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Abstract: This paper aims to study the sealing performance of the Y-sealing ring of
the 140MPa throttle valve at high temperature, normal temperature and low
temperature. We conducted a lot of research on the seal material according to the
operating conditions of the throttle valve, and finally selected PTFE and its derivatives
as the alternative materials for the Y-sealing ring. Firstly, uniaxial tensile tests were
carried out on PTFE and its derivatives at 180℃, -46℃ and normal temperature.
Respectively, we obtained the stress-strain curves of PTFE and its derivatives. Then,
the influence of the lip interference, the lip front foot and the lip rear foot on the
sealing performance of the Y-sealing at the throttle valve base under the pressure of
20000psi (140MPa) was simulated on the ABAQUS software. Then, the Y- sealing ring
at the throttle valve stem is analyzed according to the material of the sealing material
selected at the base, and the contact stress change of the inner lip of the Y- sealing
ring was analyzed from the two aspects of the movement direction and speed of the
valve stem. Finally, we concluded the Y-sealing ring material suitable for the 140MPa
throttle valve used in high temperature and low temperature conditions, as well as the
optimal lip interference, lip front angle, lip rear foot and the optimal movement speed
of the valve stem downstroke.
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1. Introduction
As one of the green, economical, safe and reliable gas, natural gas will inevitably use
various valves in its mining process[1]. Valves are widely used in electric power,
petroleum, chemical, environmental protection and other industries, and their sealing
performance is particularly important. It not only requires valves to have high wear
resistance and strong corrosion resistance, but also ensures that they can be used in
complex working conditions such as high temperature, high pressure and low
temperature[2]. The failure modes of the 20000psi (140Mpa) throttle valve studied in
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this paper mainly include: (1) failure of non-metallic seals; (2) erosion of small holes
in the outer cage; (3) erosion of the surface of the plunger; (4) broken valve stem.
Figure 1 shows the failure of the internal parts of the throttle valve, of which the failure
of non-metallic seals is the most common failure form[3].

Fig. 1 Throttle valve failure parts
2. Sealing mechanism
The main forms of seal failure are puncture leakage, leakage and diffusion. Puncture
leakage means that the fluid medium on both sides of the sealing ring leaks through
the gap of the sealing surface under the action of the pressure difference, and the
leakage direction is from high pressure to low pressure. Leakage refers to the capillary
phenomenon of the high-pressure sealing fluid medium under the influence of the
surface tension of the fluid, resulting in leakage, and the leakage direction is one-way.
Diffusion is the effect of the concentration difference between the sealing fluid medium
and the external fluid medium, which causes the sealing fluid to transfer the fluid
medium from the high-concentration fluid to the low-concentration fluid through the
sealing surface gap.
2.1 Static sealing mechanism
For ultra-high pressure throttle valves, the form of seal failure is mainly puncture
leakage caused by ultra-high pressure. In order to ensure the reliability of the seal,
when processing the sealing surface (sealing groove) and the sealing ring, the surface
roughness of both has stricter requirements, but absolute smoothness only exists in
an ideal state. As shown in Figure 2, in the microscopic state, there are still unevenly
distributed protrusions or depressions on the surfaces of the two.

Fig. 2 Microscopic surface of sealing surface
The machined metal surface has tiny "peaks" and "valleys", and when the metal
surfaces fit perfectly, there will have micron-sized channels, whose size depends on
the ability of the two contact surfaces to fill each other's depressions. Through
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experiments, Thomast.T.R[4] and Probert.S.D[5] et al. obtained that the heights of
the peaks and valleys of the roughness of the machined surface are in the range of
10-4~10-2, and more than 90% of the peaks have a slope of 1°~4°. Based on the
above experimental results, Roth established a seal leakage model and carried out a
large number of experimental verifications. Roth assumed the cross-sectional shape
of the leakage channel to be an isosceles triangle with a base angle of α=4°, as shown
in Figure 3[6].

