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Similarity analysis and numerical simulations are performed to investigate the effects of axial
force, material physical properties, and geometric shape of the conical structure on the sealing spe-
cific pressure. The results indicate that under a certain axial force, the conical structure can achieve
a high sealing specific pressure. However, the sealing specific pressure decreases with the increase
in the sealing surface diameter, sealing surface width, cone angle, and friction coefficient. In terms
of material physical properties, the sealing specific pressure increases with the increase in Young’s
modulus of the upper cone, while other performance parameters have little effect on the sealing
specific pressure. In addition, by using similarity analysis, a semi-empirical analytical expression
model is proposed to represent the dependence of sealing specific pressure on the axial force, friction
coefficient, material physical properties, and geometric properties of the conical structure.
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1. Introduction

Valves, as important components of process fluid systems, are widely used in industries, such
as petroleum, chemical, aerospace, etc. Their sealing performance directly affects the effective-
ness of the entire pipeline control system, which has been the focus of research (Deng et al.,
2023; Chen et al., 2024). There are various types of valve seals, mainly including plane seals,
spherical seals, curved seals, and conical seals. And with the development of numerical calcu-
lations, scholars have studied the influence of different factors on the sealing pressure of valves
(Song & Zheng, 2013; Wang et al., 2024a; Kwak et al., 2019; Peng et al., 2021; Abbasov et al.,
2021; Zhao et al., 2022; Yuvaraj & Arunkumar, 2025).

Li et al. (2023) conducted the sensitivity analysis of sealing structure parameters and de-
termined the optimum size of the valve. The results show that the sealing performance of the
valve was significantly improved after optimization. Yang et al. (2020) analyzed the influence of
parameters such as the maximum interference fit and taper of the sealing ring contact surface on
the sealing contact stress, and found that increasing the interference fit and taper is beneficial for
improving the sealing performance. Wu et al. (2010) proposed a deep high-pressure conical valve
based on a polyether ether ketone seat sealing structure and studied the sealing performance of
the new valve. The results show that the new valve has better sealing performance. Jayanath
et al. (2016) conducted a finite element analysis of the contact stress on nitrile rubber seals
for valves, and their experimental results were found to be consistent with the finite element
analysis results. Lin et al. (2022) analyzed the influence of sealing pair structure dimensions and
medium pressure on sealing pressure. Wang et al. (2024b) propose a design scheme for an outer
conical sealing structure to address the shortcomings of the conical sealing structure. The ad-
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vantage of its sealing principle is that it not only ensures the sealing effect, but also reduces
processing difficulty. Wu et al. (1992) analyzed the force state of the conical sealing pair and
derived the relationship between the axial force and cone angle of the sealing pressure. However,
this relationship ignores the fact that different conical sealing pairs will undergo different defor-
mations under different axial forces, resulting in changes in the stress state. In addition, some
researchers (Gorash et al., 2016; Romanik et al., 2019; Kwak et al., 2019; Li et al., 2024) have
also conducted research on the design and performance of valve sealing structures, and obtained
the sealing contact pressure under different working conditions.

In summary, researchers have made some progress in the design and performance of valve
sealing structures. However, further research is needed on the sealing-specific pressure model of
conical structures. On the one hand, although the theoretical formula for sealing specific pressure
was established in early stages, the theoretical assumptions are too simplistic due to the deforma-
tion of the conical structure under axial force, resulting in significant deviations in calculations.
On the other hand, previous simulation studies have only considered the influence of a small
number of factors on the sealing specific pressure, making it difficult to obtain the functional
relationship between the sealing specific pressure and various factors. Therefore, the purpose of
this study is to investigate the quantitative dependence of sealing specific pressure on the axial
force, friction coefficient, material physical properties, and geometric properties of the conical
structure, so as to further guide the design of valve seal structure.

