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Abstract: This paper investigates the fluidic leak rate through sealing contact surfaces by comparison
between model calculation and experiment measurement. The focus is on an experimental device
designed to measure the leak rate of the static seals with a simpler structure, smaller errors, stronger
stability, and more functions. Using the device, experiments were carried out to four test pieces with
different surface characteristics, whose leak rates were measured separately. Compared with the
calculation results obtained from the fractal surface leak rate prediction model, the correctness and
the application range of the model were verified, and the effects of different surface topographies and
material properties of the four test pieces on the leak rate were analyzed as well. The experimental
device was also used to perform single-factor comparison experiments, which were then combined
with the theoretical prediction model to analyze the effects of the sealing surface contact load, fluid
pressure, and surface apparent size on the leak rate, so that theoretical support and experimental
evidence for selecting the parameters of sealing device was provided.
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1. Introduction

A surface-to-surface contact static seal is widely applied in various industries (such as deep space
exploration and nuclear power generation [1–3]) and has always been a research topic of great concern.
Although simple in structure, the leakage of contact static seals can directly affect the operation safety
of the device and lead to environmental pollution and waste of resources. As machine-processed
sealing end faces (even highly polished) are rough, leakage is inevitable [4–8]; however, it is only
possible to control the leak rate of the seals to within a certain range to meet the requirements for
normal operation of mechanical devices. Therefore, theoretical studies on the leak rate prediction
of sealing interfaces (the sealing interfaces formed by surface-to-surface contact) and experimental
studies on leak rate measurements are of great significance for the design of seals.

In terms of theoretical research, as early as the middle of the 20th century, Heinze [9], Mayer [10],
Lebeck [11,12] et al. carried out research on the prediction model for the leak rate of sealing interfaces.
However, they all simplified the characterizations of the sealing surface topography and the leakage
channels to various degrees, which consequently caused a large error between the calculated and
the actual leak rates. In recent years, with the development of the fractal theory, there has been new
theoretical support for the characterization of multiscale contact states and leakage channel complex
structures in contact interfaces. Persson [13,14] proposed a contact pressure theory that considered the
multiscale effect by mathematical methods such as fractal theory and frequency domain transformation,
as well as a prediction model for the leak rate of rubber gaskets. Subsequently, many researchers
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improved this model [15,16]. Compared with rubber gaskets, metal gaskets are more sensitive to the
microstructure of leakage channels. In 1991, Majumdar et al. [17] used the Weierstrass–Mandelbrot
fractal function (i.e., W–M function) to characterize the surface topography, and proposed a contact
pressure model (i.e., M–B model) based on different observation scales. The M–B model eliminated the
effect of sampling length and instrument resolution on the characterization of rough surfaces. However,
it described the initial surface profile of rough surfaces through the asperity contact area A, resulting
in the initial profile varying with the contact area A, and consequently concluded that “full plastic
deformation happens to asperities before elasto-plastic deformation and elastic deformation”, which is
contrary to real-world observations. In our previous work [18] (the article “Fractal Modeling of Fluidic
Leakage through Metal Sealing Surfaces”), we improved the M–B model (by setting up a reference
surface on the fractal surface), as the original M–B model was violating real-world observations when
applied to calculating the contact load; moreover, using the improved contact model, the leakage
channel under the contact surface is mathematically modeled based on the fractal theory and proposed
the fractal surface leak rate prediction model.

When it comes to experimental research, few experimental studies have been conducted on the
leakage mechanism at sealing interfaces. Yanagisawa et al. [19] used the “water bubble” method to
measure the gas leak rate and studied the deformation of the sealing surfaces under load but did not
conduct corresponding theoretical research on the leak rate. In the follow-up study by the same authors
in 1991, the effect of lead coating on the sealing performance in a low-temperature environment (70 K)
was verified through experimental studies [20]. Matsuzaki and Kaza-maki [21,22] studied the effect
of sealing surface materials (copper, stainless steel, or other alloyed steel) and machining processes
(polishing, grinding, etc.) on the gas leak rate. Lorenz built a fluid percolation experimental system
and measured the leak rate of the rubber gasket seal; the experimental measurement results were
consistent with the calculation results of Persson’s leakage prediction model, but the experiment was
relatively simple, only the theoretical model verified, and other parameters were not investigated.
In 2007, Marie et al. [23] designed a relatively precise device for fluid leakage measurements to study
the relationship between pressure and leak rate driven by different gas pressures during contact
between sapphire and metal surfaces, and compared the results with the theoretical prediction model.
However, the study only considered sealing performance of a single material.