Fig. 3 Roth Seal Theory Model
2.2 Dynamic sealing mechanism
The sealing mechanism of the reciprocating dynamic seal includes the reciprocating
fluid surface tension theory, the boundary lubrication theory and the hydrodynamic
sealing theory, among which the fluid dynamic sealing theory is the most common.
The Reynolds equation is the most basic equation of hydrostatic lubrication and sealing
theory, and its expression is as follows:
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In the formula: h - Oil film thickness; 𝜂- Fluid viscosity; p - Oil film pressure; x, y-Fluid
coordinates; v - The speed of the uniform movement of the string.
The sealing ring of the throttle valve is in the process of reciprocating dynamic sealing,
and the cross section of the sealing ring is an axisymmetric figure. Selecting the
dynamic seal section at a certain moment of axial movement of the seal ring, and its
one-dimensional Reynolds equation (the interaction relationship between the oil film
between the dynamic seal sections is not considered here) is expressed as follows:
3
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In the formula: v - Stem uniform movement speed ; C-Integral constant.
The film thickness of the sealing surface stroke in the reciprocating seal is related to
the fluid viscosity η, the moving speed v, and the pressure gradient wM. The fluid
viscosity η and the moving speed v are determined by the working conditions and the
lubricating medium, and the pressure gradient 𝑤𝑀 mainly depends on the geometric
model of the sealing structure and the mechanical properties of the sealing material.
Therefore, in order to increase the film thickness of the sealing interface to ensure
that the lubricating medium is not easily taken away, the sealing ring should obtain
the smallest 𝑤𝑀 as possible.
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Fig. 4 The pressure distribution and velocity distribution of the sealing interface
when the sealing ring moves[7]
3. Seal material
3.1 PTFE and its derivatives
PTFE (polytetrafluoroethylene) is an engineering plastic with a very high molecular
weight. R.S. Plunkett[8] synthesized polytetrafluoroethylene in 1938, and PTFE has
also developed rapidly in recent years, and widely used in petroleum, chemical and
pharmaceutical fields due to its excellent properties. However, PTFE as a sealing
material, there are disadvantages such as easy cold flow, poor creep resistance, poor
thermal conductivity, and insufficient strength. The properties of PTFE can be
effectively improved by adding different fillers[9]. In this paper, carbon fiber and glass
fiber were filled into the PTFE in different proportions to obtain PTFE derivatives, and
their influence on the sealing performance of Y-shaped sealing ring under high, low
temperature and high pressure conditions has been studied. The materials studied in
this paper are PTFE, PTFE+5% carbon fiber (5C-PTFE), PTFE+5% carbon fiber+5%
glass fiber (5C5G-PTFE), PTFE+10% carbon fiber (10C-PTFE), PTFE+10% carbon
fiber +10% glass fiber (10C10G-PTFE)[10][11].
3.2 Uniaxial tension and compression experiments
In this paper, the finite element analysis will be carried out by ABAQUS software. The
stress-strain data obtained by the uniaxial tensile test (Uniaxial), biaxial tensile test
(Biaxial) and plane shear test (Planar) were imported into the ABAQUS software to
obtain an accurate constitutive model of the hyperelastic material. The normal
temperature tensile test was completed on the WSM-20KN microcomputer-controlled
electronic universal testing machine, and the high and low temperature tensile test
was completed on the Zwick-Roell high and low temperature tensile testing machine.
The experimental equipment is shown in Figure 5.
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Fig. 5 Experimental equipment
We conducted uniaxial tensile tests on the above five materials at normal temperature,
-46°
C and 180°
C, with 5 specimens for each temperature. The specimens has been
kept warm in the environmental box for a period of time before the tensile test; the
tensile speed was 10 mm/min until the specimen was broken.

Fig. 6 Specimens
(From top to bottom are PTFE,5C-PTFE,5C5G-PTFE,10C-PTFE,10C10G-PTFE)
The stress-strain data results after the tensile test are shown in Fig. 7, the tensile
strength is shown in Fig. 8, and the elongation at break is shown in Table 1. Due to
the limited size of the environmental chamber, the stretching was stopped after the
high temperature stretching reached the limit (strain reached 150%).

