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a b s t r a c t

In-situ pressure-preserved coring (IPP-Coring) is considered to be the most reliable and efficient method
for the identification of the scale of oil and gas resources. During IPP-Coring, because the rotation
behavior of the pressure controller valve cover in different medium environments is unclear, interference
between the valve cover and inner pipe may occur and negatively affect the IPP-Coring success rate. To
address this issue, we conducted a series of indoor experiments employing a high-speed camera to gain
greater insights into the valve cover rotation behavior in different medium environments, e.g., air, water,
and simulated drilling fluids. The results indicated that the variation in the valve cover rotation angle in
the air and fluid environments can be described by a one-phase exponential decay function with a
constant time parameter and by biphasic dose response function, respectively. The rotation behavior in
the fluid environments exhibited distinct elastic and gravitational acceleration zones. In the fluid envi-
ronments, the density clearly impacted the valve cover closing time and rotation behavior, whereas the
effect of viscosity was very slight. This can be attributed to the negligible influence of the fluid viscosity
on the drag coefficient found in this study; meanwhile, the density can increase the buoyancy and the
time period during which the valve cover experienced a high drag coefficient. Considering these results,
control schemes for the valve cover rotation behavior during IPP-Coring were proposed for different
layers and geological conditions in which the different drilling fluids should be used, e.g., the use of a
high-density valve cover in high-pore pressure layers.
© 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

Shallow earth resources are increasingly exhausted, and
resource development is gradually moving toward the deep earth,
which has become a scientifically and technologically important
topic in global energy development (He et al., 2022; Xie et al., 2015,
2020, 2021). With the ongoing resources transitioning to the deep
ineering, Sichuan University,
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earth, the exploration and evaluation of deep resources have
become the main approach for realizing the strategic replacement
of oil and gas resources (Aydin, 2015; Gautam et al., 2022; Wang
et al., 2017). Notably, during exploration in the mining and petro-
leum industries, the coring process is usually considered to be the
most reliable and important method to identify the scale of oil, gas,
and mineral resources (Mahzari et al., 2021). By analyzing the
properties of the obtained core samples, such as the porosity,
permeability, and saturation, reservoir properties can be further
identified (Ashena, 2017; Ashena and Thonhauser, 2018). However,
for conventional coring with no pressure preservation capacity
during tripping, the core fluid can be expelled due to the pressure
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difference, and therefore, the real rock composition and occurrence
state may be destroyed (Ali et al., 2014; Bjorum, 2013; Davis et al.,
2013; Huang et al., 2021; Hyland, 1983; Li et al., 2022b; Mukherjee
et al., 2018). To address this problem, in-situ pressure-preserved
coring (IPP-Coring) has been introduced in deep exploration over
the last few decades (Davis et al., 2013; Hyland, 1983; Kawasaki
et al., 2006; Kvenvolden et al., 1983; Mukherjee et al., 2018; Al
Saman Al Neaimi et al., 2014; Sun et al., 2015b).

In the IPP-Coring process, a core under in-situ pressure can be
retrieved using a completely sealed device. In this device, the most
essential and problematic component is the automatic sealing as-
sembly at the bottom of the coring device. This assembly must not
only provide a sufficient inner diameter to allow the passage of the
core during coring but also provide a bottom hole auto closure
function after core entry in the device to achieve in-situ pressure
preservation. Ball and flapper valves are two commonly used
automatic sealing assemblies in the existing IPP-Coring devices (Hu
et al., 2022). The pressure core barrel (PCB), which was used in the
Deep Sea Drilling Project (DSDP), and the pressure core sampler
(PCS) adopted in the international Ocean Drilling Program (ODP)
are two typical devices employing a ball valve as the automatic
sealing assembly (Dickens et al., 1997, 2003; Kvenvolden et al.,
1983). However, due to the easy occurrence of a sticking problem
of the ball valve in the auto closure procedure, the success rate of
these two devices is low (Li et al., 2022a). By contrast, the flapper
valve can provide better vibration resistance and does not easily
become stuck in the auto closure procedure. Therefore, the flapper
valve is more suitable for use in deep IPP-Coring to obtain a large-
diameter core under in-situ pressure (Hu et al., 2022). For this
reason, this valve type has been installed in many IPP-Coring de-
vices, such as the Fugro pressure corer (FPC), hydrate auto-clave
coring equipment (HY-ACE) rotary corer (HRC) (Burger et al.,
2003), and pressure and temperature preservation system (PTPS)
(Zhu et al., 2013). Representative IPP-Coring devices and their
corresponding automatic sealing assembly and pressure-
maintaining capacity are summarized in Table 1.

As indicated in Table 1, the pressure preservation capacity of the
existing flapper valve is relatively poor (� 30 MPa), and thus, it
cannot meet the pressure requirements of deep coring. Based on
the basic structure of the flapper valve, we designed a new auto-
matic sealing assembly using the Steinmetz solid structure, namely,
the pressure controller, and showed that its pressure-maintaining
capacity reached 100.9 MPa (He et al., 2019; Li et al., 2021). The
operation process and a photograph of the pressure controller are
shown in Fig. 1. At the drilling stage, the valve cover is opened.
When the core has completely entered the core pipe, the core and
inner pipes are driven upward under the action of a salvage device
or the hydraulic pressure of the drilling fluids (Hu et al., 2022; Zhu
et al., 2011). At this time, the spring is compressed, and the limit of
the valve cover is released. Subsequently, the valve cover is
Table 1
Summary of the different IPP-Coring devices.