2. Similarity analysis of sealing specific pressure for conical structure

The sealing problem for a conical structure under axial force is illustrated in Fig. 1. When
the upper cone is compressed against the lower cone by an axial force, the two cones undergo
certain deformation and form a sealing surface with a certain sealing specific pressure, thereby
achieving the sealing effect. In the following analysis, the sealing specific pressure for a conical
structure under such axial force is derived using similarity analysis.

\at-
\

Fig. 1. Schematic diagram of conical structure: 1 — upper cone; 2 — lower cone.

Obviously, the specific sealing pressure for a conical structure depends on the axial force,
the physical properties of material, and the geometric properties of the conical structure. There-
fore, the sealing specific pressure p can be written as

b= f(Fa Da ba 97#3 E17E2avlav2apla P2, 01702)a (21)

where F' is the axial force, D is the sealing surface diameter, b is the sealing surface width, 6 is
the cone angle, u is the friction coefficient, £ and v; are Young’s modulus and Poisson’s ratio
of the lower cone, respectively. Fo and v9 are Young’s modulus and Poisson’s ratio of the upper
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cone, respectively, p; and po are the densities of the upper cone and lower cone, respectively,
o1 and o9 are the yield strengths of the upper cone and lower cone, respectively.

The sealing problem for a conical structure under axial force is a static problem, so the inertia
effect is not considered. The gravity of the upper cone is much smaller than the axial force, so
the influence of cone gravity on the sealing specific pressure is negligible. In other words, it can
be assumed that p is independent of p; and ps. Additionally, to ensure the strength reliability of
the conical sealing structure, the stresses on both cones should be less than the yield strength
of the materials, so the yield strength has almost no effect on the change in the sealing specific
pressure, which means that p can be regarded as independent of o1 and o9. Therefore, Eq. (2.1)
can be simplified as

p:f(F7D7b797,u7E17E277)177)2)‘ (22)

In the conical sealing structure, Young’s modulus of the lower cone is larger than that of
the upper cone. When the upper cone is compressed against the lower cone by axial force, the
upper cone undergoes more deformation than the lower cone, causing the area of the contact
surface to change, which is consistent with the subsequent simulation results. The changes in
Young’s modulus and Poisson’s ratio of the lower cone in a certain range have little effect on
the deformation and thus on the area of the contact surface. Therefore, the influence of Young’s
modulus and Poisson’s ratio for the lower cone on the specific sealing pressure can be ignored.
Equation (2.2) can be rewritten as

b= f(F7D7b797,U’7 EQ)UQ)' (23)

According to Barenblatt (1996), in the MLT (corresponding to mass, length, and time) class
of systems of units, the dimension of each quantity involved in Eq. (2.3) can be defined as follows:

dimp = ML™!T~2, dim F = MLT 2,
dim D =dimb =L, dimf = dim p = 1, (2.4)
dim Fy = ML™'T2, dimwy = 1.

It is straightforward to verify that the dimensions of ' and D are independent. By considering
these two variables as the basic system determining the independent variable, the remaining de-
pendent variables in Eq. (2.4) can be expressed as

dimp = dim (F/D?),  dimb = dim D,
dim p = dim 6 = dimwvy = 1, (2.5)
dim Ey = dim (F/D?).

Therefore, by using the Buckingham Pi theorem, Eq. (2.3) can be written in the following
dimensionless form:

IT= f(Hla H27H37H47H5)7 (26)

where f is an arbitrary function and

p
M=
F/D?’

I = —, II; =0, I3 = p, I14

H5 = V2.

S| =
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By substituting Eq. (2.7) into Eq. (2.6), we get

P _ b B2
F/Dg_f<D797,u7F/D27’U2>' (28)

One can see that there are now five dimensionless arguments in Eq. (2.8), which can be
simplified further by using incomplete similarity or the second type of self-similarity (Barenblatt,
1996).