(a)-46℃

(b)20℃
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(c)180℃
Fig. 7 Stress-strain curve of PTFE and its derivatives

Fig. 8Tensile strength curve of PTFE and its derivatives
It can be seen from Figure 8 that the tensile strength of PTFE material decreases with
the increase of temperature; at the same temperature, the tensile strength increases
with the increase of carbon fiber content, but the tensile strength of PTFE-derived
material with the same proportion of glass fibers will decrease. At the three
temperatures, 10C-PTFE has the highest tensile strength.
Table 1 Elongation at break of PTFE and its derivatives
PTFE

5C-PTFE

5C5GPTFE

10CPTFE

10C10GPTFE

-46℃

30.48%

31.05%

30.61%

34.66%

30.95%

20℃

225.82% 237.66% 219.17% 254.62% 208.96%

180℃

/

/

/

/

128.68%

It can be seen from Table 1 that the elongation at break of PTFE and its derivatives in
a low temperature environment is greatly reduced, and the more carbon fibers
contained, the elongation at break increases. Under the condition of -46℃, the tensile
elongation at break of the PTFE-derived after adding glass fiber at the same time
decreases, but it is slightly higher than that of the PTFE; at normal temperature, the
tensile elongation at break of the PTFE-derived after adding glass fiber somewhat
reduced, but lower than that of PTFE. Under the condition of 180℃, except for the
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10C10G-PTFE, the rest of the materials were not broken. At the three temperatures,
the elongation at break of 10C-PTFE is the largest.
4. Research on sealing performance
The schematic diagram of the installation of the internal sealing ring of the throttle
valve studied in this paper is shown in Figure 9. The seal at 1 is installed on the base,
which is a high-pressure static seal. The seals at 2 and 4 are installed inside the gland
in cooperation with the valve stem, which are high-pressure dynamic seals. The seal
at 3 is installed on the outer edge of the gland, which is a high-pressure static seal.

Fig. 9 Schematic diagram of sealing ring installation
4.1 Numerical study of Y-shaped sealing ring at the base

Finite element model of Y-shaped sealing ring at the base
Select the plane axisymmetric numerical simulation model in ABAQUS software. The
finite element model of the seal at the base is shown in Figure 10.

Fig. 10 The finite element model of the seal at the base
The finite element model of seal 1 makes the following assumptions: (1) The sealing
structure was regarded as an ideal complete axisymmetric model. (2) The PEEK
material has a definite elastic modulus and Poisson's ratio. (3) The anisotropy of PTFE
was not considered. (4) The effect of temperature change on PEEK was ignored. (5)
The effect of creep of sealing material was not considered[12][13].
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Table 2The properties of PEEK
μ
ρ
E
4100MPa

0.4

1.215g/mm3

Fig. 11Schematic diagram of pan plug sealing pressure and Y-shaped sealing mesh

Analysis of sealing performance factors
The lip interference δ (Fig. 12) of the flood plug seal plays a critical role in the sealing
performance. If δ is too small or too large, it is not easy to install. If δ is too small,
the pre-tightening force between the sealing lip and the contact surface will be too
small to meet the conditions of high pressure sealing, and the lip will not be easily
opened under pressure[14]. In addition, if δ is too large, the friction between the
sealing lip and the movable contact surface will increase, and the lip will be easily
worn, which will ultimately reduce the service life of the sealing ring. Therefore, a
suitable δ can greatly improve the sealing performance of the seal. After a lot of
research, we conducted finite element analysis on δ=0.1mm, δ=0.15mm, δ=0.2mm,
and δ=0.25mm.

Fig. 12 Lip Interference δ
Figure 13 shows the maximum contact stress of the inner and outer lips under different
interferences of the seal at the base. It can be seen from the figure that the maximum
contact stress of the inner and outer lips of PTFE and its derived material seals
increases with the increase of δ. However, at 180 °C, the maximum contact stress of
the inner and outer lips increases less with the increase of δ.
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(a)20℃

(b)180℃

(c)-46℃
Fig. 13 Maximum contact stress of inner and outer lips at different δ
When δ=0.1mm and δ=0.15mm, only the maximum contact stress of the inner and
outer lips of the three materials 5C-PTFE, 10C-PTFE and 10C10G-PTFE under the
working condition of -46 °
C exceeds the target sealing pressure of 140MPa. When
δ=0.2mm and δ=0.25mm, only the maximum contact stress of the inner and outer
lips of the two materials, 5C-PTFE and 10C-PTFE, exceeds the target sealing pressure
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of 140MPa under the three working conditions. Figure 14 shows the numerical diagram
of the length of the inner and outer lip seals of the two material seals, 5C-PTFE and
10C-PTFE, when δ=0.2mm and δ=0.25mm.

