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ABSTRACT

Since the usage of pressurized systems, there has been a challenge to prevent and
control leakage of different fluids. When a metal-to-metal face seal is designed,
different aspects are to be considered. Its ring shaped sealing surface is designed
to prevent leakage and also to maintain pressure. In this thesis, the main objec-
tive is to study how out-of-flatness affects the leakage. This property of sealing
interface can be described by different wave parameters and in this case, by
means of modelling and numerical simulations. The best approach is the usage
of Heterogeneous Multiscale Method (HMM). The data obtained by means of
the two-scale stochastic model showed that the pressure amplitude is the most
important parameter of the out-of-flatness. In same level of importance, comes
the mean pressure even though it is not considered an out-of-flatness param-
eter. From the data obtained, a simple mathematical expression for leak rate
was constructed that shows the effect of out-of-flatness.
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1 Introduction

Every mechanical system which operates under pressure and uses fluid to fulfill a
certain duty, will be affected by leakage. Either significant or in small quantities,
it is very important that the leakage is analyzed and the data obtained by the
analysis can be used to improve the sealability of that system. Depending on the
system, leakage can be harmful as when the leaking fluid is dangerous component
that can contaminate the working area or a working fluid which is considered a
loss in the system when it leaks out of it. Its prevention is one of the most big
challenges for engineering. The main approach to separate the external part of
th system with the internal part is by using different kind of seals, and in more
severe cases, the metallic ring seals are used. Metallic seals have many excellent
sealing characteristics, especially for using in some severe working conditions
such as high temperature, fine vacuum, intense radiation and strong corrosion.
Because of their durability and their excellence in sealing are used extensively
as primary seals in many industries including of spacecraft, aviation, chemical
engineering and nuclear power plant, etc. The secondary usage of this type
of seals is that in these types of cases, the pressure is maintained so that the
system does not suffer from pressure loss, hence no leakage occurs. This too is
related to the other function, to exclude the contaminants from entering into
the system. These three functions are related closely, since preventing leakage
aids the pressure content and exclusion of contaminants.

Figure 1: Representation of the 3D model of a face seal which resembles the
type of the seal studied in this work. Note the amplitude of waviness has been
exaggerated in the drawing.

Ideally, leakage would not exist if there were perfectly flat surfaces. Due to
the difficulties in precision when manufacturing a sealing surface, a perfectly
flat surface is impossible to be achieved. This leads to the conclusion that there
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would always be gaps in the contact between two surfaces. To measure how
much the surface deviates from a perfectly flat surface, one can use the flatness
control and also the flatness tolerance zone which shows how much of a distance
the surface has deviated from its perfectly flat condition.

1.1 Metal face seals

The types of seals used in this study are the metallic face seals. A face seal is a
seal in which the sealing surfaces are normal to the axis of the contacting area
of the seal. Mostly, these types of metallic seals are used in static applications
where no relative motion between the two contacting surfaces occur. The type
of face seal that is going to be analyzed in this work consists its out-of-flatness
surfaces. On the surface, a spiral groove is located which is formed from the
manufacturing process and that groove with its hills and valleys consists of a
micro metric roughness. These components are shown in the Figure 4, 5 and 6.
The focus of this thesis lays on the out-of-flatness nature of the surface.

Two characteristic types of leakage that occur in these types of seals are the
circumferential and radial leakage. As shown in the Figure 2, when the seal is
not fully loaded, both types of leakage can occur since open channels are formed
radially and in circumferential direction.

Figure 2: Two types of leakage that occur in face seals [8].

When the applied load is increased and when a certain loading value is
reached, only circumferential leakage can occur as the radial paths are closed due
to the sufficient load needed to close the open channels on the radial direction.
When the applied load has reached the highest needed load, the entire sealing
surface is in contact and no leakage can occur. During the manufacturing of
seals, the surface of the seal will not be perfectly flat. This nature can be
described in nano to micro meters, graphically shown in the Figure 3.
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Figure 3: The geometry of the seal and its components shown separately.

Figure 4: Top view of the 3D modeled face seal, studied in this work.

1.2 Objectives

The main objective of this project thesis is the study of leakage through the
irregularities on the surfaces of seals mainly from the out-of-flatness. Out-of-
flatness can be described by different wave parameters and also taking into
account the roughness as one of the most important aspects of surface finish
that could decrease the sealing effect. From the analysis, one might expect
to find out, for example: What is the effect of the out-of-flatness in achieving
sealability? Do all the out-of-flatness parameters have the same impact as the
others? And about the size of the sealing surface? Further, as second objective,
using the data obtained from the analysis of the effects of the out-of-flatness
parameters, a mathematical expression for leakage will be obtained, one that can
be used using the load and the pressure generated from the sealing surface. The
analysis will be done using numerical methods, incorporating it in MATLAB,
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Figure 5: A closed up view of the spiral groove located on the surface of the
face seal.Note the amplitude of waviness has been exaggerated in the drawing.