In this study, experiments were carried out on contact static seals. A new seal leak rate
measurement system was built with a simpler structure, smaller errors, stronger stability, and more
functions. In addition, four test pieces with different surface characteristics were designed and
processed, whose leak rates were measured separately. Compared with the calculation results obtained
from the fractal surface leak rate prediction model [18], the correctness and the application range of
the model were verified, and the effects of different surface topographies and material properties
of the four test pieces on the leak rate were analyzed as well. The proposed system was also used
to perform single-factor comparison experiments, which were then combined with the theoretical
prediction model to analyze the effects of the sealing surface contact load, fluid pressure, and surface
apparent size on the leak rate, so that theoretical support and experimental evidence for selecting the
parameters of sealing device was provided.

2. Review the Leak Rate Prediction Model

2.1. Fractal Surface

This model is used to calculate the static sealing surface by high-precision grinding, and
studies [24–26] have shown that the seals’ surfaces have the self affine characteristics that can be
approximately described using the three-dimensional Ausloos–Berman function:
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where z and (x, y) are the height and coordinates of the surface, respectively. The parameter M
denotes the number of superposed ridges and is used to construct the surface. L is the sample length;
φa is a random number in the range between 0 and 2π. The surface roughness is characterized by
the frequency spectrum γn, where γ satisfies γ > 1; n represents the frequency index of asperities.
D (in the domain of 2 < D < 3) and G are the fractal dimension and roughness constant, respectively,
and are independent of γ.

Introduce a reference plane on the fractal surface as shown in Figure 1. The seals interface are
divided into a region of contact and a region of leakage by the reference plane. According to the fractal
theory, the fractal surface is simplified to asperities distributed above the reference plane and pores
distributed below the reference plane. The fundamental wavelengths of asperities and pores in the
reference plane are l and lv, respectively, which is called the characteristic length of the asperity and
the pore [18].

Figure 1. Schematic of the ring gasket leak rate prediction model.

Considering the assumption [18], the cross-sectional profile of the asperity and pore are given by:
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(0 < x < lv). (3)

The above Equations (2) and (3) can obtain the height δ, curvature radius R and volume v of the
asperity and pore, and are used to calculate the contact load and leak rate.

According to the fractal theory [17], the distribution function of the asperity and pore are given by:

nl(l) = (D − 1)lD−1
max l−D, (4)
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p , (5)



Appl. Sci. 2018, 8, 1404 4 of 15

where lmax and lmax,v are the maximum characteristic length of asperities and pores, respectively.

2.2. Contact Process

The contact load on the sealing surface is the sum of all the contact load generated by the asperities
distributed above the reference plane. According to the critical deformation function of the contact
model [18], the characteristic length interval of the asperities in each contact regimes (the elastic,
elastic-plastic and plastic regimes) is obtained when the contact distance is d. Then, the integrated
contact load is obtained by integrating the contact model [25] and distribution function (Equation (3))
of the single asperity in each contact regimes. Take elastic contact, for example, the integrated elastic
contact load Fre:

Fre =
∫ l2

l1
nl(l)Fe(l)dl, (6)

where Fe is the contact load of the single asperity in the elastic regime [25]. nlNl is given by Equation (3).
l1 < l < l2 is the range of the characteristic length interval of the asperities in elastic contact
regimes [18].

