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1. Introduction

Abstract Sealing clearance is a key factor for a metal rubber seal’s sealability. The expansion coef-
ficient and expansion deformation in the radial direction of metal rubber have been obtained
through a thermal expansion experiment of metal rubber. The influence of the elastic modulus to
the sealing clearance has been analyzed theoretically. By combining the temperature and elasticity
factors of metal rubber with the elastic mechanics theory, the calculation formula of the sealing
clearance has been derived, and the values of the sealing clearance and the leakage rate in certain
working conditions have been calculated. Experimental results are consistent with calculation
results in a high degree. The calculation formula of the sealing clearance can explain the influences
of the temperature and elastic modulus factors of metal rubber on the sealing clearance. It can pro-
vide guidance for the study of sealing mechanism of metal rubber seals.

© 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

rubber seal is hardly competent for the seal in special situations
of high temperature and high pressure in the field of aeronau-

Seals play a crucial role in many aeronautics and astronautics
devices, and their failure may result in catastrophic events,
such as the Challenger disaster.'” Because of the easy aging
of rubber, the range in which it can work in some special situ-
ations such as high temperature and high pressure is limited. A
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tics and astronautics.”* The application of a metal seal is lim-
ited because when it works in a high-temperature situation, its
springback ability will decrease, and it needs additional resili-
ence to improve performance. Metal rubber is made of metal
wire by a special process and its interior forms a space grid
structure that depends strongly on the plentiful micro springs
which are arranged in a certain mode, so it has many similar
characteristics between metal and normal rubber. Metal rub-
ber shows many advantages such as resistance properties of
high temperature, high pressure, high vacuum, ultralow tem-
perature, and radiation, and if metal rubber is made of a spe-
cial metal wire, it can work in corrosion environment.’
Therefore, some rubber products that could not be competent
in special working conditions of aeronautics and astronautics
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fields can be replaced by metal rubber ones. At present, metal
rubber technology has been successfully applied to many fields
such as vibration isolation, sound absorption, throttling, and
filtering. Furthermore, in the engineering application of special
conditions in aeronautics and astronautics fields, metal rubber
shows many significant advantages.®  Thus, the application of
metal rubber in seals is very helpful to solve the technological
problem and improve the reliability of aeronautics and astro-
nautics devices.

A metal rubber seal cladded with stainless steel is made up
with metal rubber inside and stainless steel outside. When the
seal is working, the stainless steel contacts with the surfaces
which are needed to be sealed, so the seal clearance will be
blocking.'” The circular metal rubber core is an elastic part
and it provides the contact stress between the seal and the seal-
ing surface. The kind of seal that is studied in this paper is sta-
tic seal. When the contact stress is less than the medium
pressure, the metal rubber will deform under the action of
the medium pressure and then the sealing clearance will
increase.'' Leakage rate is the most important index for esti-
mating sealing effect, as the flow of fluid in the sealing clear-
ance is complicated, and the changes of the sealing clearance
have a heavy influence on the leakage rate.'>'’ As we can
know from the calculation formula of metal rubber seal leak-
age rate, the sealing clearance has a third-power relationship
with the leakage rate, so research about the change rule of
the sealing clearance has a great significance for the study
about the leakage rate of a metal rubber seal.'*

In this paper, various factors influencing the sealing clear-
ance have been analyzed, according to the theory of elastic
mechanics that when the medium pressure works on a metal
rubber seal, elastic deformation will occur. The calculations
formula about the sealing clearance has been derived, and
the values of the sealing clearance and the leakage rate in cer-
tain situations have been calculated. Then we compare the
results of a test with those of theoretic calculations. This study
can provide reliable theoretic basis for the stainless steel clad-
ding metal rubber seal application in aeronautics and astro-
nautics devices.

2. Analyses toward factors influencing sealing clearance

2.1. Influence of temperature on sealing clearance

The variation of temperature can lead to the metal rubber’s
thermal deformation. The experiment of thermal expansion
can only measure the deformation in the axial direction, but
the seal’s circumferential size has been fixed when it is working
in the slot, so the deformation can only happen in the radial
direction. If we want to study the influence of temperature
on the sealing clearance, we need to calculate the radial defor-
mation value of the seal accurately. Based on the principle of
volume invariably, we can convert the deformation in the axial
direction to one in the radial direction.'” '’ Fig. 1 shows the
schematic of a metal rubber cylinder specimen’s volume
expansion.

The relationship between the deformations in the axial
direction and the radial direction can be expressed as follows:

nd; n(d +Ad)
4

(I+ Al) = . (1)

where d is the metal rubber specimen’s diameter before the tem-
perature rise; / is the metal rubber specimen’s length before the
temperature rise; Ad, is the metal rubber specimen’s radial incre-
ment and A/ is its axial increment after the temperature rise.

Therefore, the relationship between the metal rubber spec-
imen’s coefficients of linear expansion in the radial direction
and the axial direction can be expressed as follows:

o =vVIt+oa—1 2)

where o, and o are the coefficients of linear expansion in the
radial and axial directions, respectively.

The coefficient of linear expansion can be measured
through a thermal expansion experiment. The coefficient of
expansion in the axial direction can be measured by a DIL
402C thermal dilatometer produced by NETZSCH. The coef-
ficient of expansion in the radial direction and the radial incre-
ment can be calculated. The results of calculation of radial
deformation are shown in Table 1, where ¢ is the temperature
of the experiment and Ad is the deformation that is converted
to the radial direction.

The leakage experiments of a metal rubber seal were done
in a heating cabinet and the experiment would begin when
the temperature of the heating cabinet was stable. We assumed
that each work temperature of the metal rubber seal was con-
stant and didn’t consider the dynamic temperature variance in
system modeling.

2.2. Influence of elastic modulus on sealing clearance

When the working pressure of the seal increases, the medium
which needs to be sealed will squeeze into the sealing clearance,
at the same time the pressure of the medium will press the seal,
and then the deformation of the seal leads to the sealing clear-
ance increasing. As an elastomer, the metal rubber’s elastic
modulus can influence the sealing clearance directly. The metal
rubber’s elastic modulus include the friction stress modulus
and the elasticity stress modulus, and because a static seal’s
elasticity stress modulus is more important, the friction stress
modulus is the main research object of dynamic performance
of metal rubber. In this paper, when we study the metal rubber
seal, we only think about the elastic stress modulus. Metal
rubber is a kind of anisotropic materials of which the elastic
modulus doesn’t remain constant and changes with the strain’s
change. Because the sealing clearance’s variation is very small,
we can use the elastic modulus under the pre-compression state
instead of metal rubber’s elastic modulus when it’s working.

The friction stress and elasticity stress can be calculated as
follow:

oL + o
o) = L . UL (3)
oL — O
6r = L 2 UL (4)
-2 (5)

where o is the elastic stress, o, is the friction stress, oy is the
load stress, oy is the unload stress, ¢ is the strain of the metal
rubber seal, and E is the elastic modulus used in this paper.
Metal rubber’s elastic modulus has a close relationship with
the material, the diameter of metal wire which has been chosen,
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Fig. 1 Metal rubber cylinder specimen’s volume expansion deformation.
Table 1 Calculation of deformation in radial. o6 =09+ KP (7)
o -5 =5
¢ (°C) % (107 o (107°) Ad (mm) Pi=P_o (8)
35 9.71 4.85 0.000131055 , , )
45 18.18 9.09 0.000245419 where Py is the pressure which leads to the seal’s deformation,
55 25.48 12.74 0.000343958 P is the pressure of the medium, ¢ is the total contact stress
65 31.92 15.96 0.000430886 between the seal and the seal face, oy is the contact stress pro-
75 39.34 19.67 0.000531038 duced by pre-lode, and K is the pressure transfer coefficient.
In the contact area between the seal and the seal face, the
contact stress is approximate to parabolic distribution, and
6 the maximum contact stress appears at the center line. While
st the pressure of the medium is higher than the maximum con-
tact stress, the metal rubber seal will generate deformation.
4t The sealing clearance is constituted by the deformation which
@ is caused by the medium pressure and the deformation in the
8 3r radial direction is caused by thermal expansion. The sealing
£ 5 clearance’s calculation formula is shown as follows:
h=Aé— Ad 9)
] -
where Ao is the deformation caused by the medium pressure
. . . . and Ad is the value in Table 1.
0 02 0.4 0.6 0.8 1.0

Transformation (mm)

Fig. 2 Specimen hysteresis loop.

the knitting technology, and its relative density. Metal rubber’s
elastic modulus can be calculated through the hysteresis loop.
Through the experiment, we obtain specimen’s hysteresis loop
as shown in Fig. 2. The specimen’s bore is 135 mm, outer diam-
eter is 141.4 mm, and relative density is 0.35.

3. Derivation of calculations formula of sealing clearance

Because the sealing problem of this paper is from a static seal
and the leakage of the seal system will lead to a decrease of sys-
tem pressure. We can know from the experiment that the vol-
ume of leakage is small so the pressure variation due to the
leakage is small too, and we assume that the pressure in the
sealing system is equal everywhere. Therefore, we don’t con-
sider the influence of the dynamic pressure field on the sealing
clearance.

When the medium’s pressure is higher than the contact
stress between the seal and the seal face, the medium will be
squeezed into the sealing clearance which leads to leakage.
When leakage occurs, the pressure which works on the seal
at the sealing face and leads to the seal’s deformation can be
expressed as follows:'

P>c (6)

The relationship between pressure and deformation in the
radial direction of cylindrical metal rubber can be expressed
as follows:'®

(I=v) ﬂmPodxd}
Ad = E (10)

where Ao is the deformation in the radial direction of cylindri-
cal metal rubber, FE is the elastic modulus of the metal rubber
seal, 2a is the contact width between the seal and the seal face,
and v is the metal rubber’s Poisson’s ratio.

The metal rubber seal is working in a slot, so its circumfer-
ential size has been fixed. Because of this, Poisson’s ratio of the
metal rubber seal can be ignored, so Eq. (10) can be trans-
formed to the following equation:

(P — 0y — KP)A, jf\/_f“j;‘;dxdy o
: 11

Ao =
TEE[
where E; is the elastic modulus when the metal rubber seal’s
deformation is 0.75 mm, and 4, is the shape coefficient of the
metal rubber seal in the pre-compression state.
From the above, thinking about the influence of pressure
on thermal deformation introduces a coefficient A,, so we
obtain the calculation formula of seal clearance as follows:

(P— 0o — KP)Jy ﬁﬁ_ﬁ}d

h=

— — JaAd (12)
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Fig. 3 Integral and stress work area.

In the formula, the integral area of double integral can be
simplified as a square area whose side length is 2a. This area
is where the contact stress works between the seal and the seal
face, as shown in Fig. 3. In Fig. 3, we consider the distribution
of pressure in the contact area approximately a circle, and
when point M moves to center of the circle, we thought its
pressure is maximum.

4. Example of sealing clearance calculation

In this paper, taking the example of the metal rubber seal cov-
ered with stainless steel whose relative density is 0.35, we cal-
culate its sealing clearance and leakage rate at different
pressure and temperature conditions. The calculation formula
is expressed as follows'*:
3
g— AP(1 + ﬁ@s)nh (13)
641 In (ﬁ)

where ¢ is the leakage rate (the fluid flow passing the sealing
clearance per unit time), AP is the pressure difference between
both sides of the sealing surface, ¥ is the temperature coeffi-
cient viscosity of the medium, 6, is the temperature of the med-
ium, /i is the value of the sealing clearance, pq is the dynamic
viscosity of the medium under room temperature, and R,
and R; are the outer and inner diameters of the area where
the seal contacts the sealing surface.

A metal rubber seal special test-bed used in the leak testing
is designed and developed by our research group, and it can
measure the leakage through a measuring cylinder which has
been equipped with a magnetostrictive displacement sensor.

4.1. Calculation under different pressure conditions

The bore of the metal rubber seal is 135 mm, the outer diam-
eter is 141.1 mm, the pre-deformation is 0.75 mm, the com-
pressibility is 23.4%, the contact width can be calculated,
and the result is 2a = 2.8 mm, although the calculations that
we can obtain are Ry = 70.5 mm and R; = 67.7 mm. Calcu-
lated by the hysteresis loop as shown in Fig. 3, we can get
the metal rubber seal’s elastic stress as o; = 2.394 MPa and
the friction stress as g, = 0.374 MPa when its deformation is
0.75 mm, and then we can calculate the elastic modulus
E; =102MPa. We  have already known  that
g1 = 6, = 2.394 MPa. In the formula of the sealing clearance,
the value of double integral is 0.00963, 1; = 0.3, and
/o = 8.67/P. We chose TOTAL HYDRANSAFE HFDU 46

Table 2 Leakage rate at different pressure conditions.

P (MPa) h (mm) g1 (mL-min~Y) ¢ (mL-min~")
14 0.00013 0.055 0.054
15 0.00017 0.129 0.139
16 0.00020 0.247 0.225
17 0.00024 0.428 0.433
18 0.00028 0.688 0.634

Table 3 The leakage on different temperature conditions.

t (°C) h (mm) g (mL-min~") ¢¢ (mL-min~")
35 0.000 34 1.235 0.967
45 0.000 27 0.703 0.745
55 0.000 21 0.381 0.329
65 0.000 16 0.188 0.182
75 0.000 09 0.051 0.075

as the medium, and its dynamic viscosity is py = 0.431 Pa-s.
The experiment of metal rubber seal leakage has been done
in normal temperature, and the results we get are the sealing
clearance and leakage rate at different pressure conditions,
as shown in Table 2. In Table 2, ¢ is the value of theoretical
calculation and ¢ is the value of test.

4.2. Calculation under different temperature conditions

We only change the pre-deformation to 6 = 0.5 mm, then the
contact width to 2¢ = 2.1 mm, and the size of contact area has
been changed to Ry = 70.15 mm and R; = 68.05 mm. While
the pre-deformation is 0.5 mm, by the hysteresis loop, we
can get the elastic stress as o; = 1.245 MPa and the friction
stress as g, = 0.422 MPa. In addition, the calculation result
of the elastic modulus is E;, = 7.968 MPa. We also choose
the TOTAL HYDRANSAFE HFDU 46 as the medium, while
in the experiment of metal rubber seal leakage, we keep the
pressure as P = 14 MPa and then change the temperature.
The results of calculation and experiment are shown in Table 3
as follows. In Table 3, ¢, is the value of theoretical calculation
and ¢, is the value of test. We compare the results of calcula-
tion and experiment finding that the leakage rate of theoretical
calculation coincides with the experiment result roughly. The
inaccuracy between testing and theoretical calculation was
caused by the inaccuracy of the sensor which was inevitable.
During the process of formula deduction, we proposed some
hypothesis and for simplifying the formula, we ignored some
factors that were not important. That’s why there are errors
between the results of experiment and theoretical calculation.
It is proven that the formula of sealing clearance calculation
which has been deduced in this paper can be used in the leak-
age rate analysis of metal rubber sealing systems.

5. Conclusions

In this paper, the influence factors that result in the change of
the sealing clearance at the work process of a metal rubber seal
cladded with stainless steel have been analyzed. A thermal
expansion experiment has been done, through which we know
that the radial expansion of metal rubber increases with the
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increase of temperature and then leads to a decrease of the
sealing clearance; the elastic modulus of metal rubber is non-
linear, and the larger elastic modulus of metal rubber, the more
difficulty for the increase of the sealing clearance. In this paper,
the calculation formula of the sealing clearance has been
derived, and we calculate the sealing clearance and leakage rate
of the metal rubber seal with that formula. We compare the
results of calculation and experiment and have found that
the leakage rate of theoretical calculation coincides with the
experiment result roughly. The sealing clearance is a very
important parameter for the calculation of leakage, and the
calculation formula that we derived can provide some theoret-
ical basis for the design of metal rubber seals which can work
in special environments.
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