Figure 6: Asperities located on the surface. Note that each asperity is made
out of many other asperities.[6]

using the model developed by Perez-Rafols et al in [1].
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1.3 Literature review

Isami Nitta and Yoshio Matsuzaki[7] analysed the leak rate of the seals and
its real contact area when several different loads were put. During their experi-
ments, it was said that the high accuracy during machining is very important, as
this leads to increase of leak rate on seals.They considered that the seal should
have a perfectly spiral groove which a limited roughness on the flanges. Their
results showed that a sufficient load of 50 MPa decreases leak rate significantly.

To get a good grasp on how the leakage occurs and how the gaps generated
due to insufficient contact load was described by Bottiglione et al[6]. They
worked on the percolation theory and they showed how the fluid percolates
into the opening channels formed during the contact. Their analysis is shows
that no contacting areas on the surface are increased with the increase of the
magnification. The probability to find a no-contacting area was described in
the equation, where also a critical value of magnification was selected.

A proper sealing system does not work without mechanical parts which
tighten the two surfaces together. These types of mechanical components are
called flanges. A paper by H. Hugo Buchter[12] describes how the flanges af-
fect the static seals. To properly conduct tests, the author concluded that one
should introduce high effective forces to maintain the sealing effect and the
normal force should always be constantly active on the surface to achieve the
sealing effect. Also, the author cited that contact pressure that generate only
elastic deformation of the interface areas are not sufficient to achieve a good
sealing effect.

Another work done regarding the flanges was done by Chuanjun Liao et
al[8]. The analysis was done using a turning flange surface and it was indeed
revealed that two leakage paths exist: circumferential leakage that follows the
valley groove and the radial leakage which follows the variation of the hills on the
surface. The flanges that were selected for the testing were selected to be hard,
so that upon contact, they could embed on the sealing surface. They concluded
that indeed by increasing the load acting on the sealing surface, the leak rate
will transit from radial leakage to circumferential leakage and if a critical value
is reached, a complete sealing effect will be achieved. Also, the radial leak rate
was found to be greater than the circumferential leakage and this should be
taken into account when a seal is designed.

The analysis of the leakage through seals is often done without taking into
consideration the variation of temperature in the system where the seal is ap-
plied. The heat transfer between the seal and the working fluid is important,
as shown in the work of Jean Frêne et al[13]. Their team managed to create a
model which was used to test leak rate and percolation in a scored and sand
blasted surfaces.

In aircraft industry, a high sealing effect should be achieved in order for
the gas turbine engines to perform at their expectation. Falaleev S.V and Vino-
gradov A.S. [14] published a work done by analyzing the dynamic characteristics
of the face seals implemented in the gas turbines of an aircraft which are under
constant stress and vibration. Their work showed that face seals are prone to
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damage by the working components and traces of friction were found.

2 Method

In this section, the theoretical background of the analysis is done and the model
used in this work is described thoroughly. It starts by introducing Westergaard’s
analytical solution and it is shown and described how it is coupled with the nu-
merical solution. This is a jump start to explain how to analysis is done, by first
studying the physical parameters of the geometry of the seal and then relating
them to the pressure parameters. This is done to simplify the problem and
using pressure as an input instead of geometrical parameters. This is justified
when the model used in this work is presented thoroughly.

2.1 Westegaard’s analytical solution

The Westergaard’s analytical solution[2] is used in order to compare the physical
parameters with the numerical parameters and to get the pressure distribution
in a continuous contact. Westegaard described the contact between two bodies,
one of them having a wavy surface and one flat half-space body[2] as shown in
the Figure 7.

Figure 7: Contact of a one-dimensional wavy surface with an elastic half-
space[2].

We can use this method since we have the case in which the seal has an out-
of-flatness nature and upon loading, we achieve the full contact. This method
is described first when the two bodies are put together and they are unloaded,
mean pressure p̄ is zero as shown in the Figure 8.

Prior the analysis of this method, we can define p∗ as pressure amplitude
generated from out-of-flatness and p̄ as the mean pressure.According to this,
when the load is applied, the gaps start to close in between the two surfaces.
If the condition p̄ > p∗ is fulfilled,that is, pressure amplitude has exceeded the
threshold, as shown as in Figure 9, meaning that the applied load is increased
sufficiently so that there is no wave visible[2]. According to this, the whole
surface gets flattened and the continuous contact is achieved, as shown in the
Figure 10. The third case is the case that is focused in this work.