In the same way as calculating the plastic contact load Frp and elastic-plastic contact load Frep,
the total integrated contact load is

Fr = Fre + Frep + Frp. (7)

2.3. Leakage Process

The leak rate of seal interface (equivalent to a one-layer porous medium) depends on the porosity,
i.e., the ratio of the volume of percolation channels to total volume of interface. In this model,
the percolation channels within the seal–contact interface are formed by pores. The porosity ε of
contact interface is calculated by geometric method is given by:

ε =
LxLyd − Vt1 + Vt2

LxLy(d + lmax,v)
, (8)

where Vt1 and Vt2 are the integrated volume of asperities and pores are obtained by integrating
the volume and distribution function (Equation (3)) of the single asperity and pore, respectively.
LxLy(d + lmax,v) is the volume of the seal–contact interface, equalling the product of length Lx, width
Ly and height (d + lmax,v). In the same way, the volume between the reference plane and contact plane
is given by LxLyd.

The pores-forming percolation channels within the seal–contact interface are considered to be
a combination of filled tortuous capillaries with their diameter λ satisfying the fractal power law,
based on the fractal theory of fluidic transport in porous media developed by Yu [27–30]. The fractal
dimension D f of tortuous capillaries given by the porosity ε. In addition, the permeability Kv is
defined as:

Kv = µV
(
− dx

dp

)
=

πD f λ4
max

128τ(4 − D f )S
. (9)

The leak rate of ring gasket can be obtained by [18]:

Qg =
2πKvh(p0 − pt)

µ ln rt
r0

, (10)

where p0 − pt represent the fluid pressure difference.
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3. Experimental Design for Sealing Surface Leak-Rate Measurement

3.1. Experimental Devices

This experiment focused on the study and investigation of the leakage mechanism of sealing
interfaces. During the design of the experimental device, the replacement of test pieces and the
control and measurement of the operating parameters were both considered. As illustrated in Figure 2,
the experimental device consisted of a sealing cell, a measurement cell, and a control cell.

PCData Acquisition Device

Liquid Pipeline

Gas Pipeline

Electric Wire

Signal Wire

Control cell

Sealing cell

Measurement cell
Test Piece

Silicon Wafer

Plunger Pump

Pressure Sensor

Support
Three-jaw Caliper

Cushion Block Motor Controller

Gas Container

Valve

Pressure Gauge

Syringe

Figure 2. Schematic of the measurement setup.

(1) Sealing Cell
The sealing cell mainly comprised a test piece and silicon wafers. As shown in Figure 2, the test

piece was a cylindrical boss, with the small-radius (50 mm) round surface as the sealing surface butted
to the silicon wafers to form a sealing interface. The large-radius round surface was used for fixing
and clamping (a three-jaw caliper), the position at the center of the circle was connected to the leakage
measuring tube through a tapered threaded hole, and the fluid in the measuring tube infiltrated
the sealing surface through the through-hole at the center of the test piece. The connection position
between the test piece and the leakage measuring tube was sealed (by tape wrapping and dispensing)
to ensure that the gas leak rate at this position was less than 5 × 10−8 Pa·m3/s, thereby controlling
the experimental measurement error. The silicon wafers were approximated as a smooth plane, and
the elastic modulus of the silicon wafers and the test piece was equivalent to E = [(1 − υ2

1)/E1 + (1 −
υ2

2)/E2]
−1 in the leak rate prediction model. The surface size of the silicon wafers was considered

equal to the apparent contact area of the sealing surface.
(2) Measurement Cell
The measurement cell mainly consisted of a measuring tube (plexiglass tube). The amount of

fluid leakage was calculated by observing the change in the fluid level in the measuring tube over a
certain period. In this experiment, the inner diameter of the measuring tube was 100 mm, the length
was 250 mm, and the initial position of the fluid level was 200 mm. In order to reduce the effect of
fluid pressure variation caused by a change in the fluid level on the experimental data, in the seepage
experiment, the upper limit of the leakage was set to 0.75 mL (i.e., a height change of about 10 mm),
which could be extended correspondingly in the leakage experiment driven by gas pressure. For this
device, a leakage amount of greater than 0.15 mL (i.e., a height change of about 2 mm) was considered
observable, so the measurement range was 0.15 mL–0.75 mL. In view of this, it was necessary to adjust
the time of each experiment according to the experimental conditions and the leakage amount. For a
120-min measurement, the precision in measurement time could reach 1 × 10−11 m3/s. The lower end
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of the measuring tube was connected to the test piece, while the upper end was connected to the gas
pressure control cell and the fluid supplementing cell.