First, the dimensionless parameter II; is analyzed. The sealing surface width used in this
study is b = 0.4-2 mm, the sealing surface diameter is D = 4-20 mm, and there is II; = 0.02-0.5.
Moreover, when other parameters remain constant, the larger the sealing surface width b, the
larger the contact area between the two conical surfaces, and the smaller the sealing specific pres-
sure p. According to Barenblatt (1996), in traditional “physical level” discussions, the parameter
IT; should be considered essential. This indicates that II may have incomplete self-similarity or
similarity of the second type in the dimensionless parameter 1I;. In other words, assuming that
a function f; has an arbitrary power law-type asymptotic expression, Eq. (1.6) can be written
in the following simplified form:

I =117 f1 (I, I3, 114, 115, (2.9)

where « is an undetermined constant exponent.

Secondly, regarding the dimensionless parameter Iy and I13, we have Iy = 50°-90° and II3 =
0.3-0.38 in this study. According to the force analysis of the conical sealing structure, it can be
concluded that for Ils, when other parameters remain constant, as the cone angle increases, the
normal stress on the contact surface decreases and the sealing specific pressure decreases, which
is consistent with the subsequent simulation results; for II3, when other parameters remain
constant, as the cone angle increases, the normal stress on the contact surface decreases and the
sealing specific pressure decreases, which is consistent with the subsequent simulation results.
As in the analysis for I, II has incomplete self-similarity or similarity of the second type in
the dimensionless parameters IIs and II3. Therefore, Eq. (2.9) can be written in the following
simpler form:

IT = I 1 103 f (T4, 105), (2.10)

where fy is an arbitrary function, and «, 3, v are three undetermined constant exponents.

Finally, regarding the dimensionless parameter Iy, with ' = 200N, FE, = 2.67 GPa, and
D = 8 mm, we have II; = 854, which is much greater than 10. However, when Young’s modulus
F» decreases within a certain range, the increase in contact area leads to an increase in the
sealing specific pressure p, which will not approach a constant. According to Barenblatt (1996),
this indicates that II may have incomplete self-similarity or similarity of the second type in the
dimensionless parameter II4. Then Eq. (2.10) can be expressed as

11 = I I T 117 f3 (1T5), (2.11)

where f3 is an arbitrary function, and «, 3, 7, 1 are four undetermined constant exponents.
Substituting Eq. (2.7) into Eq. (2.11) yields

F/pD2 N (lI;)aeﬁ‘ﬂ <F712)2>nf3(“2)' (2.12)

The function f3(v2) and the four undetermined constant exponents «, 3, v ,n will be deter-
mined based on the following numerical results.
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3. Numerical simulation

3.1. Simulation model

The sealing specific pressure of the conical structure under axial force was investigated using
ANSYS-WORKBENCH. The conical structure is an axisymmetric structure, so the model is
simplified to a 1/2 model. The upper cone material is aluminum alloy 2A14. The lower cone
material is 20Cr13, and the physical properties of the material are shown in Table 1. Additionally,
grid partitioning is a crucial step in simulation analysis, where grid quality has a significant
impact on the accuracy and precision of the simulation analysis. In order to ensure sufficient
accuracy of the calculation results, the mesh of the contact area was encrypted with a mesh size
of 0.02mm, as shown in Fig. 2a. The contact surface is set to frictional contact. The bottom
boundary of the lower cone is set as a fixed support to prevent the lower cone from moving. The
displacement constraint of the upper cone surface in the X- and Z-directions is 0 mm, and only
axial movement is allowed. Axial force is applied to the upper cone surface to ensure sealing, as
shown in Fig. 2b.

Table 1. Physical properties of material.

Material | p [kg/m?] | E [GPa] v os [MPa]
2A14 2800 72 0.33 380
20Cr13 7750 200 0.3 540

| 2024/7/30 904

. Symmetry Region
[BJ Force: 1000. N
lg Displacement
. Fixed Support

Fig. 2. Simulation model of cone seal structure: (a) grid distribution; (b) boundary conditions.

3.2. Numerical results and discussion
3.2.1. Dependence of sealing specific pressure on axial force

To study the effects of axial force on sealing specific pressure, for an axial force range of
500 N to 2000 N, we numerically simulated a conical structure with a diameter of D = 12mm,
width of b = 0.8 mm, and angle of § = 50°. In all of these numerical simulations, the friction
coefficient was p = 0.2.