When the two bodies are in complete contact, pressure is generated from the
contact, which can be described by two components. The pressure distribution
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Figure 8: The two bodies just before the contact takes place[2].

Figure 9: Partial contact (p̄ < p∗).[2]

Figure 10: Complete contact (p̄ = p∗).[2]

is calculated using
p(x) = p̄+ p∗ · cos (2πx/λ)

where p̄, is the mean contact pressure and p∗ is the pressure amplitude and it
is given as p∗ = (πE∗∆/λ). In order to have a complete contact, one criteria
must be accomplished, that:

p̄ ≥ p∗.

2.2 Contact of rough surfaces

However, this case can be considered as a ideal case. In reality, every surface
exhibits a certain roughness and the contacting surfaces when approached to-
gether, the asperities are first in contact thus forming some gaps in between
them. These channels are considered as percolation sites where the fluid perco-
lates and on its way, it finds all the opened channels. On the first glance, the

11



contact seems to be a complete contact. However, if magnification is applied,
more non-contacting spots are found[6]. As shown in the Figure 11 with the
increase of magnification, the real contact area is decreased and the probability
of finding a non-contacting spot is

p = 1− pb, (1)

where the white squares represent the non-contacting spots and the black squares
represent the contacting spots. We should keep in mind that even in high loads
these gaps can still be found but in a small number. This comes from a better
contact between the surfaces but may be from the deformation of the asperities
as well.

Figure 11: Gaps formed when two bodies are in contact. Black squares represent
the real contact area and white squares represent the gaps [7].
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2.3 Input parameteres

In the following, the description of the out-of-flatness parameters is done. First,
pressure amplitude p∗ is described and its impact in out-of-flatness is shown.
In the Figure 16, the variation of the spline shows the pressure variation due
to the irregularities of the physical surface. Although, the pressure variation is
dictated from the physical shape of the seal, the values of the pressure amplitude
selected as input are taken into calculation, with respect to the Westergaard’s
rule p̄ > p∗ for complete contact.

The second important parameter is the mean pressure p̄ generated from
the load acting perpendicular to the seal. As explained, one should keep in
mind that the selected mean pressure value should be greater than the pressure
amplitude value. This can be explained easily using the Figure 12, that the vari-
ation of pressure can be extended on the y-axis, thus crossing the ”minimum”
complete contact pressure, where no pressure is generated. This leads to gaps
forming where the pressure is 0, or simply put, the zones where the load acting
on the seal is not enough to achieve complete contact.

When pressure amplitude is described, it is shown as a wave of one order.
This property of out-of-flatness can be explained using the Figure 12. An in-
crease of order of waviness, will generate more hills and valleys. This depicts

Figure 12: Order of waviness shown using different examples.

only a simple case which in reality it is hard to come across. To reach a certain
level of reality, more frequent hills and valleys of a wave are added, adding a
more irregular shape to the seal, but nevertheless, having a periodicity which in
fact is far from the reality. The relation between the pressure amplitude and or-
der of waviness can be acquired in the expression 2, where λ can be substituted
with n since λ = Ly/n.

p∗ =
πE∗∆

λ
(2)

13



In addition to make a more realistic case, the phase shift of the wave can be
added as an important parameter to out-of-flatness. In the Figure 13, different
phase shifts are shown. But adding a phase shift in a single wave where peri-
odicity exists does not affect the outcome, since shifting the wave in positive or
negative direction will not change the shape of the wave.

Figure 13: Phase shift shown to ease the understanding of its value in out-of-
flatness.

2.4 Relations between physical and analytical out-of-flatness
parameters

Now as the pressure parameters are described, a connection between physical
parameters to pressure parameters can be done. It is accepted that out-of-
flatness is described by three parameters: amplitude, order of waviness and
phase change of the wave. To link these parameters to the physical parameters,
the seal is unfolded and it is presented in the Figure 14.

When the surfaces are in contact, the surface is flattened and in this way the
pressure p∗ is generated. In the other hand, pressure p̄ is generated from the
applied load acting on the surface. From the wavy surface, the pressure p∗ gen-
erated coincides with the wavy surface shape itself. So the pressure generated
from the amplitude is called ”pressure amplitude” and in the numerical method,
it is used as input parameter. In Section 3, all the out-of-flatness parameters
referred, are not used as a physical parameters but rather as pressure param-
eters, e.g. the amplitude used is the pressure amplitude and not the physical
shape of the seal. These parameters are shown separately in the Figure 15 and
Figure 16 and the link between them can be seen graphically.
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Figure 14: The unfolded seal that ease the process of the analysis. Note the
variation on the surface is exaggerated.

