) (28)
Based on Formula.25, ignoring the weight of the piston, the

relationship between the temperature of the gas domain and the

pressure of the non-isothermal flow system can be obtained.

The electromagnetic thermal field of the heating system is
calculated, and the result was shown in Fig. 16a. For the calculation
of the control system, both voltage and pulse control can adjust the
power of the heater. But voltage control has the advantage of
simple calculation. Therefore, voltage control is selected in this
model. The low potential terminal of the heating system is 0 V, and
the high potential terminal is used as the input control quantity of
the control system. The potential distribution diagram shows that
the difference of the heating system is concentrated at both ends of
the heater, so its electromagnetic heat is concentrated in the heater.

The numerical simulation was based on the deep pressure
leakage simulation model, and its control algorithm was based on
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negative feedback PID. In the process of numerical simulation, the
real-time pressure in the ballast tank is transformed into the con-
trol output voltage, so the result can basically reflect the control
results under the real working conditions, and has a certain
reliability.

At the same time, the overall electromagnetic temperature-
pressure simulation calculation was carried out to obtain the rela-
tionship between the heater temperature and the potential input,
as shown in Fig. 16b. The potential value varies in a gradient from 1
V to 5 V. The temperature of the heater rises exponentially due to
the heat exchange between the heater and the gas domain. The
differential equation of heat conduction is:

. Coi g — 3 ,{g +3 ;\g +3 )\g +
PairCairg = 1ox \Mox ) Toy May) Toz\"az) | TV
In the same time range, the final temperature of the heater in-

creases with the increase of voltage.
Due to the control system involves many physical fields, the

(29)
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control function has great uncertainty, so it is impossible to use a
fixed control algorithm. Therefore, this paper adopted a three term
PID control algorithm based on the optimal cardinality. The optimal
cardinality of the whole system model was selected to obtain the
control input variable cardinality with the minimum transient error
value. The Formula is expressed as:

Peontrot = F(VB) + €min (30)

Set the initial pressure of the pressure control system as 1 MPa,
and set the uniform fluid leakage rate Ly = 5ml/s at the liquid
outlet. In order to obtain the optimal cardinality, set the gradient
voltage input to obtain the system pressure curve, as shown in
Fig. 17.

In Fig. 17, when the voltage is OV and there is no heating system,
the pressure decreased linearly. The curve was used as the basic
comparison curve of the control system. When the potential
gradually increases, the pressure curve gradually curls upward.
Meanwhile, the pressure reduction rate decreases gradually. When
the pressure is greater than 3V, the pressure tends to rise, and the
rising rate increases gradually. Pressure drop and rise are not
allowed in coring environment. Therefore, the optimal voltage
cardinal is finally selected as 3V.

On this basis, the negative feedback control algorithm is intro-

duced, and the transient control pressure is taken as the control
input of the control system to obtain the transient proportional
self-gain control algorithm:
Vi-t1 = VB + kpiGj(Pto — Pinitia1) VB (31)
Where V,_;; represents the transient input voltage control
parameter; kj; is the proportional self-gain coefficient; Py repre-
sents the pressure value at the previous moment; Pj,jq iS the
pressure control value; G; is a negative magnitude coefficient
automatically adjusted according to the magnitude of the pressure
control magnitude.

For the pressure control system, the optimal proportional self-
gain coefficient is not clear. Therefore, through the gradient
experiment, the convergence of the transient proportional self-gain
control algorithm and the optimal self-gain coefficient are verified.

As shown in Fig. 18, sets of proportional coefficients are set from
0 to 5, and the proportional self-gain control algorithm is used as
the control equation of the input voltage to obtain the pressure
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Fig. 17. Relationship between potential and pressure under uniform leakage at 1 MPa
pressure.
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curve of the system. In the Fig. 18, the pressure have a certain initial
leakage, and the rate gradually decrease, then gradually increase,
and fall back at the highest point. Under the control of voltage, the
pressure of the whole system oscillates back and forth in the
attachment of the initial pressure line and gradually converges.
With the increase of scale coefficient, the maximum error of the
system decreases and the regression distance decreases. The sta-
bility of negative feedback proportional control system is also
gradually enhanced.

Although the negative feedback proportional control was
introduced, the feedback error of pressure was always based on the
previous pressure state, so there was always a certain steady-state
error in the control system. Fig. 19 shows the pressure error after
the pressure system finally converges completely under the con-
ditions of different scale coefficients. At this time, the pressure
leakage and compensation of the system have tended to balance,
but did not return to the initial pressure. With the increase of the
proportional coefficient, the steady-state error gradually decreases.
In kpg, the system error reaches a minimum of 250 Pa.

To make the system converge further, the control algorithm
introduced the first-order integral and first-order differential terms
of the pressure error time variation function. The steady-state error
is further reduced by calculating the accumulated error. The control
algorithm is as follows:

Vi_t1 = VB + kpiGj(Pro — Pinitia1) VB + kiiGiV [tOe(APtO)dt

+ kDiGdVBde(APtg)dt (32)
Where, G; is the negative order parameter of the integral term, G is
the negative order coefficient of the differential term, APy is the
transient pressure error, kj; is the integral coefficient, kp; is the
differential coefficient.

Set different differential coefficient and integral parameter ratio
respectively from V; to V5. Obtain different pressure system control
curves. As shown in Fig. 20, under the control of the optimal car-
dinal three term PID algorithm, the pressure system gradually
tends to the initial value under short oscillation. Its steady-state
error is smaller than that of the simple proportional self-gain
control algorithm. In the control time of 500 s, the final pressure
control accuracy reached 20 Pa. This also verifies the feasibility of
the control system and the stability of the control algorithm.
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Fig. 18. Pressure control curve based on optimal cardinality negative feedback pro-
portional control algorithm.
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5. Conclusion

The temperature-pressure coupling alternating theory in ICP-
Coring is constructed in this paper. An intelligent control system
for the temperature and pressure of the coring device is developed
and verified by experiments. The optimality cardinal three term PID
algorithm is proposed and the numerical simulation experiment of
pressure control system is carried out. The test results show that:

(1) The ultrahigh-pressure seal and stability of the intelligent
compensation system with alternating temperature and
pressure can meet the needs of a deep coring pressure
environment. The maximum pressure-bearing capacity of
the whole system reaches 140 MPa and the effective pressure
compensation range is 20 MPa.

(2) The temperature-pressure alternating control system can
effectively control the pressure of the system. The experi-
mental results show that the pressure increment curves are
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different under different initial pressure conditions. With the
increase of initial pressure, the pressure increases rate
increases.

(3) The optimality cardinal three term PID algorithm is used to
control the voltage input, and the intelligent control of
pressure is realized. The optimal cardinality 3 V in the system
is obtained. When only proportional self-gain control is used,
the minimum steady-state error is 200 Pa. When three term
PID algorithm is adopted, the steady-state error is reduced to
20 Pa. The control accuracy of the whole pressure control
system reaches 0.1%.

Using the relationship between gas temperature and pressure, a
high-precision pressure control system suitable for small space is
innovatively developed, and the pressure control range is large.
This paper provides a method for pressure control of ICP-Coring
under ultrahigh pressure and confined spaces and then verifies it.
In future work, the accurate control algorithm of pressure under
different initial conditions will be further studied.
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