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ABSTRACT

The evaluation of leakage rates is one of the major concerns for static seals in both academic and
industry field. In this paper, a semi-analytical model is proposed to predict the amount of leakage for
static seals. The formation of leakage channel is essentially a contact process between two sealing
surfaces, which is described by an elastic-plastic microcontact model proposed by Zhao et al. (2001).
The leakage rate is calculated based on the seepage theory. It is found that the porosity and the
permeability of the leakage channel decreases with the increase of the global contact load. The
deformation of the sealing surface is affected by the topography of the sealing surface. A higher plastic
index has a negative effect for sealing. The relation of the permeability and the porosity suggests that
the leakage channel is self-similarity.

INTRODUCTION

Static seals are widely used in vales, pipes, and pumps and they serve as a barrier to prevent the
undesirable emission of working fluid into the environment. Figure. 1 illustrates how a static seal works.
A gasket (it can be replaced by a ring depending on the design) is embedded between two flanges. The
flanges are regarded as rigid because of large stiffness, whereas the gasket made by soft materials like
graphite or rubber is easy to deform. When bolts are tightened, they force the flange to suppress the
gasket. The deformed gasket conforms the shape of flange surface, and thus removes the sources of
potential leakage.

Figure.1 A diagram for a static seal.

The leakage rate, as the most important aspect to assess a static seal, is usually a function of
both working conditions and material properties. Yanagisawa et al. (1990) investigated the relation of
the leakage rate with fluid pressure and the leakage channel height. It is found that the leakage flow



27" International Conference on Structural Mechanics in Reactor Technology
Yokohama, Japan, March 3-8, 2024
Division V

obeys the Poiseuille rule. Arghavani et al. (2003) investigated the influence of the surface roughness
and the surface stress. The results suggested that the leakage rate follows an exponentially rule as a
factor of surface stress and fluid pressure. Gu et al. (1999) proposed an empirical formula for leakage
rate, namely

Qs = ALpTMis; ™. (1)

Where Q, is leakage rate, p isthe pressure of the fluid, T is the temperature, S; isthe
surface stress, and A;, M;, N, are constants.

Besides experimental studies, there are also some models which try to predict the leakage rate
in analytical way. Patir and Cheng (1978) developed a model to predict the leakage rates. In the model
the leakage channel was considered as flat and circular, while A multiplier ¢, called the mass flow
rate factor, was introduced to improve its performance. Later, leakage models with more complex
forms were proposed. Mayer (2013) established a model where the surface of the channel was rough
rather than smooth. Lebeck (1988) considered the wavy shape of flange surface. Geoffroy and Prat
(2004) argued that leakage channels had a radial and a circumferential part, and the diminishing of the
radial part would lead to a substantial leakage rate reduction. Peng et al. (1990) proposed a model
with inclined shape of the channel, due to the deformation of facilities under pressure or temperature.

The amount of leakage can be reduced by increasing the bolt stress. However, it is unpractical to
expect zero leakage in this way. The formation of leakage paths is essentially a contact process between
two sealing surfaces. Sealing surfaces are uneven and composed of millions of asperities which start to
deform under a certain load. However, the gasket fails to fill all the deep apertures on the flange surface
despite sufficient loads. The unfilled apertures form a porous structure of the leakage channel and the
porosity can be assessed by contact mechanics. The contact model for rough surfaces was firstly
proposed by Greenwood et al. (1966) based on Hertz’s theory, and was introduced to solve the leakage
problem by Etsion et al. (1994). It is found that the topography of sealing surfaces largely affects the
contact behaviour and leakage rates consequently. However, Greenwood’s model assumed that
deformation of the surfaces was purely elastic, which is unreal for static seals. A series of modified
models considering both elastic and plastic effects have been proposed by Chang et al. (1987), Zhao et
al. (2001) thereafter.

Once the geometric characteristic of the leakage channel is obtained via a contact model. Theories
with respect to porous media is able to be employed in estimating the leakage rates for static seals.
However, it should be noticed that the concept of porous media used in this paper is slightly different
from how it is used in common. It is an equivalence of leakage paths formed by the interface of two
sealing surfaces, whereas it mostly refers to an inherent feature of a material. There is no such pores
and throats in the interior of a metallic material obviously. Nevertheless, the assumption shows a good
agreement with experiments, which is discussed in later sections.

The paper is organized as follows: Firstly, the leakage model to predict the leakage rate of static
seals is introduced. Secondly a validation of the model by literature results is conducted. Finally, the
leakage rate of a certain static seal is evaluated based on the model.