Figure 15: Physical parameters of the unfolded seal.

As shown in the Figure 16, the surface indeed are in continuous contact
but as this fact is known ,the rough apertures or the gaps in micro scale level
exist due to the different surface finish both surface have. The asperities in
contact may deform elastically and plastically due to the acting load. Shown
in the Figure 17,in the whole contact area, these rough apertures exist and its
magnitude regarding leakage is depended on the pressure generated from the
contact.
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Figure 16: Pressure parameters of the unfolded seal.

Figure 17: Rough apertures generated in the complete contact. Note that the
pressure amplitude is exaggerated for better understanding.

2.5 Virtual test rig

The virtual test rig used in this thesis work is presented in [1]. In this work,
the model is explained for completeness. Solving the entire problem in one
scale takes too much computational time, the problem is solved using two-scale
system, in other words, the out-of-flatness is described by the global scale and
the roughness is described by the local scale. The Stochastic element is used
in this model for a better description of the results, expressing the results in a
confident interval rather than a single value.

2.6 The foundation of the two scale model

Leakage in general, is a percolation of the liquid through narrow gaps and in
our case, is the flow through two surfaces in contact, for a specific applied load.
As an initiative step, the deformed shape of the gap is computed, mostly from
the asperity contact between the surfaces as the contribution of fluid pressure
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is considered to be insignificant and it is neglected. Then the deformed gap is
used to calculate the leak rate and thus obtaining the confidence interval of the
leak rate. Such problem is easier to solve since it is divided into two smaller
problems, the deformed gap problem and the flow rate problem which percolates
through the computed gap.

2.7 Heterogeneous Multiscale Method (HMM)

The heterogeneous multiscale method, or also in abbreviation known as HMM,
is a general framework to design multiscale models for a wide range of different
applications. The name “heterogeneous” is used to emphasize the multiphysics
that is established using HMM, simple put the models which are analyzed are
from different nature. This, for example, can be used in molecular dynamics
- the microscale, and the continuum mechanics - the macroscale. What makes
HMM reliable to it users is that its starting point is an incomplete macroscale
model, which uses the microscale component as a supplement. It consists of
two main components: The macroscale solver and a procedure for estimating
the missing numerical data from the microscale model. The macroscale solver
is knowledge-based, namely its design takes into account as much as possible
the knowledge we have about the macroscale process. The key to the data
estimation step is the design of the constrained microscale solver. The con-
straints are necessary in order to ensure that the microscale solution lives in an
environment that is consistent with the macroscale state of the system. This
is often the most difficult step in HMM technically, and its details are highly
problem-dependent. Overall the coupling between the macro and microscales is
accomplished as follows: The macro state provides the environment (the con-
straints) for the microscale solver; the microscale solver provides the data for
the macroscale solver.
This is where multiscale modeling comes in. By coupling macroscopic and micro-
scopic models, it is vital to take advantage of both the simplicity and efficiency of
the macroscopic models, as well as the accuracy of the microscopic models. The
basic task of multiscale modeling is to design combined macroscopic-microscopic
computational methods that are much more efficient than solving the full micro-
scopic model and at the same time gives the information we need to the desired
accuracy.
To put it differently, multiscale problems are commonly recognized for their
complexity, yet the main challenge in multiscale modeling is to recognize their
simplicity, and make use of it. This has been a common theme in modern
multiscale modeling. [12]

Two scale-model stochastic model

2.8 The two-scale flow model

As described in the previous sections, every surface has its own surface rough-
ness. To solve the whole problem in only one scale, it means that the roughness
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of the surface has to be considered in the whole domain. This is considered
to be computationally expensive, so a two scale model is feasible to divide the
problem into two smaller, easier problems. In this case, the high oscillations
of the roughness are considered in the local scale and the low oscillations are
considered in the global scale. First, the global domain Ωs is defined as

Ωs = {x : 0 < x1 < L1, 0 < x2 < L2}. (3)

Since the oscillations in the local scale are rapid, the domain representation is
solved in high resolution. This is described with the component hε(x), which
is the gap between the two contacting surfaces, with the subscript ε showing
the high variations of the gap. As the domain is defined, the fluid pressure
distribution is solved, using the lubrication approximation. To solve this, the
Reynolds equation is used, which is simplified by considering an iso-viscous
incompressible fluid and no relative motion between the contacting surfaces.
Following these assumptions, we end up with the expression