(3) Control Cell
The control cell was composed of a load control cell, a fluid supplementing cell, and an gas

pressure control cell.
The pressure control cell consisted of a three-jaw caliper, a polytetrafluoroethylene (PTFE) cushion

block, and a membrane pressure sensor, providing a uniform, stable and measurable contact load to
the seal surface. As shown in Figure 2, the test piece was fixed by the three-jaw caliper, and the contact
load was controlled by a rotating screw. The tapered head of the screw was placed on the cylindrical
PTFE cushion block on the lower side of the silicon wafer, and the contact load was distributed
through contact points to the entire contact surface, thereby providing a normal pressure no larger
than 1 × 104 N for the contact surface. In addition, a membrane pressure sensor was installed between
the cushion block and the silicon wafer to monitor the contact load in real time.

The fluid level control cell was composed of a syringe, a plunger pump, and a motor controller.
The motor would drive the syringe to inject fluid into the measuring tube, whose amount was
determined by the leakage amount. The fluid level control cell was mainly used to maintain the fluid
level in the measuring tube, supplement fluid after leakage, and assist in monitoring the leakage
amount from the injection amount.

The gas pressure control cell was composed of a gas container, a pressure reducing valve, and a
pressure gauge. The pressure inside the measuring tube was controlled by the pressure reducing valve,
and the pressure gauge was used for monitoring, thereby controlling the fluid pressure. Considering
the pressure bearing capacity of the measuring tube, the maximum working pressure of the gas
pressure control cell was no more than 1.5 MPa.

3.2. Experimental Samples

In this study, three common seal materials were selected, including stainless steel 316L, hardened
SKD11 steel, and PTFE. The materials were processed and surface treated through the four different
processes of turning, fine turning, electrical discharge machining (EDM), and polishing to obtain four
different test pieces with obvious surface differences (as depicted in Figure 3).

(a) Test piece 1 (b) Test piece 2 (c) Test piece 3 (d) Test piece 4

Figure 3. Photographs of the four test pieces: (a) Test piece 1; (b) Test piece 2; (c) Test piece 3; and
(d) Test piece 4.

The material parameters of the four test pieces are listed in Table 1.
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Table 1. Material and surface topography parameters of the test pieces.

Material No. 2
Material Parameters Measurement Parameters of Surface Topography

Elastic Modulus Poisson’s Ratio Hardness Process D G Ra

Mold steel skd11 1 210 GPa 0.3 850 MPa Forging 1.51 6.59 × 10−10 0.3
PTFE 2 1.42 GPa 0.4 4.54 MPa Turning 1.46 8.28 × 10−9 1.3

Stainless steel 3 195 GPa 0.3 187 MPa EDM 1.35 1.87 × 10−8 3.7
Stainless steel 4 195 GPa 0.3 187 MPa Fine X: 1.42 Y: 1.47 X: 2.98 × 10−8 Y: 3.81 × 10−8 2.5
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The cross-sectional profile data of the four test pieces were collected using an optical profilometer
Veeco Wyko NT9100 (Veeco Corporate Headquarters, 1 Terminal Drive, Plainview, NY 11803, US)
(vertical resolution: 0.1 nm, horizontal resolution: 400 nm), as shown in Figure 4.
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Figure 4. The cross-sectional profile of the four test pieces.

The structure function S(β) of the 2D profile function of the fractal surface can be expressed as:

S(β) =
〈
[z(x + β)− z(x)]2

〉
=

Γ(2D − 3)sin[(2D − 3)π/2]
(4 − 2D) ln γ

G2(D−1)β4−2D, (11)

where β denotes the scale of the structure function. By calculating the logarithms of both sides of
Equation (11), we have

lg[S(β)] = lg C + (4 − 2D) lg β. (12)

As seen from the equation above, the cross-sectional profile curves of the rough surface with
fractal characteristics, lg(S(β)) and lgβ, present a linear relationship. The correlation between the
slope k and the intercept B, and the fractal parameters, can be expressed as

D = (4 − k)/2, (13)

G =

{
C(4 − 2D) ln γ

Γ(2D − 3) sin[(2D − 3)π/2]