THE EVALUATION OF LEAKAGE RATES
The Contact Model Of The Leakage Channel

The leakage channel is formed by the mutual contact of a hard and a soft surface. The process can be
simplified as a contact by a rigid smooth and an equivalent rough surface (Figure. 2). Both surfaces
have the same nominal area A,,. The Young’s modulus of two contact surfaces is denoted by E; and
E,, and the Poisson’s ratio is denoted by v; and v,, respectively. Therefore, the Young’s modulus of
the equivalent surface E is given by

E=(h41%) @)
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The equivalent rough surface is characterized by numerous asperities scattering on a reference
plane. Two reference planes are chosen in this paper, namely the mean of the asperity heights and the
mean of the surface heights. The height of the asperity z is measured based on the mean of the asperity
heights. The mean of the surface height, however, is more commonly used in surface topography model
and easier to be gauged. The height of the leakage channel h can be defined as the separation of the
rigid plane and the mean of the surface heights. The distance of two reference planes y; is given by

_ 3
Ys = g ©)

where B = noR is a non-dimensional parameter, n is the area density of asperities, R is the radius
of the curvature of the asperity, and o is the standard deviation of surface heights.
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Figure 2. The schematic diagram of the contact surfaces.

As shown in Figure 2, when the rigid plane moves downward by a distance & under a certain
load W, the interference w is given by

w=2z+ys—h+uy,—ug (4)

where u,, refers to the displacement of the mean of the asperity heights, wu, refers to the deformation
of the asperity induced by the neighbouring asperities. According to Zhao et al. (2001), u,, —u, =
1.12,/w;p,,/E, where w; is the contact load of the asperity, p,, = W,/A,, isthe global mean contact
pressure.

The asperities experienced three stages as & increases: the elastic contact as w < w4, the
elastoplastic contact as w; < w < w,, the pure plastic contact as w = w,. The critical interference

w, and w, represent the onset of plastic yielding and the vanish of elastic deformation respectively.
The values are evaluated as follows:

kH\ 2
o= (G5 R ©
(l)z = 25(1)1, (6)

where k = 0.4 is an empirical factor. w; is obtained as follows:

( ERY243/2, ¢ < W,
3
w =! (11— gy nez/o] [ _ o (emer)? | g (wm01)? . ()
1 =\ tRwH [1 1k /wl] [1 (wz_wl) +3 (wz_wl) w0 <0< Wy

2nRwH, w > w,,
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where H is the hardness of the rough surface. The total contact load of two surfaces can be evaluated
as long as the height of asperities follows a certain distribution ¢(z):

h— ys+a)1

3 [ee]
W, = —nA ER 2, w2¢(z)dz + 2nA,HR fh+_y o, wp(z)dz +

nA,mR [ [H H(1 - k)2 ne ] [1_ m +3(ﬂ)2] wp(2)dz. ©

h-—ys+w, lnwz—lnwl W2 =W,

Since the relation of w to W, isexpressed in a quadratic form, the interference w is usually
solved by a numerical method once W; is known.

The Evaluation Of The Leakage Rates

When the leakage channel is circular, the flow equation in the channel is written as

d ( d
E(rd—f) =0,1, <7 <Tyy
p(r = Tin) = Pin ©)

p(r = Tout) = Dout-
The total leakage rate Q is written as

2nKh(Pout—Din)
= 10
#ln(rout) ( )

Tin

where p;, and p,,; are the fluid pressure and the environment pressure, respectively. r;,, and 7,,;
are the outer and inner radius of the leakage channel. u is the dynamic viscosity of the fluid. K is the
permeability of the leakage channel. According to Costa (2006), the relation between K and the
porosity & can be written as

K= Ck E, (11)

where Cj, is the coefficient.
& can be obtained through the PMRC curve of the rough surface. The PMRC curve is derived
from the Abbott curve by scaling the abscissa. For a typical engineering rough surface which obeys a
Gaussian surface height distribution, its PMRC curve is a straight line:
Z = —0XpMRc> (12)

where ¢ is the standard deviation of the surface heights. xppypre 1S the scaled abscissa which can be
written as

Xpumre = V2 erf 1 (=1 + 2xpypc), (13)

where x,rc is the abscissa of the Abbott curve, namely the bearing ratio at a certain height z on the
rough surface. It can be written as

XMRC = %[1 + erf(—gg)]. (14)

The volume of the asperities of a rough surface V, is
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Assuming V, is conserved after deformation, the porosity is therefore obtained as
_ 1 Zmax 1 V2z
e=1- p—— X fzmin > [1 + erf(—?;)] dz. (16)

For complex pore structures, the fluid will preferentially flow through a path with shorter paths
and lower local resistance. Therefore pores with lower z contributes less to the permeability. In this
paper, znin IS chosenas —3a, which includes the majority of pores and has a relatively small impact
on the final results.

RESULTS AND DISCUSSIONS

The results are non-dimensionalized in order to be compared with the literature results. As for a length
guantity L, the corresponding dimensionless quantity is defined as

L' =L/o. (17)

The dimensionless load W is defined as

» - W
Wi = o (18)
The plasticity index 1 is defined as
_ 2E ()% 3.717x10~+\ %25
v=rm() (-FES) (19)

A smaller 1 indicates the asperities are less prone to plastic deformation.
The Porosity Of The Leakage Channel

Figure 4 presents the porosity & with respect to the dimensionless channel height h* = h/o. Pores in
the leakage channel are filled as two surfaces becomes closer. The relationship of & with respect to
dimensionless contact load W; is shown in Figure 5. Several surfaces with different topographical
parameters are tested. The topographical parameters are consistent with Zhao et al. (2001), which are
listed in Table 1.

Table 1: Surface topographical parameters.

W B = noR o/R
0.7 0.0339 0.00016
1.5 0.0476 0.0006576
2.5 0.0601 0.00177

The decrease of the porosity can be divided into two stages as W;* increases. The first stage
occurs when the contact load is relatively small (W < 1 x 10~%). A rapid decrease of the porosity is
observed in the figure. Since the amount of asperities contact with the rigid surface is small, the local
stress on the asperities is high, making them easier to yield. As a result, the downward movement of the
rigid plane is relatively easy at this stage. The second stage occurs when the contact load is relatively
high. It is found that the resistance of the surface to deformation is enhanced at this stage, because the
increasing amount of asperities contact with the rigid surface reduces the average local stress. The
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asperities are therefore less likely to deform. Although the porosity of the leakage channel continues to
decrease with increasing load, the reduction becomes more gradual.

Figure 3 and Figure 4 demonstrate the mechanism of the static seal. The contact load is usually
provided by bolt stress. As the sealing surfaces become closer, the porosity of the leakage channel
decreases. It should be noticed that decreasing the porosity by very large load is unpractical, as it makes
little contribution to sufficient sealing, while a higher requirement on the material’s performance is
imposed.
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Figure 3. The porosity & versus dimensionless leakage channel height h*.
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Figure 4. The porosity & versus the dimensionless load W;".

The ability of a rough surface to resist deformation is affected by not only material properties
but also the surface topography. An increase in both a/R and g leads to an increase in the plasticity
index 1, making the surface more susceptible to plastic deformation. However, a higher plasticity
index makes the rough surface harder to deform. Figure 5 suggests that under the same load conditions,
a rough surface with a high plasticity index, namely larger o/R or f, exhibits a higher porosity. There
are several reasons for this. A higher o indicates a larger portion of higher asperities deviate from the
reference plane, which makes it difficult for the rigid plane to move downward. Meanwhile, an
increased number of asperities reduce the local stress, thus the surface becomes less likely to deform.
Additionally, smaller asperities are also less susceptible to deformation. Therefore, the surface
topography plays a significant role on sealing performance. The plasticity index of the sealing surface
should not be increased by altering the surface topography, as it would be detrimental to filling defects
and closing pores.

The Self-similarity Of The Leakage Channel
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Eqgn. (11) relates the porosity as the geometric parameter of the leakage channel to the permeability of
the channel. The equation is derived based on the assumption of the self-similarity of the channel, where
the parameter n is related to the tortuosity of the leakage channel. The self-similarity can be explained
by the percolation theory proposed by Schaap (2005). When the porosity of the leakage channel
increases from zero and reaches to a critical value, the pores in the channel start to connect the fluid and
the external environment. The characteristic scale of the leakage channel becomes infinity, which means
that the leakage channel owns scale invariance, namely the self-similarity. When the leakage occurs,
the size of the leakage channel is close to the macroscopic scale of the static seal. However, the contact
model determines the observation scale the close to the size of the asperities, which is much smaller
than that of the channel. Therefore, the characteristic scale of the leakage channel is close to infinity
and the self-similarity of the channel is satisfied.

The self-similarity of the leakage channel can be further validated by experiment data provided
by Nitta et al. (2010), where the leakage rate of the nitrogen was gauged with the gasket width of 2 mm,
3 mmand 5 mm. The experimental condition is shown in Table 2. The unknown parameters are obtained
by the least square method, which is listed in Table 3. As shown in Figure 5, the leakage rates calculated
by the model has a good agreement with the experimental results.
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Figure 5. Model validation.

Table 2: Experimental conditions of Nitta et al. (2010).

Parameter Value
E 82272.6 MPa
H 420 MPa
Pin-Pout 0.101 MPa
0-5(r1n+rout) 31 mm

Table 3: Fitted parameters.

Gasket width (mm) Fitted Parameters

Ck n
2 3.65x10%  11.98
3 2.08x10% 17.18
5 6.37x10% 11.92

CONCLUSION

In order to evaluate the leakage rate of a static seal, a semi-analytical model is presented in this paper.
The main feature of the model is the incorporation of the contact process of sealing surface with the
percolation theory. The formation of the leakage channel is modelled by an elastic-plastic contact model.
The relation between the permeability and the porosity is explained by the self-similarity of the leakage
channel. It is shown that the increase of the global contact load results in the decrease of the porosity
and the leakage rates consequently. Meanwhile, the asperities become harder to deform. The
deformation of asperities is also affected by surface topography. A higher plasticity index will result in
a more uneven surface profile and a dispersion of the load, which is unfavourable in practice. The
leakage rate of a static seal is able to be calculated once the surface topography, fluid properties and the
operation parameters are known. Since the model is constructed based on contact theory, it can be
applied to common gasket-type seals as well as ring-type seals. The model also has some limitations,
when there is a significant non-uniform load distributed on the seal, or a highly worn surface, the model
is not suitable because the assumptions of the model are invalid.
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