Inner lip
Outer lip
Fig. 14 Inner and outer lip seal length
It can be seen from Figure 14 that the larger the δ, the longer the sealing length of
the inner and outer lips. Therefore, the lip interference should be preferably 0.2mm.
The lip front angle α of the Y-shaped seal ring refers to the angle between the part
where the seal ring and the lubricating oil communicate with the axis; the lip rear
angle β refers to the angle between the part where the seal ring and the air side
communicate with the axis, as shown in Figure 15. It can be seen from the previous
paper that the interference amount of the base sealing ring is preferably δ=0.2mm.
Under the premise of ensuring the interference δ=0.2mm, and ensuring that the angle
of the rear lip angle remains unchanged, different front lip angles were selected for
numerical analysis. The range of the anterior lip angle is α=71°~79°, and the
increment is 2°
.

Fig. 15 Y-shaped seal ring angle
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(a)20℃

(b)-46℃

(c)180℃
Fig. 16 Effect of α on Contact Stress
It can be seen from Figure 16 that at the three temperatures, the seals of PTFE and
its derived materials show a trend of first increase and then decrease with the increase
of α. When α=75°, each material has the maximum contact stress. Under the three
working conditions, 5C-PTFE and 10C-PTFE can meet the sealing requirements at the
same time, and 10C-PTFE has the maximum contact stress at three temperatures.
Therefore, the lip front angle of the Y-shaped sealing ring is preferably α=75°.
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(a)20℃

(b)-46℃

(c)180℃
Fig. 17 Effect of β on Contact Stress
It can be seen from Figure 17 that at the three temperatures, the maximum contact
stress of the inner and outer lips of PTFE and its derived materials increases with the
increase of α, and the variation trend of the maximum contact stress of the inner and
outer lips is basically the same. The seals of each material have the maximum contact
stress at α=16°. At the three temperatures, the sealing performance of the PTFE
material seal is the worst.
When α=8° and α=10°, neither PTFE nor its derived materials can meet the sealing
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requirements at three temperatures at the same time.
When α=12°, only 10C-PTFE can meet the sealing requirements under three working
conditions at the same time.
When α=14° and α=16°, all PTFE-derived materials except PTFE can meet the sealing
requirements at the same time at three temperatures. Therefore, α=14° and α=16°
should be preferentially designed.
4.2 Numerical research on the Y-shaped sealing ring at the valve stem
Because the seal at the valve stem has both static seal and dynamic seal, and the seal
at the base is always a static seal, the sealing condition at the valve stem is even
worse[15]. The reciprocating motion of the valve stem has a certain influence on the
sealing performance of the seal, because the Y-shaped sealing ring is more prone to
wear, tear, aging, leakage and other failure forms when it performs the reciprocating
sealing motion. It can be seen from the previous section that the sealing performance
of 5C-PTFE and 10C-PTFE is better. Next, 5C-PTFE and 10C-PTFE were selected to
carry out numerical analysis on the two working conditions of the valve stem static
state and the valve stem movement stroke. Figure 18 shows the finite element model
of the seal at the valve stem.
The sealing analysis steps at the valve stem are: First, give the valve stem a certain
axial displacement. Then apply 140MPa pressure to the lip of the sealing ring. Next,
let the valve stem go up at a constant speed while keeping the pressure at 140Mpa.
Finally, let the valve stem go down at a constant speed Return to the original position,
and keep the pressure of 140MPa unchanged.