Figure 3 shows the equivalent stress distribution of the conical structure under an axial force
F = 2000N. In Fig. 3, it can be seen that the maximum equivalent stresses of the upper and

() (b)B

L] i
Unit: MPa Unit: MPa
Time:1 Time: 1
2024/7/29 1617 202477129 1624

126.85 Max 314.03 Max
11276 279.63
98.672 24522
84583 21081
70.494 1764

56406 14199
42317 107.58
28.228 73176
14139 38768

0.050551 Min 4.3596 Min

Fig. 3. Equivalent stress distribution of conical sealing structure: (a) upper cone; (b) lower cone.
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lower cones are 126.8 MPa and 314 MPa, respectively, both of which are lower than the yield
strength of the material. In addition, the equivalent stress in the middle part of the contact
surface is relatively small, while the equivalent stress in the upper and lower boundary parts is
relatively large. Figure 4 shows the equivalent strain distribution of the conical structure under
an axial force F' = 2000 N. In Fig. 4, it can be seen that the maximum strains of the upper and
lower cones are 0.0018 mm/mm and 0.0016 mm/mm, respectively, and the deformation of the
upper conical surface is relatively large. Figure 5 shows the sealing-specific pressure distribution
on the sealing contact surface under an axial force of F' = 2000 N. In Fig. 5, it can be seen that
the sealing specific pressure of the conical structure is relatively small in the middle of the sealing
band, with the highest values at the upper and lower boundary positions, about 298 MPa, and
the positions of the maximum stress and maximum deformation correspond to the positions
of the maximum sealing specific pressure.

(a)

0001272
00010934
000091477
000073618

00014171
00012143
00010124

000081008
000060774
—{ 00004054

000020305
7.1221e-7 Min

000037899
000020039
2.18e-5 Min

Fig. 4. Strain distribution of conical sealing structure: (a) upper cone; (b) lower cone.

Fig. 5. Sealing specific pressure on the contact surface.

To obtain a general rule for the dependence of the sealing specific pressure on the axial force,
additional numerical simulations with various values of F' were conducted. The numerical results
are presented in Table 2. One can observe that with an increase in the axial force, the stress and
sealing specific pressure of the conical structure also increase. Under the action of the axial force
F = 2500 N, the stress of the conical structure with D = 12mm, b = 0.8 mm, and 6 = 50° is less
than the yield strength of the material, indicating high reliability.

Table 2. Sealing specific pressure of conical sealing structure under different axial forces.

F [N] | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]

500 36.7 99.1 87.7
1000 67.2 184.4 162.2
1500 98.1 270.1 236.6
2000 126.8 314.0 298.1

2500 178.3 367.4 355.4
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3.2.2. Dependence of sealing specific pressure on sealing surface diameter

To study the effects of the sealing surface diameter on sealing specific pressure, numerical
simulations for conical sealing structures with various sealing surface diameters (D = 4 mm,
8mm, 12mm, 16 mm, and 20 mm) were conducted with the width of b = 0.8 mm, and angle of
0 = 70°. In all of these numerical simulations, the axial force was F' = 2000 N and the friction
coefficient was p = 0.2.

The sealing specific pressure for different sealing diameters is shown in Table 3. According to
Table 3, as the sealing surface diameter increases, the stress and sealing specific pressure of the
conical structure gradually decrease. The sealing specific pressure of the conical structure with
a sealing surface diameter of D = 4 mm is the highest, at 640 MPa, which is 3.1 times the sealing
specific pressure of the conical structure with a sealing surface diameter of D = 20mm. This
is because, under the same axial force, a smaller sealing surface diameter results in a smaller
contact area, leading to a higher sealing specific pressure.

Table 3. Sealing specific pressure of conical structures with different sealing surface diameters.