∇ · (hε(x)3∇pε(x)) = 0, (4)

where the component pε is fluid pressure in variation with respect to gap hε(x).
It is necessary to impose the boundary conditions in such manner that it emu-
lates the leakage paths. If the flow should follows the radial direction, a pressure
drop has to be assumed in that direction. Based on this, Dirichlet boundary
condition is selected in the x1-direction and for x2, the periodic boundary con-
dition is selected. With this defined, the total leak rate can be computed by
integrating the mass flow in the whole domain, thus getting

Qd =
1

12η

1

L1

∫
Ω

hε(x)3 dpε(x)

dx1
dx, (5)

where now the viscosity is introduced as η. As mentioned above, solving leak
rate using the roughness at the global scale takes a lot of time and is com-
putationally expensive, the problem can be divided into two problems, where
the roughness can be implemented in the local scale and the variation of the
whole surface can be taken into account in the global scale. This is true if we
consider the variations of roughness are small and are of the same nature. The
global scale is solved in the coarse version of the domain Ωs which is called Ωc,
subscript c meaning coarse. Global scale fluxes can be represented using point
grids and presenting it as mass conservation law, shown as

−j0
i−1/2,j + j0

i+1/2,j − j
0
i,j−1/2 + j0

i,j+1/2 = 0, (6)

where component j0 are the fluxes in the global scale and points (i,j) repre-
sent the point in the grid of the global scale. Following the Darcy’s law, the
flux is proportional to the local pressure drop and the permeability δp and K
respectively. The expression (6) can be as

−K1
i−1/2,j∂p

0
i−1/2,j +K1

i+1/2,j∂p
0
i+1/2,j

−K2
i,j−1/2∂p

0
i,j−1/2 +K2

i,j+1/2∂p
0
i,j+1/2 = 0, (7)
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where permeability components are described as

K1
i+1/2,j = [K11

i+1/2,j +K12
i+1/2,j ]

T ,

K2
i+1/2,j = [K21

i+1/2,j +K22
i+1/2,j ]

T ,

∂1
i+1/2,j = [∂p11

i+1/2,j + ∂p12
i+1/2,j ],

∂2
i+1/2,j = [∂p21

i+1/2,j + ∂p22
i+1/2,j ].

The first superscript shown in the above expressions show the direction of the
flux and the second superscript shows the local pressure drop. The expression
(7) where the viscosity is introduced so that the total leak rate can be obtained,
the expression is written as

Q2s =
1

η

∑
∂oΩ

K11
i+1/2,j∂p

11
i+1/2,j , (8)

where ∂oΩ is the outer part of the boundary setup selected. The next step is
to define the local scale which contains the permeabilities, and those values are
necessary to the global scale. We can consider one point since other points are
defined in the same manner. To do so, the local domain is defined first as

ω = {x|X1i,j < x1 < X1i+1,j , X2i,j−1/2 < x2 < X2i,j+1/2}, (9)

showing the points between neighbor global scale points which have the same
∆x1 ×∆x2. The local scale should agree the conditions that

〈
∂pε
∂x1

〉
=
δp11
i+1/2,j

∆x1
,〈

∂pε
∂x2

〉
=
δp12
i+1/2,j

∆x2
,

(10)

where
δp11
i+1/2,j = P 0

i+1,j − P 0
i,j ,

δp12
i+1/2,j = P 0

i+1/2,j+1/2 − P
0
i+1/2,j−1/2,

and stated as 〈.〉 shows that the average is obtained on the local domain. As the
final step to define the flow model, the local scale and global scale contribution
to the flux can be obtained as

j0
i+1/2,j

η
= K11

i+1/2,jδp
1
i+1/2,j +K12

i+1/2,jδp
2
i+1/2,j . (11)
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2.9 The two-scale contact mechanics model

The contact mechanics model is based on the gap in which the fluid percolates.
As shown in the previous chapter, the gap is defined as hε and its height depends
on the applied load. Therefore, the gap should be computed using the expression
for the gap and the deformation, as

hεx = h1(x) + u(x) + g00, (12)

u(x) =
1

E∗

∫
Ωs

pc(x)√
(x1 − x′1)2 + (x2 − x′2)2+

dx′ =

∫
Ωs

k(x− x′)pc(x)dx′, (13)

pc(x) · hε = 0, 0 ≤ pc(x) ≤ H, 0 ≤ hη(x), (14)

and load

W =
1

AΩs

∫ ∫
Ωs

pc(x)dx. (15)