} 1
2(D−1)

. (14)

As an illustration, one set of cross-sectional profile data was substituted into Equation (11) to
demonstrate the linear relationship between lg(S(β)) and lgβ. As demonstrated in Figure 5a, the slope
k = 0.9784 of the trend line and the intercept B = −9.2844 were substituted into Equations (13) and (14)
to obtain fractal parameters D = 1.51 and G = 2.1494 × 10−10. The fractal parameters were then
substituted into the cross-sectional profile function of the AB model [18]. The results are shown in
Figure 5b, where the blue line and the red line denote the fitted profile and the measured profile,
respectively. The fitted three-dimensional surface is shown in Figure 5c.

The fractal parameters of the sealing surfaces of the test pieces are shown in Table 1.
The measurement and calculation results showed that the surfaces of test pieces No. 1 and 2 were
smooth, and followed the fractal characteristics (lg(S(β)) and lg β were in a linear relationship);
the surface of test piece No. 3 was rough (Ra = 3.7), but still followed fractal characteristics; the surface
of test piece No. 4 was covered with several spiral grooves, and the measurement results showed
that it did not follow fractal characteristics, and thus could not be accurately characterized using the
fractal theory.
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Figure 5. Fractal theory characterization of the sample sealing surface. (a) The logarithmic relationship
between the structure function S(β) and the scale β obtained from one set of sample cross-sectional
profile data. (b) The cross-sectional profile of sealing surface, and the blue line and the red line denote
the fitted profile (AB model) and the measured profile (experiment data), respectively. (c) The fitted
three-dimensional sealing surface.

3.3. Experimental Implementation

The experimental work in this study was mainly dedicated to two purposes: to study the effect of
sealing surface characteristics on leakage, analyze the leakage mechanism of sealing interfaces, and
verify the leak rate prediction model; and to learn the effect of external factors of the sealing device
on the leak rate, and apply the leak rate prediction model to optimize the design parameters of the
sealing device.

3.3.1. Effect of Sealing Surface Characteristics on Leak Rate

The properties of the sealing surfaces include material properties and surface topography,
measurement parameters of surface topography and the material parameters are shown in Table 1.
In this experiment, the leak rates of the four test pieces in contact with the silicon wafers were measured.
The surfaces of test pieces No. 1 and 2 were smooth, so that the amount of leakage was relatively
small. For these two pieces, as the contact load of the device would gradually decrease during
long-term measurement (greater than 200 min), the gas pressure was increased to 0.1 MPa to reduce
the measurement time. The surfaces of test pieces No. 3 and 4 were rough, and the leakage amount
was consequently larger. As a result, for these two pieces, the gas pressure was set to 0 MPa, so that
the measurement conditions of the experimental device were satisfied when measuring the leakage
amount of the seepage process. All experimental fluids used in this study were water, whose viscosity
coefficient was 1.01× 10−3 Pa·s. In addition, the experimental temperature is at 25 ◦C.

3.3.2. Effect of Sealing Device Working Conditions on Leak Rate

In the experiment, the effects of the three working conditions, i.e., the contact load, fluid pressure,
and apparent contact area of test piece No. 1 on the leak rate, were studied through single-factor
comparison experiments. These three parameters were also the ones to be considered during the
design of seals. The experimental parameters are shown in Table 2, with five levels of contact load,
three levels of gas pressure, and two apparent contact surface sizes.

As the surface topography of the test pieces would change under the contact load (plastic
deformation), the experimental measurements with the 66.7 mm silicon wafer were performed first.
During measurement, the contact load was increased in steps from 100 N to 500 N. For each contact
load, the leak rate under an gas pressure of 0.1, 0.2, and 0.3 MPa was measured, followed by increasing
the contact load for measurement, so that the total pressure on the contact surface was increased
incrementally. After all measurements with the 66.7 mm silicon wafer were completed, it was replaced
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with a 33.3 mm silicon wafer, and leak rate measurements were continued with a contact load of 500 N
and different gas pressures.

Table 2. Designed parameters for the contrast experiment.

Test Piece Contact Load (N) Gas Pressure (MPa) Silicon Wafer Diameter (mm)

Test piece No. 1

100, 200, 300, 400, 500

0.1, 0.2, 0.3 33.3, 66.7
Test piece No. 2 0.1

66.7Test piece No. 3 0
Test piece No. 4 0

4. Results and Analysis

4.1. Effect of Surface Characteristics on Leak Rate

In this section, we verified the correctness and the scope of application of the theoretical model by
means of studying how the leak rates of the four test pieces (with four kinds of sealing surfaces)
changed with the contact load, analyzing the effects of surface characteristics on the leak rate,
and substituting the surface parameters of the four test pieces (as shown in Table 1) and the working
conditions (as shown in Table 2) into the leak rate prediction model. As shown in Figure 6, the four
Figures 6a and 1b–d are in one-to-one correspondence to test pieces No. 1–4 for the experimental
results (asterisks) and the calculation results (solid lines) obtained from the model, where the abscissa
and the ordinate are contact load and leak rate, respectively.

It is observed in Figure 6a that the experimental results of test piece No. 1 basically agree with
the calculation results obtained from the model, and that the leak rate is a decreasing function of the
contact load. As shown in Figure 6b, the order of magnitude of the calculated leak rate of test piece
No. 2 obtained from the model is 1 × 10−9, and that of the leak rate measured in the experiment is
1 × 10−10. This indicates that the theoretical model is not applicable to materials with low elastic
modulus, such as PTFE. When the deformation of the asperity on the contact surface is significant,
the simplified contact model [25] of the asperity is no longer applicable, which is consistent with
predictions from previous studies [18]. For this reason, the proposed theoretical model is only suitable
for contact seal problems on metal surfaces.

As shown in Figure 6c, the leakage experiment results are basically consistent with the calculation
results obtained from the model. It can be seen from the comparison between Figure 6a and Figure 6c
that the leak rate of test piece No. 1 (Ra is 0.3) at a fluid pressure of 0.1 MPa is smaller than that of
test piece No. 3 (Ra is 2.5) at a fluid pressure of 0 MPa, indicating that roughness and leak rate are
positively correlated, that is, the rougher the surface (the larger the fractal dimension), the larger the
leak rate.

It is noted from Figure 6d that the leakage experiment results are smaller than the calculation
results obtained from the model. Test piece No. 4 was processed with turning, and the surface was
covered with spiral grooves, for which reason the surface cannot be described by the fractal theory, and
consequently the theoretical model is not applicable any more. The fact that the experimental results
are lower than the results obtained from the model indicates that, for the same surface roughness,
the performance of sealing surfaces with spiral grooves is better than that of evenly distributed
rough surfaces.
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Figure 6. The leak rate versus the contact load through the four test pieces: (a) Test piece 1; (b) Test
piece 2; (c) Test piece 3; and (d) Test piece 4.

4.2. Effect of Sealing Device Parameters on Leak Rate

In this section, by combining the single-factor comparison experiment with the leak rate prediction
model [18], the effects of the three sealing device parameters, i.e., gasket (metal) contact load, fluid
pressure, and apparent surface size, on the leak rate were analyzed. Experimental and calculation
parameters are shown in Tables 1 and 2.

4.2.1. Effect of Sealing Surface Contact Load on Leak Rate

As seen in Figure 7, the variation rules of the leak rate with the contact load were compared by
setting the fluid pressure to 0.1 MPa (with the dash line denoting the calculation results obtained from
the theoretical model, and the asterisks denoting the experimental data), 0.2 MPa (with the dotted line
denoting the calculation results obtained from the theoretical model, and the triangles denoting the
experimental data) and 0.3 MPa (with the dash-dotted line denoting the calculation results obtained
from the theoretical model, and the prismatic marks denoting the experimental data) in the experiment.
It is found that leak rate decreases with increasing contact load, as it decreases by 5× 10−11 m3/s when
contact load increases from 100 N to 200 N, and by 1 × 10−11 m3/s when contact load increases from
400 N to 500 N. The results indicate that, with increasing contact load, the change rate of the leak rate
gradually decreases, and eventually stabilizes so that, in the case of a high contact load (depending on
the surface characteristics), the contact load impact on the leak rate is negligible.
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Figure 7. The leak rate versus the contact load through the fluid pressure for three values.