D [mm] | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
4 294.4 627.0 660.0
8 145.8 325.3 371.0
12 99.2 227.5 264.9
16 80.0 183.8 221.9
20 69.6 163.5 205.6

3.2.8. Dependence of sealing specific pressure on sealing surface width

To study the effects of the sealing surface width on sealing specific pressure, numerical
simulations for conical structures with various sealing surface widths (b = 0.4mm, 0.8 mm,
1.2mm, 1.6 mm, and 2mm) were conducted with a diameter of D = 0.8 mm, and an angle of
0 = 70°. In all of these numerical simulations, the axial force was F' = 2000 N and the friction
coefficient was p = 0.2.

The numerical results of sealing specific pressure for conical structures with different sealing
surface widths are shown in Table 4. In Table 4, one can see that as the sealing surface width
increases, the stress and sealing specific pressure of the conical structure gradually decrease. This
is because under the same axial force, a smaller sealing surface width will result in a smaller
contact area, leading to a higher sealing specific pressure.

Table 4. Sealing specific pressure of conical structures with different sealing surface widths.

b [mm] | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
0.4 138.8 326.4 348.7
0.8 99.2 227.5 264.9
1.2 84.2 214.5 223.6
1.6 75.6 173.6 207.4

2 68.9 160.1 195.6

3.2.4. Dependence of sealing specific pressure on cone angle

To study the effects of the cone angle on sealing specific pressure, numerical simulations for
conical structures with various cone angles (0 = 50°, 60°, 70°, 80°, and 90°) were conducted with
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the diameter of D = 0.8 mm, and width of b = 12mm. In all of these numerical simulations, the
axial force was F' = 2000 N and the friction coefficient was p = 0.2.

The numerical results of sealing specific pressure for conical structures with different cone
angles are shown in Table 5. According to Table 5, the stress and sealing specific pressure of
the conical structure gradually decrease with the increase in the cone angle. This is because
under the same axial force, the increase in the cone angle reduces the normal stress on the
contact surface, resulting in a decrease in sealing specific pressure, which is consistent with the
theoretical analysis results.

Table 5. Sealing specific pressure of conical structures with different cone angles.

6 [°] | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
50 126.8 314.1 298.1
60 111.2 284.1 286.5
70 99.2 227.5 264.9
80 89.2 218.2 246.2
90 81.3 209.1 235.6

3.2.5. Dependence of sealing specific pressure on friction coefficient

To study the effects of the friction coefficient on sealing specific pressure, numerical sim-
ulations for conical sealing structures with various friction coefficients (u = 0.1, 0.2, 0.3, 0.4,
and 0.5) were conducted with a diameter of D = 0.8 mm, a cone angle of # = 50°, and a width
of b = 8 mm. In all of these numerical simulations, the axial force was F' = 2000 N.

The numerical results of sealing specific pressure for conical structures with different friction
coeflicients are shown in Table 6. According to Table 6, the stress and sealing specific pressure
of the conical structure gradually decreases with the increase in the friction coefficient. This
is because under the same axial force, the increase in the friction coefficient reduces the nor-
mal stress on the contact surface, resulting in a decrease in sealing specific pressure, which is
consistent with the theoretical analysis results.

Table 6. Sealing specific pressure of conical structures with different friction coefficients.

w | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
0.1 157.2 361.3 336.2
0.2 126.8 314.0 298.0
0.3 128.3 328.9 270.7
0.4 130.5 308.6 240.1
0.5 135.7 291.7 2154

3.2.6. Dependence of sealing specific pressure on Young’s modulus and Poisson’s ratio

To study the effects of Young’s modulus and Poisson’s ratio on sealing specific pressure,
numerical simulations for conical sealing structures were conducted with the diameter of D =
0.8 mm, cone angle of § = 50°, and width of b = 8 mm. In all of these numerical simulations, the
axial force was F' = 2000 N and the friction coefficient was pu = 0.2.

The influence of Young’s modulus (E2 = 100 GPa, 120 GPa, 150 GPa, 180 GPa, and 200 GPa)
of the upper cone on the sealing specific pressure was first analyzed. The numerical results of
sealing specific pressure for different Young’s modulus of the upper cone are shown in Table 7.
According to Table 7, the sealing specific pressure of the conical structure gradually increases
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Table 7. Sealing specific pressure of conical structures with different Young’s modulus.

E, [GPa] | Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
100 135.8 370.8 325.6
120 139.6 377.8 333.6
150 144.9 389.2 347.5
180 150.0 399.4 358.3
200 153.2 405.7 364.8

with the increase in Young’s modulus of the upper cone. This is because under the same axial
force, the increase in Young’s modulus of the upper cone causes less deformation, resulting
in a smaller contact area and an increase in sealing specific pressure. In addition, the influence
of Poisson’s ratio (v = 0.3, 0.32, 0.34, 0.36, and 0.38) of the upper cone on the sealing specific
pressure was analyzed. The numerical results of sealing specific pressure for different Poisson’s
ratios are shown in Table 8. According to Table 8, with the increase in Poisson’s ratio of the
upper cone, the change in sealing specific pressure is relatively small, at approximately 4 MPa,
which can be almost ignored.

Table 8. Sealing specific pressure of conical structures with different Poisson’s ratio.

Vg Upper cone stress [MPa] | Lower cone stress [MPa] | p [MPa]
0.3 156.9 407.1 366.2
0.32 154.4 406.2 365.3
0.34 152.0 405.2 364.4
0.36 149.8 404.1 363.5
0.38 147.7 403.1 362.6

4. Semi-empirical analytical expression for sealing specific pressure

To determine the model constants «, 3, v, n, and the function f3(ve) in Eq. (2.12), the
numerical results derived above are used. Numerical fitting of these numerical results will be
conducted using the Levenberg—Marquardt optimization algorithm.

Firstly, in Table 8, one can see that within a certain range, the change in Poisson’s ratio of
the upper cone has a relatively small impact on the sealing specific pressure and can be ignored.
Therefore, when other parameters (axial force, sealing surface diameter, sealing surface width,
cone angle, friction coefficient, Young’s modulus of upper cone) remain unchanged, f3(vs) can
be written in the following form:

fa(v2) = ¢, (4.1)
where c is a constant. Therefore, substituting Eq. (4.1) into Eq. (2.12) yields
P b @ 8 E2 K
L= 0w . 4.2
wi =< (5) 0 (575 2

The parameters in Eq. (4.2) were determined by fitting the above simulation results. The
fitting results and model parameters are shown in Fig. 6 and Table 9, respectively. Therefore,
the sealing specific pressure of the conical structure can ultimately be expressed as

. 0.72F%7 92
D1-12j0.4690.44 ,0.25

(4.3)
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Fig. 6. Sealing specific pressure versus (a) axial force, (b) sealing surface diameter, (c) sealing surface

width, (d) cone angle, (e) friction coefficient, and (f) Young’s modulus.

Table 9. Parameters of the model.
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5. Conclusions

In this study, similarity analysis and numerical simulations were conducted on the relation-
ship between the sealing specific pressure and various factors for the conical structure under
axial loading, specifically involving axial force, cone angle, sealing surface width, sealing surface
diameter, and physical properties of materials. The main conclusions are as follows:

1)

1.

based on the similarity theory, a semi-empirical analytical expression for the sealing specific
pressure of the conical structure was obtained, which can well predict the dependence of the
sealing specific pressure on axial force, material physical properties, and the geometric
shape of the conical structure (cone angle, sealing surface width, sealing surface diameter),
in addition to the influence of the geometric shape of the conical structure on the sealing
specific pressure, the friction coefficient also has a significant impact on the sealing specific
pressure, which requires us to ensure that the conical surface has appropriate roughness
when being processed,

in the metal conical structure, Young’s modulus of the upper cone has a significant impact
on the sealing specific pressure, which has guiding significance for the selection of conical

structure materials.
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