The component h0 is the original gap with no load acting on the surface, u is
the deformation, pc is the contact pressure and g00 is the rigid body separation.
In the expression for the deformation, the Kernel is introduced. The component
E∗ is the equivalent Young modulus and it is defined as shown

E∗ =

(
1− ν2

1

E1
+

1− ν2
2

E2

)−1

. (16)

In the equation (14), a complementarity problem is raised that includes the gap
and the pressure, which in a simple manne, shows how the contact between the
surfaces occurs. In other words, it shows that when contact occurs, a pressure is
build up, hence no gap is formed. Contrary to that, where there is no contact,
there is still a gap between the contacting surfaces, and no pressure build up
in all the region of the contacting surface. Also, a plasticity condition is set,
where hardness of the material H is greater than the contact pressure pc, which
is composed of the Young modulus E and the Poisson ratio ν.

2.10 The stochastic approach

As shown in the previous sections, a two-scale model which is used for this thesis
work is described using its theoretical and mathematical background. As a final
addition to this, comes the stochastic element. The reason that the stochastic
element is added to it is to add realism to the model and as opposed to a single
value solution, this model gives a range of the results. To justify this, one can
say that it is difficult to find a surface with a great uniformity, therefore mea-
suring the roughness of a surface may not lead to a single value. The stochastic
element is added in such a manner that one can use the nominal pressure pnom
or the average interfacial separation h to compute the permeability K . The
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permeabilities obtained by this process are then fitted to log-normal distribu-
tions as a function of the reference parameters described above. This method
and also using numerous realizations of the global scale leads to a more accurate
range of results, rather than a single value solution.

2.11 Solution procedure

The solution in this model is described separately for each of the two scales. The
local scale is first considered here, and it is divided in ∆x1 ×∆x2. In this case,
the cells are mirrored to create a periodic roughness that makes the variation
smoother. The solution follows the trend as described in the following: 1. Com-
putation of the deformed gap in the local domain is done for a range of values of
nominal pressure pnom. 2. Computation of fluid pressure distribution and per-
meability is done, this time as a function of the average interfacial separation h.
Also, boundary conditions such as Dirichlet and Neumann boundary conditions
are selected in the pressure drop and traverse direction respectively. 3.The val-
ues of permeabilities are then distributed using the reference parameters, either
nominal pressure or the average interfacial separation. This is implemented in
a set of cells and the selection is random which is beneficial to avoid significant
variation of permeability.

The last step as shown previously marks the step where the information
from the local scale is then used in the global scale. That is shown in the steps
bellow:

1. The topography which was measured is used as the input then it is coars-
ened as shown previously to a coarser grid.

2. The contact mechanics problem is solved, and as an example , it is shown
in the Figure 18 and 19.

Figure 18: Surfaces where no contact is initiated. Note the gap where the flow
can go through.[15]
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Figure 19: Surfaces where there is continuous contact.[15]

3. The pressure and interfacial separation are coarsened again by averaging
them over local scale cells and the nominal pressure and average interfacial
distribution values are obtained.

4. Global domain is needed to be fully covered by repetition of the distribu-
tion of nominal pressure and average interfacial separation distribution.
This repetition is tuned up to take into account the variation in the global
scale.

5. Permeability values obtained from the local scale are then distributed to
each point in the global scale by interpolation using the reference param-
eters.

6. Fluid pressure and leak rate are then computed by the 7 and 8 respectively,
graphically shown in the Figure 21

7. Point 5 and 6 are repeated till a good estimate is sufficient for the leak
rate. Performing a large number of realizations, one can say that a 95%
of all the realizations fall in the rage of the variation of leak rate.
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Figure 20: Diagram showing the solution procedure.
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Figure 21: Pressure generated from the contact and the percolating fluid.[15]

3 Results and discussion

As inputs for the numerical method, pressure amplitude p∗, mean pressure p̄,
order of waviness n and phase shift φ were chosen. Simulations were run using
different out-of-flatness parameters and every result has been analyzed thor-
oughly, as shown in the tables below.

Pressure amplitude
[
103
]

N 10 20 30 40 49

Table 1: Selected values of pressure amplitude for analysis and expression of
leak rate

Mean pressure
[
103
]

N 50 100 150 200 250

Table 2: Selected values of mean pressure for analysis and expression of leak
rate

For some cases, one of the parameters was changed keeping the other ones
constant and then the results were compared between each of the cases. To
compare them, the results were plotted and compared in a same graph or sets
of results were compared as a pair. The results obtained were presented on the
graph, on x-axis is mean pressure p̄ and in the y-axis is leak rate Q. The points
on the graph represent the values for the leakage. A good way to compare

24



results between each simulation is the usage of the results of the leak rate for
the flat seal, as a reference. Graphically, the results of the flat seal are plotted
using the dash line, two for every set of results. Between these two lines lays
the interval range which we use to see whether a certain configuration can be
considered ”insignificant” to the leak rate, simply put, it behaves like a flat seal.
The values selected for the out-of-flatness parameters were chosen to try and
correlate them with the experimental tests. The values for pressure amplitude
are chosen in accordance with the mean pressure, as the condition that the
values of pressure amplitude should not exceed the value of the mean pressure.
The mean pressure values are chosen up to 250 kN, slightly lower value than the
experimental load chosen for testing which is around 270 kN. The reason that
lower values were chosen for the testing is that we want to see the effect when the
acting load is not sufficient. When load exceeds 250 kN, then one can assume
that the leak rate is not significant. The maximum order of waviness chosen for
this work is set to 8th order. Using the expression for pressure amplitude

p∗ = (πE∗∆/λ), (17)

one can input a range of different orders for a fixed value of p∗, in this case
a pressure amplitude of p∗ = 20 kN was selected. Based on the results obtained
using a wider range of order of waviness, it can be said that amplitude of higher
orders is much smaller.

Another parameter which is not considered as an out-of-flatness parameter
gives different results when altering it was the length or circumference. This
will be shown graphically below.
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3.1 Single wave out-of-flatness

We start by considering an out-of-flatness described by a single wave. This
scenario is far from the real cases that occurred in seals but it will give us
an idea on the issue; how the out-of-flatness components affect the leak rate
in the continuous contact. This is shown as a cosine of different amplitudes,
in this case, different pressure amplitude. This case is used as a fundamental
representation of the out-of-flatness and can be used to further determine a more
realistic out-of-flatness case which is going to be shown in the next subsection.

In the single case scenario, the wave is described by its order of waviness, its
amplitude and its phase shift. To determine the range of the values for all these
parameters, first we have to respect the nature of the problem. For the pressure
amplitude, we have to respect the condition that the mean pressure p̄ ≤ p∗,
to achieve the complete contact case. For the order of waviness, the range is
selected to achieve a realistic out-of-flatness, this seen from the physical shape
of the surface. To find out this, we can use the expression for pressure amplitude
p∗, which is described as p∗ = λ · E/∆, where n is the order of waviness.

The results are shown in graphs, and the minimum and maximum leakage
for flat seals was plotted and the range between the maximum and minimum
indicates the 95% of all the cases. This interval can be explained as the 95%
chance that all the seals of the same geometry will have similar results in the
interval between the minimum value to the maximum of the seal which is used
as a reference. Then the mean leakage is observed for non-flat seals. If the
mean value of the corresponded seal falls in the range of the leakage for the flat
seal, we can consider that as an accepted value. Seals whose surface generates
a lower pressure amplitude are accepted in terms of leakage since the deviation
from the results of flat seal falls in the range of the flat seal as shown in the
Figure 23.

3.1.1 Order of waviness

Order of waviness values which were selected are from the range of 1 to 8. Each
of them are plotted and compared to other configuration with the same pressure
amplitude but different order of waviness. It is shown that the change in the
order of waviness does not have an impact on leakage and it can be considered
negligible. One case of comparison of different orders is shown in Figure 22.

3.1.2 Amplitude

Different values of pressure amplitude were used in various simulations. The
simulations were run using values of 1, 10, 25, 35 and 49 ·103 N/m. The com-
parison is done using the results for a flat seal and for different out-of-flatness
configurations. Also, the results for the leak rate are shown in the pressure
amplitude vs. leak rate for different p̄ in the As shown in the Figure 23, the
differences are visible.

For the seals with higher pressure amplitudes, the results show that their leak
rate is significant when compared to lower ones and they fall outside the ”ac-
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Figure 22: Comparison of three different order of waviness for a specific pressure
amplitude.

Figure 23: Comparison of several out-of-flatness configurations with different
pressure amplitude.

cepting” interval. Based on that, the leakage that occurs in the seals with high
amplitude is considered as significant. In the other hand, low amplitude does
not have a big impact since their mean value of leakage falls in the ”accepted”
interval. The difference between small amplitude and flat seals is considered
to be very small and such difference is not sufficient. The reason why that is
since the physical shape of the seal dictates a high pressure generated on some
of the spots of the seal, on the valleys of the seal, a low pressure is going to be
generated. On those spots, referred as ”low pressure” in the rough apertures
will allow more leakage to flow, as shown in the Figure 24.

On the contrary, where the high pressure is generated, the rough apertures
will be subject to leakage. In the second case, the surface has a lower amplitude,
thus the lower pressure generated in this one. So, the increase of leakage in the

27



Figure 24: High variation of pressure generates low pressure spots where fluid
can percolate.

”low pressure” regions is much higher than the reduction in the ”high pressure”.
It is shown in the Figure 25 where we have a better distributed pressure, the
pressure is sufficient to lower the leakage in the entire section of the seal. This
yields a better result than the first case.

Figure 25: Low variation of pressure generates less low pressure spots, thus the
better sealing effect.

Different comparisons between flat seal and some configurations with higher
pressure amplitude are shown in the Figure 26, 27 and 28.
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Figure 26: Comparison of leak rate of flat seal and one with pressure amplitude
of p∗ = 1 · 103 kN/m.

Figure 27: Comparison of leak rate of flat seal and one with pressure amplitude
of p∗ = 35 · 103 kN/m.

3.1.3 Phase angle

Phase section was treated shortly due to the fact that if there is only one wave
as a out-of-flatness feature, then changing the phase of the pressure only means
that the seal is ”rotated”. The same pressure is generated, just the position of
it is changed. To check it numerically, values for phase angle which were used
are 0,1,3 and 5 rad. Based on the data obtained, one can conclude that the
phase change do not effect leakage for one wave. Due to Stochastic nature, the
results can variate for a very small value but if the number if iteration is set
high enough, the results will converge.
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Figure 28: Comparison of leak rate of flat seal and one with pressure amplitude
of p∗ = 49 · 103 kN/m.

3.1.4 Length

To see whether the change of length would affect the leakage, several lengths
were used to simulate the leakage. The values used are 10, 30, 50, 70, 100,
140, 195 and 230 · 10−3m. The results obtained show that decreasing the value
of length will decrease the leakage, as shown in the Figure ??. The reason

Figure 29: Comparison of different lengths using four selected mean pressure
values.

behind this is that the longer the seal is, the more apertures are in it, thus the
increase in leakage. Also, the leak rate for different p̄ is plotted, shown in the
Figurelength4.

The decrease of leak rate using different lengths appears to be linear, as
shown in the Figure 30. The reason behind the linearity in this case is that
the seal’s length and the number of gaps in between the contacting surfaces are
increased linearly. If one analyses the bottom graph in Figure 30, the deviations
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in the linear behavior are because of the stochastic element that was introduced
in the model.

Figure 30: The rate of change in leak rate while variating the length of the seal.
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3.2 Expression for leak rate for a singe wave out-of-flatness

After the analysis is done, we know now the effect of each of the out-of-flatness
parameters. Using the data obtained from several configurations, one can find
an expression which can be used to calculate leak rate for a single wave of out-
of-flatness. To achieve this, a new parameter can be introduced, in this work
we call it ”P” and it can be described as a relationship of pressure amplitude
p∗ and mean pressure p̄, so

P =
p∗

p̄
(18)

Since for the entire range of configurations, the same set of mean pressure is
used, all those data can be shown graphically in four graphs, one for each value
of mean pressure. To minimize the loss of the data in high values of P , its range
was tweaked so that it is expressed as logarithmic increment. As seen in Figure
31, a equal division in parts of parameter P would not suffice and at high values
of P , the expression could be inaccurate. Different expressions were tested and
the most accurate version was selected. An expression which can be fitted on
all those four cases can be computed and the final expression is

Qd = 1 + a · (eP ·b − 1). (19)

Using expression (18) in (19), the parameter P can cover the whole range of the
mean pressure and pressure amplitude.

Figure 31: The selected mathematical expression compared to the obtained
results, for p̄ = 100 · 103 kN/m.

The selected expression for leak rate, was the one with the lowest error
between other options, with an accuracy of 99% and residual sum of squares of
10 when tested on the four selected cases of p̄.
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Figure 32: The selected mathematical expression compared to the obtained
results, for p̄ = 150 · 103kN/m.

Figure 33: The selected mathematical expression compared to the obtained
results, for p̄ = 200 · 103kN/m.

3.3 Some preliminary results of two wave out-of-flatness

Using different combination of two waves, one can achieve a more realistic out-
of-flatness. As simply shown in the Figure 35, we can combine two different
wave configurations, for each wave having a different set of its out-of-flatness
parameter. Doing so, an analysis for a new variation in out-of-flatness can be
done.

Contrary to the single wave configuration, it is more difficult to pin point the
effects of all the parameters which affect the out-of-flatness. