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a b s t r a c t

The sealing performance of contact interfaces plays the most important role in the design and operation
of the in-situ pressure-preserved coring system. To meet the demand of ultra-high pressure-retained
coring for oil and gas exploration in deep reservoirs, a quantitative analysis of the contact mechanical
behavior of the pressure controller was performed. Based on the micro-contact theory of rough surfaces,
a three-dimensional numerical model of the rough contact interface between the valve cover and the
valve seat was constructed, and the micro-contact behavior of the metal contact surfaces was compre-
hensively studied. The results show that the actual contact area of the valve interface increases with the
increase of surface roughness before the critical contact point, but decreases after that. Compared with
the real contact model with double rough surfaces, although the simplified hard-contact model with a
single rough surface can reflect the micro-contact behavior of the rough surface to a certain extent, it
cannot truly reveal the microchannel morphology between the sealing interfaces under pressure.
Therefore, the realistic double-rough-surface model should be recommended to evaluate the sealing
performance of coring tools, particularly for high pressure conditions. The material properties of valves
have a significant effect on the contact characteristics of rough surfaces, which suggested that the actual
contact area decreases with the increase of the elastic modulus of the contact material under the same
loading conditions. The knowledge of this work could help to enhance the seal design of pressure
controllers for in-situ pressure-preserved coring.
© 2021 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

During the last decades, the Earth's shallow resources have
almost been exhausted due to the large-scale continuous exploi-
tation of natural resources, and it has become a major global
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demand to develop deep resources inside the earth (Abid et al.,
2015; Fulthorpe et al., 2018; Gao et al., 2021a; Gao et al., 2018;
Ingrid and Martin, 2018; Pang et al., 2015; Xie et al., 2019). Deep
resources exploitation, however, is quite different from the acqui-
sition of shallow resources, which is generally faced with extremely
complicated conditions, such as high geo-stress, high temperature,
high pore pressure and strong engineering disturbance (Gao et al.,
2020a, 2021b; Xie et al., 2020; Yang et al., 2020a,b). Such extreme
conditions pose huge challenges to the efficient and safe develop-
ment of deep resources since the traditional exploitation theory for
shallow resources does hold true in most cases (Gao et al., 2020b).
In this context, an in-situ condition-preserved coring (ICP-Coring)
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technology for deep reservoirs has been proposed recently, which
can provide a theoretical foundation and technical support for deep
resources development. (He et al., 2020; Wan et al., 2019; Xie et al.,
2020, 2021). As one of the key technologies, in-situ pressure-pre-
served coring (IPP-Coring) can not only maintain the initial for-
mation pressure state of the core, but also minimize the loss of oil
and gas components in the core, which helps to give more precise
estimations of in-situ formation parameters such as reservoir fluid
saturation and hydrocarbon content. Therefore, the development
and breakthrough of IPP-Coring technology is of great significance
for deep resources exploitation (Wu et al., 2020). Currently, the
existing pressure coring technology is mainly employed in the field
of petroleum geology and marine resources exploitation. Two
famous coring devices, Fugro Pressure Corer (FPC) and HY-ACE
Rotary Corer (HRC), have a maximum pressure-retained capacity
of around 25 MPa, while the pressure-retained capacity of the
Pressure Core Barrel (PCB) used in Deep Sea Drilling Project (DSDP)
can reach 35 MPa. The best performance coring device is Pressure
Core Barrel (PCS) with a pressure-retained capacity of 70 MPa,
which has been successfully applied in the Ocean Drilling Program
(ODP) (Chen et al., 2013; Dickens et al., 2000; He et al., 2020;Milkov
et al., 2004; Schultheiss et al., 2009). In contrast, the pressure-
retained coring tool developed by China Great Wall Drilling Com-
pany, namely GW-CP194-80A (Yang et al., 2020a,b), shows a
pressure-retained capacity of approximately 60 MPa in many tests
but without field application (Yang et al., 2020a,b). Technically
speaking, although many global achievements have been obtained
in the development of the pressure-retained coring technologies, it
remains challenging to develop high-performance pressure coring
tools with high reliability and bearing capacity to meet the coring
requirements of deep drilling, especially in complex formations
with ultra-high temperature and high pressure (Gao et al., 2021; He
et al., 2019; Lan et al., 2019; Li et al., 2021; Yu et al., 2020).

In the IPP-Coring system, the sealing performance of the pres-
sure controller is the key point to realize sufficient pressure-
bearing capacity under deep extreme conditions. The configura-
tion optimization of the pressure controller solely from the macro
level can hardly meet the harsh working environment in deep
reservoirs, and the mechanism investigation on the micro-contact
behavior of the rough surface proves to be a potential approach
to strengthen the sealing performance. Regarding to the micro-
contact mechanism of rough interfaces, Whitehouse and Archard
(1971) pointed out that the morphology altitude of most engi-
neering rough surfaces follows the Gauss distribution with an
exponential autocorrelation function. Hu and Tonder (1992) pro-
posed a new simulation method of three-dimensional rough sur-
face based on autoregressive (AR) time series model for micro-
contact behavior investigation, which can quickly generate
Gaussian or non-Gaussian rough surface with different statistical
parameters. To reveal the effect of surface roughness on the gas
pressure flow, Ren et al. (2010) simulated the random rough contact
surfaces with arbitrary shapes and analyzed the flow behavior of
two-dimensional leakage channels. Based on the Gauss distribution
function and the exponential autocorrelation function, Lyu et al.
(2015) reconstructed the rough surface model of metal gasket
sealing structure, and unraveled the influences of rough surface
characteristic parameters and contact pressure on the leakage rate
of sealing structure. However, the contact models used in the
previous literatures are usually simplified as the contact between a
rigid plane and a rough surface, which cannot fully reflect the
realistic contact behavior of two rough interfaces.

To reveal the realistic contact behavior of the valve sealing
interface of the pressure controller, this work first analyzed the
macro contact mechanical behavior based on the geometry
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configuration and the working principle of a pressure-retained
controller. Combined with the micro-contact theory of rough sur-
faces, a three-dimensional contact model considering the rough
sealing interface between the valve cover and the valve seat of the
pressure controller was constructed. Systematic numerical simu-
lations have been performed to investigate the micro-contact
behavior of the metal seal surfaces for different roughness cases,
based on which the relationship between the actual contact area of
the metal seal surface and the pressure loading was uncovered.
According to the practical engineering requirements, the influences
of different surface roughness and material properties on the
contact behavior of the sealing surface were further revealed,
which may provide a theoretical guidance to sealing design and
optimization of the in-situ pressure-retained controller under deep
extreme conditions.
2. Rough contact model construction of valve interface in
pressure-retained controller

2.1. Contact analysis of sealing interface of a new-designed pressure
controller

To meet the technical requirements of deep IPP-Coring, a nov-
elty pressure controller has been designed in our recent work based
on the principle of cone self-tightening seal, which is mainly
composed of a valve cover and a valve seat (Fig. 1a). When the in-
ternal core barrel is raised to a certain position, the valve cover will
be triggered to turn over, resulting in a rotation of the valve cover
from the vertical direction to the horizontal direction. Since a
sealing ring is installed between the valve cover and the valve seat,
there is a certain sealing clearance between the valve cover and the
valve seat. During the working process, the clearance of the sealing
interface will diminish gradually as the pressure acting on the valve
cover is continuously increased, by which the metal contact seal
ultimately works.

During the coring operation, when the IPP-Coring tool accom-
plishes the coring at the hole bottom, the initial seal is realized as
the valve cover closes under the action of the pre-tightening
component. The pre-tightening component mainly consists of a
spring and a spring barrel. The preload generated by the spring
forces the valve cover to close via the spring barrel (see Fig. 1b).
Once the IPP-Coring tool is lifted from the hole bottom to the
ground, the pressure difference between the interior and exterior of
the pressure chamber will be gradually increased due to the
decrease of external environmental pressure, so the pressure acting
on the pressure controller is also increased.

When themetal seal works on the contact interface between the
valve cover and the valve seat (see Fig.2a), a self-tightening conical
seal is ultimately formed, and such kind of sealing performance is
closely associated with the contact behavior of the metal seal sur-
face. Since the configuration of the valve cover is determined by the
intersection of a cylinder and a circular cone, the contact surfaces of
the controller are distributed on different curves of the same
conical mating surface. As shown in Fig. 2b, A and B are the two
limit states positions of the contact between the valve cover and the
valve seat on different cutting planes. The valve cover is subjected
to the hydraulic pressure inside the IPP-Coring tool, the bearing
force from the valve seat, the friction force on the sealing interface,
and the gravity. For the sake of simplification, the contact analysis
in this paper is only based on the requirement that the structural
strength of the valve cover meets the interior hydraulic pressure, so
the change of contact area caused by the elastic-plastic deformation
of the valve cover is ignored.



Fig. 1. Sealing principle of the pressure controller.

Fig. 2. Physical model of the sealing interfaces of pressure controller.
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2.2. Mathematical model of rough sealing interface reconstruction

The valve sealing of the pressure controller is essentially the
close contact between the metal surfaces of the seat and the cover.
Thus, the micro structure of the contact interface plays a significant
role in the sealing performance. Fig. 3 shows the micro topography
of the contact seal surface of the valve cover, which demonstrates
that the macro smooth contact of the metal sealing surface
essentially relies on the micro mechanical contact of rough
surfaces.

Generally, a rough-surface contact model is widely applied to
investigate the sealing behavior of sealing parts. A three-
dimensional rough surface is usually constructed based on statis-
tical principles and mathematical methods, which can be charac-
terized by two key factors. As shown in Table 1, one is the height
Fig. 3. Micro morphology of th
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distribution characteristics, including peaks and valleys, while the
other is the spatial distribution feature, which reflects the spatial
dependence of each point on the rough surface.

The amplitude parameters mainly reflect the height distribution
of rough surfaces. Specifically, the root mean square deviation Sq
represents the root mean square value of height distribution in the
sampling area, which is defined as

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
A
∬ Az

2ðx; yÞdxdy
r

(1)

Similarly, the arithmetic mean deviation Sa represents the
arithmetic mean value of the absolute value of the height within
the sampling area, which is defined as
e cover contact interface.



Table 1
Roughness characterization parameters.

Parameter type Parameter name and symbol

Amplitude parameters Root mean square height Sq; Arithmetic mean height Sa; Maximum height Sz; Skewness Ssk; Kurtosis Sku
Spatial parameters Autocorrelation length Sal
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Sa ¼ 1
A
∬ Ajzðx; yÞjdxdy (2)

The skewness Ssk indicates the symmetry of the probability
distribution of the surface height within the sampling area, and its
value reflects the degree of deviation from the center. In Gaussian
surface, Ssk¼0. When Ssk < 0, the surface height distribution has a
left skew associated with a sharp valley. When Ssk > 0, the surface
height distribution has a right skew associated with a sharp peak.
Its mathematical expression is

Ssk ¼
1
S3q

�
1
A
∬ Az

3ðx; yÞdxdy
�

(3)

The kurtosis Sku indicates the sharpness of the probability dis-
tribution of the surface height within the sampling area. More
extreme values of the surface height mean more peaks and valleys
on the surface, corresponding to a larger kurtosis, and vice versus.
In Gaussian surface, Sku ¼3. The mathematical expression of the
kurtosis is

Sku ¼
1
S4q

�
1
A
∬ Az

4ðx; yÞdxdy
�

(4)
Fig. 4. Numerical reconstruction scheme of rough sealing interfaces.
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Since the height distribution of each point on the rough surface
is not completely independent, the dependence of each point at
different positions can be represented by the autocorrelation
function (ACF). The mathematical expression of ACF is as follows

Rzzðk; lÞ¼ EfzðI; JÞzðIþ k; Jþ lÞg (5)

where E represents the mathematical expectation, and z (I, J) is the
height distribution sequence of rough surface, which is treated as a
discrete stationary random process. Besides, k and l are the corre-
lation distances in X and Y directions. In the case of traversal, ACF
can be expressed as:

Rzzðk; lÞ¼ 1
MN

XN�1
I¼0

XM�1
J¼0

zðI; JÞzðIþ k; J þ lÞ (6)

where M and N represent the number of points on the rough sur-
face in X and Y directions, respectively.

Spatial parameters are further obtained based on the autocor-
relation function, which can reflect the horizontal distribution
characteristics of rough surfaces. The autocorrelation length Sal
represents the length in the horizontal direction in which ACF de-
cays to a specific value (generally 0.1).

Sal ¼ min
tx;ty2R

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2x þ t2y

q �
;R¼��

tx; ty
	
: fACF

�
tx; ty

	� s



(7)

Where tx and ty are the horizontal components of the autocorre-
lation length.

Although the generation of rough surfaces is a random process,
the rough surfaces with the same height parameters are usually
regarded as equivalent surfaces. According to the previous studies
(Colak et al., 2007; Hu and Tonder, 1992; Mu et al., 2018), the sur-
face profile data of milling and grinding parts approximately fol-
lows the Gaussian distribution, and the probability density function
can be defined as follows:

pðzÞ¼ 1ffiffiffiffiffiffi
2p

p
s
exp

"
� ðz� mÞ2

2s2

#
(8)

Generally, the autocorrelation function of a rough surface agrees
well with the exponential autocorrelation function (Hu and Tonder,
1992; Masjedi and Khonsari, 2015). Thus, the exponential auto-
correlation function is also adopted in this study to construct rough
sealing surfaces for contact seal simulations. The exponential
autocorrelation function is defined as follows

Rðk; lÞ¼ s2 exp

8<
:� 2:3

"�
k
tx

�2

þ
�

l
ty

�2
#1=29=

; (9)

where s also known as root mean square roughness, is the standard
deviation of the surface height, tx and ty are the autocorrelation
lengths in X and Y directions, k and l are the distances of sampling
points in X and Y directions, respectively. Obviously, the spatial
distribution of rough surfaces is different with different autocor-
relation lengths. The rough surface is isotropic when tx ¼ ty, while
it is anisotropic if tx s ty.

Besides, the surface roughness of general engineering



Fig. 5. Reconstructed sealing surfaces with different roughness.

Table 2
Method validation for rough surfaces reconstruction.

Root mean square roughness s 0.1 0.2 0.3 0.4

Theoretical results of Ra 0.08 0.16 0.24 0.32
Reconstruction results of Ra0 0.0795 0.1606 0.2419 0.3183
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technology is generally characterized by the arithmetic mean de-
viation Ra (Ra¼Sa), and there is a specific relationship between s

and Ra (Zhao et al., 2006):

s¼1:25Ra (10)

In this study, inspired by the two-dimensional digital filtering
algorithm proposed by Hu (Hu and Tonder, 1992), a micro rough-
surface model of the contact interface is constructed by using the
specified exponential autocorrelation function and fast Fourier
transform (FFT). The numerical construction scheme of rough sur-
faces is shown in Fig. 4.

From the view of micro contact mechanics, the essence of micro
contact of rough surfaces is the physical contact between two as-
perities. According to the Hertz contact theory, for the sake of
simplification, two assumptions are made in the following nu-
merical modeling and analysis: (1) the interaction between two
adjacent asperities is negligible; (2) only elastic deformation is
considered in the contact process of rough surfaces.

3. Numerical simulation and analysis of contact
characteristics of valve sealing interfaces

Due to the fact that the sealing performance is directly affected
by the micro contact behavior of the metal sealing interface, the
micro surface roughness is one of the decisive impact factors of
contact seal performances for a specific metal material. In this
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paper, stainless steel 304 is selected as the metal material for the
rough-surface contact modeling.
3.1. Reconstructed models of contact surfaces with different
roughness

To modeling various rough surfaces with different roughness,
the root mean square roughness s was selected as 0.1, 0.2, 0.3 and
0.4, respectively. Four Gaussian rough surfacemodels with different
roughness were established by the isotropic surface method, and
the model size was set as 50 mm � 50 mm. According to the auto-
correlation function and the random array, the height data z (x, y)
was obtained by Fourier transform, and the amplitude matrix is
generated based on Gaussian distribution, which eventually can be
transformed into point cloud (x, y, z). The generated numerical
random surfaces with various roughness are shown in Fig. 5.

The above numerical rough surfaces can be discretized by
meshing, including 200 � 200 grids and 40401 nodes. The
approximate surface arithmetic mean deviation Ra0 is further
evaluated according to the height value of discrete points, which
shows a good agreement with the theoretical value Ra calculated by
Eq. (10) (see Table 2). Such an agreement demonstrates the validity
of our construction method of rough surfaces.

Based on the raw data of rough surfaces with different rough-
ness, the height distribution histograms of discrete points are
comparatively displayed in Fig. 6.

As shown in Table 3 and Fig. 6, the arithmetic mean deviation
Ra0 calculated from the constructed models agrees quite well with
the theoretical predictions of Eq. (10), and the height distribution
histograms of various rough surfaces are approximately consistent
with Gaussian distribution. Therefore, the generated rough surfaces
based on Gaussian distribution are practical and feasible. The 3D
solid model of a rough contact surface can be easily built as shown
in Fig. 7.



Fig. 6. Height distribution histogram of discrete points on different rough surfaces.

Table 3
Identification of contact surfaces with different roughness.

Contact surfaces A0 A1 A2 A3 A12 A13 A23

Root mean square roughness Rigid plane 0.1 0.2 0.4 0.2236 0.412 0.447

Fig. 7. 3D solid model of a rough surface.
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3.2. Effect of surface roughness on micro-contact behavior

To investigate the contact characteristics of micro rough sur-
faces, the contact between two rough surfaces is usually simplified
1339
as the contact between a rough surface and a rigid plane (Ciavarella
et al., 2006; Yang and Jackson, 2017; Wang et al., 2021). Based on
the Finite Element Method (FEM), the simplified micro-contact
model by considering a single rough surface can be established in
Fig. 8. The matrix material is stainless steel 304 with the elastic
modulus E¼200 GPa and the Poisson's ratio v¼0.3. The vertical
downward load is applied to the rigid plane, the bottom of the
domain is fully constrained, and the sides are symmetrically
constrained.

As illustrated in Fig. 9, the mean value surface is defined as the
virtual surface located on the average height coordinate (z¼ 0) of
the rough surface, and the initial distance between the rigid plane
and the mean value surface is set as h0 ¼ 3.0 mm.

Based on different roughness, the contact models containing a
rigid plane and a rough surface are established, and the displace-
ment load is applied to them. The actual contact area and the
required contact force F under different contact conditions are
calculated. The ratio of actual contact area to ideal contact area is
defined as a (area ratio for short), while the displacement variation
is H and the loading time is recorded as t.



Fig. 8. FEM-based contact model of a single rough surface.

Fig. 9. Schematic of the simplified hard-contact model with a single rough surface.
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As can be seen in Fig. 10, due to different roughness, the force
required for loading the same displacement is also different. The
larger the roughness is, the greater the force required for loading
the same displacement is. As the loading process goes on, the
contact force required to load the same displacement on the surface
with different roughness becomes closer. As can be seen from
Fig.11, because different rough surfaces have different peak heights,
the contact time between the rigid plane and the rough surface is
also different. With the increase of load, the ratio of actual contact
area to ideal contact area increases gradually. The period from 0.5 s
to 1.0 s is defined as the contact transition stage. When the loading
time t reaches 1.0 s, the contact surfaces with different roughness
have the same area ratio, and the loading displacement is equal to
the initial value 3.0 mm set between the rigid plane and the mean
plane. The contact position can be defined as the contact critical
point. With the same load, the actual contact area increases with
the increase of surface roughness before the contact critical point,
but decreases after it. In practical engineering, the area ratio should
be increased as much as possible to enhance the sealing
performance.
Fig. 10. Variations of the contact force and loading displacement of various recon-
structed contact surfaces versus loading time.
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Based on different contact area ratios, the variation of rough
surface topography with s¼0.1 is shown in Fig. 12. When the
contact area is small, there are many pores and micro leakage
channels can be formed between the contact surfaces. With the
increase of the load, the actual contact area ratio of rough surfaces
becomes larger and larger. The microporous channels formed be-
tween rough contact surfaces gradually decrease with the increase
of the contact area ratio, and the leakage channels gradually
decrease or even disappear, so that the leakage rate between con-
tact surfaces gradually decreases.
3.3. Comparative analysis and discussion of the realistic and the
simplified contact models

The contact law of rough surfaces can be analyzed by the
simplified contact model, but the influence of the simplification on
the real contact behavior of double rough surfaces and the con-
struction of microchannels between two rough surfaces has not
been studied in detail. Therefore, this paper compares the double
rough surfaces contact model and the simplified contact model.
According to the actual contact process of double rough surfaces, a
real contact model is established to study the contact behavior of
sealing interfaces with different roughness under different contact
gaps (Fig. 13). Stainless steel 304 is selected as the matrix material
with the elastic modulus E¼200 GPa and Poisson's ratio v¼0.3. A
vertical downward load is applied to the upper body, while a full
constraint is prescribed to the bottom of the lower body, and a
symmetric constraint boundary condition is applied to both sides of
the two contact bodies.

To simplify the contact model of double rough surfaces, it is
necessary to establish the contact model between a rigid plane and
an equivalent rough surface. In our models, the equivalent root
mean square roughness s0 of the equivalent rough surface is
defined as follows:

s0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s12 þ s22

q
(11)

Where, s1 and s2 are the root mean square roughness of the two
rough surfaces in the double rough surface contact model respec-
tively. In Table 3, A0 represents the contact surface of the rigid body,
while A1, A2 and A3 represent the real rough surfaces with a
roughness coefficient of 0.1, 0.2 and 0.4, respectively. The contact
surface A12 represents the equivalent rough surface determined by
the characterization coefficients of the surfaces A1 and A2. Similarly,
A13 is the equivalent rough surface associated with A1 and A3, and
A23 is the equivalent rough surface associated with A2 and A3. Ac-
cording to the contact surfaces with different roughness in Table 3,
the corresponding contact models can be established for



Fig. 11. Variations of the contact area ratio and loading displacement of various
reconstructed contact surfaces versus loading time.

Fig. 12. Variation of rough surface t
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comparative analysis as shown in Table 4.
The initial distance between contact surfaces in each group of

models is set to 3 mm, and the results are as follows (Fig. 14). Where
H is the displacement variation, Fa is the force required for the
rough solid to apply the displacement load, and Fb is the force
required for the rigid plane to apply the displacement load.

As shown in Fig. 14, when loading the same displacement, the
force required by the equivalent simplified contact model is twice
that of the realistic contact model with double rough surfaces. This
is because the contact force required by the loading displacement is
mainly caused by the elastic deformation of the rough solid model
itself, while there is only one elastic body in the simplified model,
and its deformation is twice that of the double rough surface
contact model. The effect of asperity deformation on the force is
negligible. Under the double pressure load, the contact area ratio of
the simplified contact model is still about 10% smaller than that of
the double rough surfaces contact model. However, the variation
curve of area ratio and load has an approximate slope, that is, it has
opography during the loading.



Fig. 13. Realistic contact model with double rough surfaces.
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an approximate changeable rule. Therefore, the simplified model
can reflect the change law of micro contact behavior of double
rough surfaces to a certain extent. If the simplified model is used to
evaluate the sealing performance through the actual contact area,
the load applied on the contact surface should be corrected, and the
specific correction method needs to be further discussed.

To study the sealing performance of the sealing interfaces, in
addition to the contact behavior analysis, it is also necessary to
analyze the internal microchannel area under the contact effect of
double rough surfaces, which helps to give a precise evaluation of
the sealing performance. Fig. 15 shows the comparison of the rough
surface morphology of the double rough surfaces contact model
and the simplified contact model in comparison groups (No. 1 and
No. 2) after the sealing interfaces contact. Fig.15a shows the contact
stress contour of the rough surface when the contact area ratio is
0.6, while Fig. 15 (b) shows the contact stress contour of the rough
surface when the contact area ratio is 0.4. By comparison, with the
same contact area, the contact stress of the rough surface in the
simplifiedmodel seems larger, which is attributed to the large force
applied to it. In the double-rough-surface contact model, the con-
tact stress on the rough surface is smaller with a relatively uniform
distribution, because the staggered distribution of random rough
peaks makes the initial contact area larger. Meanwhile, the double-
rough-surface contact model and the simplified model have
completely different surface contact morphology, which implies
that the simplified model cannot truly reflect the microchannel
structure between the sealing interfaces.

Compared with the real contact model with double rough sur-
faces, although the simplified hard-contact model with a single
rough surface can reflect the micro-contact behavior of the rough
surface to a certain extent, it cannot truly reveal the microchannel
Table 4
Construction of contact models with different specifications.

Different comparative groups Comparative
group 1

Comparative
group 2

Comparative
group 3

Double rough surfaces
Contact models

A1þ A2 A1þ A3 A2þ A3

Simplified rough surface
contact models

A0þ A12 A0þ A13 A0þ A23
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morphology between the sealing interfaces under pressure.
Therefore, the realistic contact model with double rough surfaces
should be used to analyze the metal sealing performance.

4. Contact performance analysis of pressure controller using
various manufacturing materials based on practical
engineering requirements

As a common structuring material, stainless steel 304 is often
used to process the sealing parts of pressure controllers (see
Fig. 16). However, in actual engineering, different materials are
usually selected to process the valve cover and the valve seat ac-
cording to the practical sealing requirements of different contact
surface combinations. The effect of material properties on micro-
contact behavior should be revealed. Based on the realistic con-
tact model with double rough surfaces, various contact models
with different material properties have been constructed and
analyzed in this section.

According to the characteristics of random distribution, two
rough surfaces with s¼0.2 are generated, which have the same
statistical parameters but different surface morphology. To
comparatively study the contact behaviors of different sealing in-
terfaces with different materials, stainless steel 304 was prescribed
to model the valve seat, while three metal materials, including
stainless steel 304 (E¼200 GPa, v¼0.3), aluminum alloy 7075
(E¼70 GPa, v¼0.3) and titanium alloy TC11 (E¼120 GPa, v¼0.3),
were selected for different valve covers modeling. The corre-
sponding double-rough-surface contact models were constructed
for analysis (Fig. 17), and the numerical simulation results are dis-
cussed as follows.

As can be seen from Fig. 18, when t¼ 0.5 s, two rough surfaces of
the sealing interfaces start to contact. With the increase of
displacement load, the actual contact area increases gradually. The
rough surfaces combination made of stainless steel 304 has a
relatively small actual contact area. But in general, with the same
displacement load, the combinations of rough contact surfaces with
different material properties have approximately equal actual
contact areas. As can be seen in Fig. 19, when the same displace-
ment is applied, the greater the elastic modulus of the material, the
greater the force required. In summary, the material properties of
valves have a significant effect on the contact characteristics of
rough surfaces. When the material properties of one rough surface
are determined, with the same force load applied, the larger the
elastic modulus of the other rough surface is, the smaller the actual
contact area is. On the premise of meeting the compressive
strength, the sealing performance can be improved to a certain
extent by properly selecting the material with low elastic modulus
to process the sealing parts.

5. Conclusions

To reveal the contact behavior of the valve sealing interface of
the pressure controller, this work has presented a 3D reconstruc-
tionmethod for contact surfaces with different roughness, based on
which a series of numerical simulations were conducted for micro-
contact mechanical analysis. The difference in contact characteris-
tics between the simplified and the real contact models was
comparatively discussed. The main conclusions are summarized as
follows:

(1) Based on the structure analysis and sealing principle of the
pressure controller, the numerical model of the micro rough
sealing interface can be reconstructed by using a two-
dimensional digital filtering algorithm, and the 3D finite
element models can be further established to analyze the
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contact characteristics of the sealing surfaces with different
roughness. With the increase of surface roughness, the actual
contact area of the sealing interface increases when the
loading is less than the critical contact pressure but de-
creases after the critical point. For practical engineering ap-
plications, it is suggested to enhance the contact area ratio as
high as possible for strong sealing performance.

(2) According to the comparative analysis of the simplified
contact model and the real contact model considering double
rough surfaces, the contact area ratio of the simplified model
is about 10% smaller than that of the double rough surfaces
contact model under the same loading displacement. A clear
discrepancy of contact morphology is also observed between
the simplifiedmodel and the elaboratedmodel. Although the
simplified model can reflect the general characteristics of
micro contact behavior of the double rough surfaces to some
Fig. 14. Comparison results of contact performances of re
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extent, it is difficult to reveal the real evolution process of the
micro-contact channels between the sealing interfaces.
Therefore, a real contact model considering double rough
contact surfaces should be recommended to analyze the
sealing performance of pressure controllers especially under
high pressure conditions.

(3) In addition to the interface roughness, the mechanical
property of the manufacturing materials, such as the elastic
modulus, has a significant effect on the contact performance
of the valve sealing interfaces. The actual contact area of the
rough surfaces will decrease with the increase of the elastic
modulus under the same loading conditions. When the ul-
timate strength of a pressure controller meets the practical
demands, the sealing performance can be improved to a
certain extent by selecting a suitable material with relatively
low elastic modulus for parts processing.
alistic contact models and simplified contact models.



Fig. 15. Comparison of contact area morphology between the realistic and the simplified contact models.

Fig. 16. Key components of the pressure controller.
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Fig. 17. Contact model with of different manufacturing materials.

Fig. 18. Variations of the contact area ratio and loading displacement of sealing in-
terfaces versus loading time for different contact materials.

Fig. 19. Variations of the contact force and loading displacement of sealing interfaces
versus loading time for different contact materials.
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