4.2.2. Effect of Fluid Pressure on Leak Rate

As shown in Figure 8, the variation rules of the leak rate with the fluid pressure were compared
by setting the contact load to 100 N (with the dash line denoting the calculation results obtained from
the theoretical model, and the asterisks denoting the experimental data), 300 N (with the dotted line
denoting the calculation results obtained from the theoretical model, and the triangles denoting the
experimental data) and 500 N (with the dash-dotted line denoting the calculation results obtained from
the theoretical model, and the prismatic marks denoting the experimental data) in the experiment.
It demonstrates that fluid pressure is positively correlated with leak rate. The change rate of the leak
rate with fluid pressure (i.e., the slope of the dash line) is obviously larger under a contact load of
100 N than at 300 N or 500 N, indicating that, when the contact load is smaller (leak rate is larger),
the effect of liquid pressure on leak rate is more substantial.
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Figure 8. The leak rate versus the fluid pressure through the contact load for three values.
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4.2.3. Effect of Size on Leak Rate

In the experiment, as shown in Figure 9, the inner radius of the gasket was fixed to 2.5 mm,
while the outer radius of the gasket was changed. In addition, the contact load to 500 N (with the dash
line denoting the calculation results obtained from the theoretical model, and the asterisks denoting
the experimental data), 400 N (with the dotted line denoting the calculation results obtained from the
theoretical model, and the triangles denoting the experimental data). For the contact load is 500 N,
when the outer radius is less than 31 mm, the amount of deformation in the leakage channel plays
a dominant role in the leak rate because, when the outer radius increases, the pressure per unit area
decreases, resulting in a less compressed leakage channel, and consequently an increased leak rate.
When the inner radius is larger than 31 mm, the length of the leakage channel instead plays a dominant
role in the leak rate because, as the outer radius increases, the length of the leakage channel increases,
resulting in a decreased leak rate. Our study shows that, for metal end face seals, when processing
technology and structural strength satisfy the requirements, the smaller the outer diameter, the higher
the sealing efficiency, which is consistent with engineering experience.

r
t
(m)

0.018 0.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034

Q
(m

3
/s

)

×10
-10

1.35

1.4

1.45

1.5

1.55

1.6

F=500N
F=400N

Figure 9. The leak rate versus the outer radius of the gasket.

5. Conclusions

In this study, contact static seal was studied. A new seal leak rate measurement experimental
device was built with a simpler structure. In the 120 min measurement, the leak rate measurement
accuracy of the system could reach 1 × 10−10 m3/s. The device was able to control the following
three operation parameters: the fluid pressure (0.01–1.5 MPa), the contact load (50–10,000 N), and the
apparent contact area of the circular gasket (up to a radius of 50 mm). Using the device, experiments
were carried out to study the effects of the sealing surface characteristics on the leakage, and the effects
of the external factors of the sealing device on the leak rate. In addition, the practical application of
the fractal surface leak rate prediction model was investigated and verified. The results showed that
the model demonstrated a relatively high calculation accuracy for metal fractal surfaces, but was not
suitable for use for non-metallic surfaces and surfaces that did not follow fractal properties (with spiral
grooves). By combing the calculations from the theoretical model with the experimental verification,
the following conclusions are obtained:
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• Surface topography plays a decisive role in the order of magnitude of leak rate, which means that
the roughness and the leak rate are positively correlated, i.e., the rougher the surface (the larger
the fractal dimension), the larger the leak rate.

• The contact load and the leak rate are negatively correlated. In the case of a high contact load
(depending on the surface characteristics), its impact on the leak rate is negligible.

• The smaller the leak rate, the smaller the effect of fluid pressure on sealing performance.
• When the requirements for the processing technology and structure are satisfied, in the case of

the contact load is constant, the smaller the apparent contact area of the sealing device, the better
the sealing performance.

The conclusions listed above help designers to further understand the leakage mechanism of the
sealing interface, and provide theoretical support and experimental evidence for parameter-optimized
design of seals.
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