IPP-Coring devices Institutions

PCB (Kvenvolden et al., 1983) DSDP
PCS (Dickens et al., 1997, 2003) ODP
FPC (Burger et al., 2003) EU-sponsored HYACINTH program
HRC (Burger et al., 2003) EU-sponsored HYACINTH program
PTCS (Kawasaki et al., 2006) Japan Oil, Gas and Metals National C
Pressure tight piston corer (PTPC) (Qin et al., 2005) Zhejiang University
PTPS (Zhu et al., 2013) China University of Petroleum, Beiji
GWY194-70BB (Yang et al., 2014) Great Wall Drilling Company of the

(CNPC)
GW-CP194-80A (Yang et al., 2020) Great Wall Drilling Company of the
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triggered by an elastic piece on the back side, and is closed under
gravity. At the same time, the spring is released, then the inner pipe
is pressed the valve cover to realize initial sealing.

The above indicates that successful pressure preservation re-
quires the valve cover to be closed before the inner pipe rebound
process. After the valve cover is closed, the inner pipe should
quickly press the valve cover to ensure the realization of the initial
sealing. Notably, as shown in Fig. 1b, if the rotation velocity of the
valve cover is lower than the rebound speed of the inner pipe, the
valve cover may collide and interferewith the inner pipe, leading to
loss of the rotational stability of the valve cover, which may further
lead to failure of accurate contact realization between the sealing
areas of the valve cover and valve seat. This may result in failure of
the IPP-Coring process. By contrast, if the rotation velocity of the
valve cover is higher than the rebound speed of the inner pipe, the
initial sealing pressure cannot be provided in time after valve cover
closure, leading to the leakage of the in-situ pressure. Thus, the
rotation behavior of the valve cover is critical for the success rate of
the IPP-Coring process.

In the IPP-Coring process, the rotation behavior of the valve
cover is mainly affected by the medium environment (air, water,
and drilling fluid). However, although much systematic research on
IPP-Coring has been performed, most studies have only focused on
the pressure preservation capacity (Abid et al., 2015; He et al., 2019;
Li et al., 2021, 2022a; Sahu et al., 2020). There has been a lack of
studies regarding the rotation behavior of the valve cover. Because
the rotation behavior of the valve cover in different medium en-
vironments is unclear, the problem of interference often occurs
during IPP-Coring, reducing the success rate of the IPP-Coring
process. To improve the IPP-Coring success rate, it is necessary to
better understand the valve cover rotation behavior in different
environments.

In this study, according to the actual service environment of the
pressure controller, the rotation behavior of the valve cover of the
pressure controller in air, water, and simulated drilling fluids was
clarified via a high-speed camera. Through a thorough analysis of
the rotation process and variation in the drag coefficient of the
valve cover in the different environments, the mechanisms of the
rotation behavior of the valve cover in the different environments
was revealed. Based on the results, control schemes for the rotation
behavior of the valve cover during IPP-Coring in different layers and
geological conditions were proposed.

2. Experiments and methods

2.1. Design of the experimental medium environments

In this study, the rotation behavior of the valve cover of the
pressure controller was investigated in air, water, and simulated
drilling fluid environments according to the actual service
Automatic sealing
assembly

Pressure

Ball valve � 35MPa
Ball valve � 69MPa
Flapper valve � 25MPa
Flapper valve � 25MPa

orporation (JOGMEC) Ball valve � 30MPa
Flapper valve � 30MPa

ng Flapper valve � 30MPa
China National Petroleum Corporation Ball valve � 20MPa

CNPC Ball valve � 60MPa



Fig. 1. (a) Operation process and photograph of the pressure controller, (b, c) schematic and field photograph of the interference problem during IPP-Coring.
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environment of the pressure controller. In the drilling industry, the
commonly used drilling fluids include dispersed drilling fluids,
brine drilling fluids, polymer-based drilling fluids, and synthetic-
based drilling fluids. Among these drilling fluids, the brine dril-
ling fluid system is a Newtonian fluid, while the other drilling fluids
are non-Newtonian fluids (Zhang, 2019; Mahmoud et al., 2020). In
this study, to ensure that the obtained experimental results can
closely reflect field conditions and that the rotation behavior of the
valve cover can be accurately captured, aqueous potassium formate
(KCOOH) and xanthan gum (XC) solutions were selected to simulate
Newtonian and non-Newtonian drilling fluids, respectively. The
experimental groups are summarized in Table 2, and the viscosity
Table 2
Experimental groups.

No. Medium environment Mass concentration, %

1 Air ~
2 Water ~
3 KCOOH aqueous solution 56
4 KCOOH aqueous solution 76
5 XC aqueous solution 0.05
6 XC aqueous solution 0.15
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and density of the solutions listed in Table 2 were measured with a
six-speed rotational viscometer (KC-6ST, China) and balance hy-
drometer (MC, China), respectively.
2.2. Experiments and setup

Fig. 2 shows a schematic diagram and a photograph of the
experimental setup. A high-speed camera (NAC Memrecam HX-7s,
Japan) was used to capture and record the rotation trajectories of
the valve cover of the pressure controller. The recording rate of the
camera in this study was set to 0.002 s, which is fast enough to gain
insights into the rotation behavior of the valve cover of the pressure
controller. The density and the mass of the valve cover are 7.93 g/
cm3 and 244.26 g, respectively, and the material of the valve cover
is 304 steel. As shown in Fig. 2b, behind and at 45� to the side of the
camera, two lamps were positioned for illumination. Prior to the
experiments, the pressure controller with an opened valve cover
was placed in the outer pipe (transparent acrylic pipe), with an
inner diameter of 80 mm, and the inner pipe was used to restrain
the motion range of the valve cover. Then, in the experimental
groups with the different fluid environments, solutions were
poured into the pipe and remained static. Thereafter, the inner tube



Fig. 2. (a) Schematic diagram of the experiments; (b) photograph of the experimental setup.
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was lifted through a rope-and-pulley system, and the restraint of
the valve cover was released. Furthermore, the valve cover was
rotated, and its trajectories were captured and recorded with the
camera. The experiments were conducted under atmospheric
pressure at a temperature of 26 ± 1 �C. All experiments were
repeated three times to obtain reliable data. The average total
closing time of the three repeated experiments was taken as the
closing time of the valve cover in different environments. For
different environments, the experiment in which the total close
time of the valve cover was the closest to the average time was
selected to analyze the rotation behavior of the valve cover. As
shown in the inset figure of Fig. 2b, to accurately identify the angle
of the valve cover, two black parallel lines were marked on the
surface of the valve cover. The slope of the two black parallel lines
was obtained at each instance via an image processing algorithm.
Then, the transient angle of the valve cover, as shown in Fig. 2a, and
the total closing time of the pressure controller were determined.
For the transient angle data obtained through image processing, a
fitted curve was used as the final angle versus time curve.
Furthermore, the instantaneous angular velocity and angular ac-
celeration were determined by calculating the first and second
derivatives of the fitted curve, respectively.

3. Results

3.1. Physical parameters of the simulated drilling fluids

The physical parameters of the simulated drilling fluids are
shown in Fig. 3. As shown in Fig. 3a, for the KCOOH solutions with
different concentrations, the density increased substantially with
increasing concentration. The density of the 76% KCOOH solution
was 1.214 and 1.565 times larger than those of the 56% KCOOH
solution and water, respectively. By contrast, for the XC solutions
with different concentrations, the density remained almost con-
stant, approaching that of water. However, for both the KCOOH
and XC solutions, as shown in Fig. 3b, the apparent viscosity
markedly increased with increasing concentrations. The apparent
viscosity of the 76% KCOOH solution reached 11.85 mPa s, which
was the highest among the four solutions and 59.2 times higher
than the viscosity of water. However, when the concentration of
the KCOOH solution was reduced to 56%, the apparent viscosity
(AV) declined sharply to 2.45 mPa s. This value was 0.9 and
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5.9 mPa s lower than those of the 0.05% and 0.15% XC solutions,
respectively, and was 12.25 times higher than that of water. Fig. 3c
and d respectively show rheological curves for the KCOOH and XC
solutions with different concentrations. The curves in Fig. 3c
indicate that the rheological characteristics of the KCOOH solu-
tions in this study fit the characteristics of a Newtonian fluid.
Based on Fig. 3d, the rheological characteristics of the XC solutions
match those of non-Newtonian fluids and can be described by a
power-law fluid model.
3.2. Closing time of the valve cover in the different environments

The closing time of the valve cover affects the success rate of the
IPP-Coring operation. If the closing time of the valve cover is too
long, the valve cover may interfere with the inner tube in the
closing process, which may cause the moving valve cover to lose its
balance. As a result, the sealing surfaces of the valve cover and valve
seat may not achieve close contact, thus failing to preserve the in-
situ pressure. Therefore, it is necessary to analyze the total closing
time of the valve cover in the different environments. Fig. 4 shows
the closing time of the valve cover of the pressure controller in the
different experimental environments. The valve cover in the air
environment exhibited the shortest closing time of 0.164 s, fol-
lowed by a closing time of 0.408 s in the water environment. The
valve cover in the 76% KCOOH solution environment that exhibits
the highest density attained the longest closing time of 0.626 s that
is 3.82 and 1.53 times higher than those in the air and water en-
vironments, respectively. In addition, for the KCOOH solutions, with
decreasing concentration from 76% to 56%, the closing time
decreased to 0.533 s; however, it remained 1.31 times longer than
that in the water environment. It should be noted that the density
of the XC solutions approached that of water, but their apparent
viscosity was higher than that of water and the 56% KCOOH solu-
tion. However, the closing time of the valve cover in both the 0.05%
and 0.15% XC solution environments was close to that in the water
environment, indicating that the viscosity had a negligible influ-
ence on the closing time of the valve cover. Overall, it was
concluded that the solution density clearly affected the closing time
of the valve cover, whereas the effect of the viscosity was very
weak.



Fig. 3. Physical parameters of the simulated drilling fluids: (a) density, (b) apparent viscosity (AV), and (c, d) rheological curves for the KCOOH and XC solutions indicating that these
solutions are typical Newtonian and non-Newtonian fluids, respectively.

Fig. 4. Closing time of the valve cover of the pressure controller in the different medium environments.
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3.3. Rotation behavior of the valve cover

In the IPP-Coring process, movement interference between the
inner pipe and valve cover of the pressure controller can only occur
during rotation of the valve cover. To prevent the occurrence of
interference and increase the IPP-Coring success rate, it is necessary
to elucidate the rotation behavior of the valve cover and gain
insight into the variation in the rotation angle of the valve cover
over time in the different environments.

3.3.1. Rotation behavior of the valve cover in the air environment
When the coring operation is performed in soil and soft rock

layers, to prevent contamination of the obtained core samples with
the drilling fluid, a dry drilling process is often adopted. In this case,
the valve cover of the pressure controller is rotated in an air envi-
ronment. Fig. 5 shows the rotation behavior of the valve cover of the
pressure controller in the air environment. As shown in Fig. 5a, the
characteristics of the variation in the rotation angle of the valve
cover of the pressure controller in the air environment can be
described via a one-phase exponential decay function with a con-
stant time parameter (ExpDec1 function). Furthermore, the first
and second derivatives of this function can be calculated to obtain
the instantaneous angular velocity and angular acceleration,
respectively, of the valve cover in the air environment. As shown in
Fig. 5b, when the inner pipe was lifted, the elastic piece on the back
side of the valve cover rapidly provided it with an initial angular
velocity of 206�/s and an angular acceleration of 2050�/s2, after
which the valve cover began to rotate. In the air environment, both
the angular velocity and angular acceleration of the valve cover
increased exponentially over time. At approximately 0.16 s, the
angular velocity of the valve cover reached the maximum value of
1010�/s, and the valve cover was closed at the same time. Generally,
the variation in the rotation angle of the valve cover in the air
environment can be described with the ExpDec1 function, and the
angular velocity and angular acceleration of the valve cover expo-
nentially increased over time.

3.3.2. Rotation behavior of the valve cover in the fluid environment
In the practice of IPP-Coring, the dry drilling process is only used

in a few unique cases. In most cases, drilling fluids should be
adopted to cool the bit, clean the borehole, and maintain the sta-
bility of the borehole wall. In the IPP-Coring process for deep
coalbed methane exploitation, to reduce the reservoir damage due
Fig. 5. Rotation behavior of the valve cover of the pressure controller in the air environmen
and variation in the angular acceleration (red curve).
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to the drilling fluid and further improve the quality of the obtained
in-situ coal samples, water is often used as the drilling fluid (Gao
et al., 2021; You et al., 2022). In this case, the valve cover of the
pressure controller is rotated in a water environment. Fig. 6 shows
the rotation behavior of the valve cover of the pressure controller in
the water environment. Interestingly, as shown in Fig. 6a, the
variation in the rotation angle in the water environment can be
described with a biphasic dose response function (BiDoseResp
function). Furthermore, to better understand the rotation behavior,
the first and second derivatives of this function were calculated to
obtain the angular velocity and angular acceleration, respectively.
As shown in Fig. 6b, the black curve shows the variation in the
angular velocity, and the red curve shows the variation in the
angular acceleration. In the water environment, two clear acceler-
ation zones occurred in the rotation process of the valve cover that
were produced by the elastic force of the elastic piece on the back
side of the valve cover and the gravity of the valve cover itself. In the
rotation process of the valve cover, when the rotation angle was
smaller than 10�, elastic action occurred, and this zone was defined
as the elastic acceleration zone. In the elastic acceleration zone,
when the inner pipe was lifted, the elastic piece rapidly provided
the valve cover with an initial velocity of 180�/s. This value is 26�/s
lower than that in the air environment due to the higher initial drag
force and adhesion of the back side of the valve cover to the outer
pipe in the water environment. Then, the valve cover was mainly
driven by the elastic force to approximately 10� within 0.04 s.
Thereafter, from 0.04 to 0.12 s, the dominant driving force of the
valve cover changed from the elastic force to gravity, and the valve
cover was rotated from 10� to 24�. Later, in the 0.12e0.24 s time
period, the valve cover entered the gravitational acceleration zone
and was completely accelerated by gravity. After 0.24 s, the angular
velocity started to decrease. In addition, the angular acceleration
declined below zero and continued to decrease from 0.24 to 0.32 s.
Overall, the variation in the rotation angle of the valve cover in the
water environment can be described with the BiDoseResp function,
and the rotation behavior revealed distinct elastic and gravitational
acceleration zones.

Due to the poor performance of cleanwater in borehole cleaning
and borehole wall stability maintenance, other drilling fluid sys-
tems, such as brine and polymer-based drilling fluids, are often
applied in different formations in IPP-Coring for deep oil and gas
exploration (Sun et al., 2015a). To ensure that the obtained exper-
imental results closely represent field conditions and that the
t: (a) variation in the rotation angle; (b) variation in the angular velocity (black curve)



Fig. 6. Rotation behavior of the valve cover of the pressure controller in the water environment (r ¼ 1.0 g/cm3; AV ¼ 0.2 mPa s): (a) variation in the rotation angle; (b) variation in
the angular velocity (black curve) and variation in the angular acceleration (red curve).
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rotation behavior of the valve cover can be accurately captured, we
simulated four drilling fluids and studied their effect on the closing
time of the valve cover in section 3.2. Based on section 3.2, among
the four simulated drilling fluids, the valve cover exhibited the
longest and shortest closing times in the 76% KCOOH and 0.05% XC
solution environments, respectively. Therefore, these two repre-
sentative fluids were employed to study the rotation behavior of
the valve cover in different drilling fluid systems. Fig. 7 shows the
rotation behavior of the valve cover of the pressure controller in the
76% KCOOH and 0.05% XC solution environments. Fig. 7a and c
shows that the variation in the rotation angle in the above two
simulated drilling fluids also can be described with the BiDoseResp
function. Fig. 7b and d shows the variations in the angular velocity
and angular acceleration, respectively, in the 76% KCOOH and 0.05%
XC solution environments. As shown in Fig. 7b and d, similar to the
results for the water environment described above, elastic and
gravitational acceleration zones also existed for these two solu-
tions. However, in the elastic acceleration zone, the initial rotation
velocity in the 76% KCOOH and 0.05% XC solutions was 68 and 24�/s
lower, respectively, than that in the water environment, and the
initial angular acceleration in the two solutions was only 0.086 and
0.233 times that in thewater environment. This can be attributed to
the stronger adhesion between the back of the valve cover and pipe
surface due to the higher solution viscosity. In addition, in contrast
to the rotation behavior of the valve cover in the water environ-
ment, in the 76% KCOOH and 0.05% XC solution environments, there
was no deceleration zone before the gravitational acceleration
zone. After the gravitational acceleration zone, the angular velocity
of the valve cover in the 76% KCOOH and 0.05% XC solutions started
to decrease at 0.34 and 0.24 s, respectively. Overall, the rotation
angle in the 76% KCOOH and 0.05% XC solutions can also be
described with the BiDoseResp function. An increase in the fluid
viscosity increased the adhesion between the back of the valve
cover and outer pipe surface, reducing the initial velocity of the
valve cover.
4. Discussion

Based on the experimental results, it can be concluded that
valve cover rotation in the different environments involves a very
complicated process. When the inner pipe was lifted, the elastic
piece on the back side of the valve cover provided the initial rota-
tion velocity and rotation acceleration. Thereafter, the valve cover
2392
began to rotate around a fixed axis, namely, the pin that is used to
connect the valve cover and valve seat. Furthermore, the valve
cover can be closed under gravity, and in-situ pressure preservation
can be achieved. In the air environment, the variation in the rota-
tion angle of the valve cover conformed to the ExpDec1 function,
while the angular velocity and angular acceleration of the valve
cover increased exponentially over time. In the different fluid en-
vironments, the variation in the rotation angle of the valve cover
conformed to the BiDoseResp function, while the angular velocity
and angular acceleration of the valve cover regularly varied within
a certain range. The fluid density and viscosity affected the changes
in the angular velocity and angular acceleration and thus impacted
the rotation behavior and the final closing time of the valve cover.
Notably, the solution density clearly affected the closing time of the
valve cover, whereas the effect of viscosity was very slight. In this
section, to reveal the mechanisms of the above rotation behavior
phenomena of the valve cover in the different environments, we
analyzed the rotation process of the valve cover in depth.

4.1. Analysis of the rotation process of the valve cover

A schematic diagram of the rotation process of the valve cover of
the pressure controller and the received forces and moments are
shown in Fig. 8. As shown in Fig. 8, valve cover rotation is affected
by the elastic force of the elastic piece on the back side of the valve
cover, gravity, buoyancy and drag resistance of the fluid. The
buoyancy satisfies the following:

FB ¼ rgV (1)

where r is the fluid density, g is the gravitational acceleration, and V
is the volume of the valve cover.

When the valve cover rotates in a fluid environment, in addition
to gravity and buoyancy, the valve cover is affected by the drag
resistance of the fluid (Alvarado, 1967):

FR ¼
1
2
crsu2 (2)

where c is the drag coefficient under steady-state fluid action, r is
the fluid density, s is the projection area of the valve cover, and u is
the rotation velocity.

The projection area of the valve cover along the direction of
rotating motion in a fluid environment is shown in Fig. 9. The



Fig. 7. Rotation behavior of the valve cover of the pressure controller (a, b) in the 76% KCOOH solution (r ¼ 1.565 g/cm3; AV ¼ 11.85 mPa s) and (c, d) 0.05% XC solution (r ¼ 1.002 g/
cm3; AV ¼ 3.35 mPa s): (a, c) variation in the rotation angle; (b, d) variation in the angular velocity (black curves), and variation in the angular acceleration (red curves).
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projection area of the valve cover resembles an ellipse, and the
length of the long axis of the ellipse is 2a, while the length of the
short axis is 2b. A coordinate system can be established with the
lower part of the valve cover as the origin, so that the unit area of
the projection area of the valve cover meets the following
requirements:

ds¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
 
1� ðr � aÞ2

a2

!vuut dr (3)

where r is the distance from the horizontal axis.
According to Eqs. (2) and (3), the resistance torque due to the

drag resistance can be obtained as follows:

MR ¼
ð2a
0

1
2
crru2ds¼

ð2a
0

crru2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
 
1� ðr � aÞ2

a2

!vuut dr (4)

Assuming that both gravity and buoyancy act on the center of
the valve cover, the rotation torque of the valve cover can be
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obtained as follows:

M¼
�
Me þ ðmg� rgVÞa sin q�MR; ðq<10�; elastic actionÞ
ðmg� rgVÞa sin q�MR; ðq>10�;no elastic actionÞ

(5)

where m is the mass of the valve cover, g is the gravitational ac-
celeration, q is the rotation angle,MR is the resistance torque due to
the drag resistance of the fluid, and Me is the torque resulting from
the elastic force.

The angular acceleration and rotational torque of an object in
space are subject to the following relationship (Alvarado, 1967):

M¼a$I (6)

where a is the angular acceleration and I is the moment of inertia,
which is an intrinsic parameter of the valve cover and is related to
its geometric characteristics and mass.

Therefore, the rotation motion equation of the valve cover can
be obtained as follows:



Fig. 8. (a, b) Schematic diagram of the rotation process of the valve cover of the
pressure controller. (c, d) Force and moment analysis of the valve cover, wherem is the
mass of the valve cover, g is the gravitational acceleration, q is the rotation angle, FB is
the buoyancy, FR is the drag resistance of the fluid, and Fe is the elastic force.

Fig. 9. The projection area of the valve covers along the direction of the rotating
motion in a fluid environment.
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€q$I¼

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:
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0
@ð2a

0

crr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
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a2

!vuut dr

1
A$ _q

2

ðq<10�;elastic actionÞ
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0
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0

crr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
 
1�ðr�aÞ2

a2

!vuut dr

1
A$ _q

2

ðq>10�;no elastic actionÞ
(7)

To verify the rotation motion equation of the valve cover
established above, we compared the angular acceleration values
after the valve cover entered the gravitational acceleration zone (q>
10�) in the water and 76% KCOOH solution environments obtained
by the experimentwith the values calculated theoretically using Eq.
(7). As shown in Fig. 10, both in the water and in the 76% KCOOH
solution environments, the angular acceleration values obtained by
theoretical calculation were close to the experimental values, fully
reflecting the changes of the angular acceleration of the valve cover.
In addition, we performed another experiment in a 66% KCOOH
solution environment (r¼ 1.466 g/cm3; AV¼ 5.25 mPa s) to further
verify this functional relation. As shown in Fig. 11a, it was observed
that the variation in the rotation angle in the 66% KCOOH solution
environment can also be described by a biphasic dose response
function, and by taking the second derivative, the experimental
result of the angular acceleration in the 66% KCOOH solution can be
obtained from the variation in the rotation angle. The comparison
of the angular acceleration obtained in the 66% KCOOH solution
environment experimentally and by theoretical calculations using
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Eq. (7) was shown in Fig. 11b, it can be observed that the angular
acceleration obtained by theoretical calculation using Eq. (7) was
still close to the experimental value. Thus, it is proven that the
functional relation established above can meet the requirements of
this type of valve cover.

For the air environment, the buoyancy and drag resistance
almost can be neglected. Thus, Eq. (7) can be simplified as follows:

€q$I¼
�
Me þmga sin qðq<10�; elastic actionÞ
mga sin qðq>10�;no elastic actionÞ (8)

Eq. (8) clearly indicates that the angular acceleration (€q in Eq. (8))
increases with increasing q, which further results in an exponential
increase in the angular velocity and rotation angle over time.

In the various fluid environments, due to the different physical
parameters, such as the density and viscosity, the received buoy-
ancy and drag resistance of the valve cover differ. According to Eq.
(7), the received buoyancy and drag resistance of the valve cover
can directly determine the rotation behavior and final closing time
of the valve cover in the different fluids. Following section 3.3.2, in
contrast to the rotation behavior of the valve cover in the water
environment, in the two simulated drilling fluids, there occurred no
deceleration zone before the gravitational acceleration zone. As
mentioned in section 3.3, in the water environment, due to the
weak adhesion between the valve cover and outer pipe compared
with that in the two simulated drilling fluids with high viscosity,
the valve cover has a higher initial rotation velocity and initial
angular acceleration, as shown in Figs. 6 and 7. The initial velocity in
the water environment was 68 and 24�/s higher than those in the
76% KCOOH and 0.05% XC solutions, and the initial angular accel-
eration in water was 11.6 and 4.3 times than those in the 76%
KCOOH and 0.05% XC solutions, respectively. Thus, in the water
environment, the valve cover was driven mainly by the elastic force
to 10� within only 0.04 s, and the rotation velocity of the valve cover
at this time can reach 225�/s; according to Eq. (4), the high rotation
velocity will result in a higher resistance torque. Unfortunately,
when, q>10�, the torque resulting from the elastic force Me no
longer has an effect; rather, at this time, as shown in Eq. (5), due to
the resistance torque MR resulting from the high rotation velocity
being too high, above the value of ðmg � rgVÞa sin q, the values of
the rotation torque M and rotation acceleration drop to negative
values, and thus, the valve cover enters a deceleration zone. By



Fig. 10. Comparison of the angular acceleration obtained experimentally and by theoretical calculations using Eq. (7).

Fig. 11. (a) Variation in the rotation angle in a 66% KCOOH solution environment (r ¼ 1.466 g/cm3; AV ¼ 5.25 mPa s). (b) Comparison of the angular acceleration obtained in a 66%
KCOOH solution environment experimentally and by theoretical calculations using Eq. (7).
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contrast, as observed from Fig. 7 in the manuscript, in the 76%
KCOOH and 0.05% XC solution environments, when the valve cover
left the elastic acceleration zone, the instantaneous rotation ve-
locities were only 0.5 and 0.8 times the velocity in the water
environment. Thus, according to Eq. (4), the lower rotation velocity
will result in a lower resistance torque MR, and MR was still lower
than the value of ðmg � rgVÞa sin q; therefore, there was no
deceleration zone before the gravitational acceleration zone. In
summary, the instantaneous drag resistance is affected not only by
the property of the fluid but also by the instantaneous rotation
velocity. In the water environment, due to the higher rotation ve-
locity when the valve cover leaves the elastotic acceleration zone
compared with that in the 76% KCOOH and 0.05% XC solutions, the
valve cover had higher resistance between the elastic acceleration
zone and the gravitational acceleration zone. Thus, a deceleration
zone before the gravitational acceleration zone was observed only
in the water environment.

On the other hand, it is widely acknowledged that drag resis-
tance consists of viscous resistance and pressure drag components
(Sun et al., 2016). Of these, the viscous resistance is attributed to the
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friction resistance of motion between the fluid layers and is
determined by the fluid viscosity, size of the valve cover, and
rotation velocity. By contrast, the pressure drag is attributed to fluid
boundary layer separation due to inertia during valve cover rota-
tion; this parameter is related to the fluid density, size of the valve
cover, and rotation velocity but is unrelated to the viscosity (Sun,
2014). Therefore, it is clear that the fluid density and viscosity
affect the pressure drag and viscous resistance components,
respectively, of the drag resistance and further impact the rotation
behavior and closing time of the valve cover. Notably, according to
section 3.2, the solution density clearly affected the closing time of
the valve cover, but the viscosity effect was very limited. This
suggests that the viscous resistance experienced by the valve cover
is very low, but the pressure drag effect is pronounced. Therefore, it
can be concluded that the fluid density fluids greatly increase the
closing time of the valve cover by increasing the buoyancy and
pressure drag. To increase the IPP-Coring success rate in different
layers and geological conditions, it is necessary to pay more
attention to drilling fluid density changes.
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4.2. Drag coefficient variation of the valve cover during the rotation

In various fluid environments, according to Eq. (7), the drag
resistance experienced by the valve cover notably impacts its
rotation behavior, while the drag coefficient c can remarkably affect
the drag resistance, as expressed in Eq. (2). To reveal the mecha-
nisms determining the rotation behavior of the valve cover in
various fluid environments, it is necessary to analyze the drag co-
efficient variation during rotation movement and elucidate the
effects of different fluid physical parameters (density and viscosity).

According to the rotation behavior recorded in the experiments,
the variation in the drag coefficient can be calculated via Eq. (7). In
this study, to simplify the analysis, the variation in the drag coef-
ficient given a rotation angle q>10� was analyzed, i.e., without the
effect of elastic action. The solid lines in Fig.12 show the variation in
the drag coefficient, while the dashed lines indicate the variation in
the corresponding angular velocity of the valve cover during the
experiments. The curves of the drag coefficient of the valve cover in
the water and the 0.05% XC solution environments before 0.2 s
exhibited slight differences, but the drag coefficients obtained from
the whole rotation process of the valve cover were almost identical.
Therefore, in this study, it was concluded that the viscosity imposed
a negligible effect on the drag coefficient and slightly affected the
closing time of the valve cover. In addition, as shown in Fig. 12, the
variation in the drag coefficient was negatively correlated with the
rotation velocity of the valve cover. For example, inwater, when the
rotation velocity reached themaximumvalue of 310�/s in 0.24 s, the
drag coefficient reached the minimum value of 0.029. Subse-
quently, the rotation velocity gradually decreased, but the drag
coefficient increased at a continuously-increasing rate. The increase
in the drag coefficient was caused not only by the gradually
decreasing rotation velocity but also by the increase in the addi-
tional boundary damping effect of the outer pipe on the valve cover
with increasing rotation angle (Sun, 2014). According to Fig. 12, in
thewater environment, after the rotation velocity of the valve cover
started to drop, the resultant drag coefficient abruptly increased
from 0.045 to 1.3 within 0.16 s. However, in the 76% KCOOH solution
with a higher density, the drag coefficient experienced by the valve
Fig. 12. Variation in the drag coefficient (solid lines) and variation in th
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cover increased to a value of 1.43 from 0.016 within a longer period
of 0.26 s. This indicates that in the 76% KCOOH solution, the valve
cover experienced relatively higher drag coefficients during longer
periods than those in the other solutions, further increasing the
closing time of the valve cover. Generally, the variation in the drag
coefficient was negatively correlated with the rotation velocity. In
addition, the fluid viscosity exerted a negligible effect on the drag
coefficient, while the density altered the period during which the
valve cover experienced a higher drag coefficient and further
impacted the rotation behavior.

4.3. Control schemes for the rotation behavior of the valve cover
during IPP-Coring in different layers and geological conditions

In the practice of IPP-Coring, the air environment is only
applicable in a few unique cases, and in these cases the rotation
behavior of the valve cover is relatively simple. In most cases, the
valve cover can be suitably adopted in fluid environments. Based on
the experimental results and discussion above, in fluid environ-
ments, the rotation behavior is affected by the fluid density and
viscosity. The main effects and corresponding effect mechanisms of
the viscosity and density of drilling fluids on the rotation behavior
of the valve cover are summarized in Fig. 13. Although the effect of
the viscosity on the rotation behavior and total closing time is
limited, it increases the adhesion between the valve cover and
outer pipe and further decreases the initial rotation velocity and
acceleration. However, an increase in the fluid density increases the
buoyancy and the period during which the valve cover is subjected
to a higher drag coefficient. Therefore, the fluid density can further
affect the rotation behavior of the valve cover and increase the total
closing time. Thus, control schemes for the rotation behavior of the
valve cover during IPP-Coring in different layers and geological
conditions can be determined. During IPP-Coring in layers
requiring the use of high-viscosity drilling fluids, such as the
leakage layer, control of the adhesion between the valve cover and
outer pipe is the key for controlling the rotation behavior and
closing time of the valve cover. As shown in Fig. 13, to reduce
adhesion, the contact area between the valve cover and outer pipe
e corresponding angular velocity of the valve cover (dashed lines).



Fig. 13. Summary of the main effects and effect mechanisms of the fluid viscosity and
density on the rotation behavior of the valve cover and control schemes for the
rotation behavior of the valve cover during IPP-Coring in different layers and geological
conditions.
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can be reduced. During coring in the layers involving the use of
high-density drilling fluids, such as the high-pore pressure layer,
controlling the density difference between the valve cover and
drilling fluid is the key to controlling the rotation behavior and
closing time of the valve cover. As shown in Fig. 13, the use of a
high-density metal as the material of the valve reduces the final
closing time. In addition, including a new action field, such as
elastic and magnetic fields (Liu et al., 2020), can effectively control
the rotation behavior and closing time of the valve cover. As shown
in Fig. 13, in the layers requiring the use of either high-viscosity or
high-density drilling fluids, ether the use of an elastic piece with a
higher elastic force or addition of an elastic rope between the valve
cover and valve seat, respectively, can increase both the rotation
velocity and total closing time of the valve cover.

5. Conclusions

In this study, the closing time and rotation behavior of the valve
cover in different environments were obtained using a high-speed
camera. Themechanisms of the rotation behavior of the valve cover
in the different environments were elucidated by a thorough
analysis of the rotation process and variation in the drag coefficient
of the valve cover. Based on the results, control schemes for the
rotation behavior of the valve cover during IPP-Coring in different
layers and geological conditions were proposed. The specific
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conclusions can be summarized as follows.

1. The fluid density clearly affected the closing time of the valve
cover, but the effect of the viscosity was quite limited. In the 76%
KCOOH solution, with a density 1.565 times that of water, the
valve cover attained the longest closing time of 0.626 s, which is
3.82 and 1.53 times higher than those in air and water, respec-
tively. The closing time of the valve cover in the 0.05% and 0.15%
XC solutions with apparent viscosities 16.6 and 41.75 times
higher than that of water, respectively, approached the closing
time in water.

2. The variation in the rotation angle of the valve cover in the air
and fluid environments can be described with the ExpDec1 and
BiDoseResp functions, respectively. In the air environment, the
angular velocity and angular acceleration of the valve cover
increased exponentially over time. However, in the various fluid
environments, the rotation behavior revealed distinct elastic
and gravitational acceleration zones, while the angular velocity
and angular acceleration of the valve cover regularly varied
within a certain range.

3. The variation in the drag coefficient was negatively correlated
with the rotation velocity. In addition, the viscosity imposed a
negligible effect on the drag coefficient, but increased the
adhesion between the valve cover and outer pipe and further
decreased the initial rotation velocity and acceleration. The
density increased the buoyancy and the period during which the
valve cover was subjected to a higher drag coefficient, further
altering the rotation behavior and increasing the closing time.

4. In the layers requiring the use of high-viscosity drilling fluids,
such as the leakage layer, the key to controlling the rotation
behavior of the valve cover is to control the adhesion between
the valve cover and outer pipe of the IPP-Coring devices. During
coring in layers involving the application of high-density drilling
fluids, such as the layers with high pore pressure, controlling the
density difference between the valve cover and drilling fluid is
the key to controlling the rotation behavior. In addition, inclu-
sion of a new action field, such as an elastic or magnetic field,
can effectively control the rotation behavior and closing time of
the valve cover.
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