Fig. 18 The finite element model of the valve stem seal

Static sealing analysis of Y-shaped sealing ring at the valve stem
This section discusses the sealing performance of the Y-ring at the stem at rest. Mainly
analyze the contact stress of inner and outer lip of 5C-PTFE and 10C-PTFE after
applying 140MPa pressure to the lip of the sealing ring. Figure 20 shows the contact
stress curve of the inner and outer lips of the static seal at the valve stem.
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Fig. 19Inner lip path

(a)20℃

(b)-46℃

(c)180℃
Fig. 20 Contact stress of stem seal
It can be seen from Fig. 20 that at the three temperatures, the contact stress of the
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inner and outer lips showed a trend of increasing first and then decreasing. At 180°
C,
the maximum contact stress of the inner lip of 5C-PTFE was less than the sealing
pressure of 20000psi (140MPa), so the material that can meet the sealing
requirements at three temperatures at the valve stem is 10C-PTFE. Therefore, in the
subsequent analysis, 10C-PTFE material was used as the main research object.

Analysis of sealing performance factors
Taking the 10C-PTFE material seal under normal temperature conditions as an example,
the reciprocating speed of the throttle valve stem was 2mm/s, and the friction
coefficient between the valve stem and the Y-ring seal was 0.1. Figure 21 is the Mises
stress nephogram of the Y-shaped seal after the end of the upstroke and the end of
the downstroke.

Fig. 21 Deformation of Y-shaped sealing ring after reciprocating motion
(The left is the upstroke, the right is the downstroke)
It can be observed from Fig. 20that the height of the inner and outer lips of the Yshaped sealing ring hardly changes during the upstroke stage of the valve stem, while
in the downstroke stage of the valve stem, the inner lip of the Y-shaped sealing ring
has a significant downward displacement compared with the outer lip. Taking the inner
lip as the output path, as shown in Fig. 19, the contact stress at the end of the upper
stroke and the end of the lower stroke of the path are output respectively, as shown
in Figure 21.

(a)

(b)-46℃
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(c)180℃
Fig. 22 Contact stress of inner lip up and down stroke
It can be seen from Figure 22 that the contact stress of the inner lip of 10C-PTFE
increases first and then decreases. At normal temperature and -46°
C, the contact
stress value of the inner lip's downstroke is always larger than the upstroke contact
stress value. It can be seen that the downstroke of the valve stem has a greater impact
on the sealing performance of the Y-shaped seal.
The opening of the throttle valve studied in this paper is adjusted by the electric head.
The adjustment speed of the electric head to the valve stem is generally 2mm/s. We
studied the effect of the movement speed of the four groups of valve stems on the
sealing performance of the Y-ring seal, which are 0.5 mm/s, 1 mm/s, 1.5 mm/s, 2
mm/s, and the friction coefficient between the valve stem and the seal Take 0.1. Under
the continuous pressure of 20,000 psi (140 MPa), the valve stem kept a constant speed
during the simulation. Figure 22 is a graph of the maximum contact stress on the path
of the inner lip of the seal at four speeds.

(a)

(b)-46℃
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(c)180℃
Fig. 23 Maximum contact stress of inner lip downstroke at four speeds
At the three temperatures, the maximum contact stress of the inner lip in the
downstroke of the valve stem is larger than that of the valve stem static seal and the
upstroke of the valve stem. The slower the downward speed of the valve stem, the
slower the stress on the inner lip grows, and the faster the downward speed of the
valve stem, the more severe the wear of the inner lip. Therefore, when selecting the
valve stem speed, the smaller speed is preferred, especially in the case of high
pressure, the valve stem speed is preferably 0.5mm/s.
5. Conclusion
Through the ABAQUS software, we have studied the sealing performance of the Yshaped sealing ring at the base of the throttle valve and the Y-shaped sealing ring at
the valve stem at "normal temperature, 180 ℃ and -46 ℃ under
140MPa. Based on the research content of this paper, we obtained The following
conclusions:
Among the five optional materials, 10C-PTFE is the most suitable for the Y-ring of
ultra-high pressure, high and low temperature throttle valve. At the same time, the
optimal value of the interference of the sealing ring is δ=0.25mm, the optimal value
of the lip front angle is 𝛽=75°
, the optimal value of the lip rear angle is α=14°or 16°
,
and the optimal movement speed of the valve stem down stroke is 0.5mm/s.
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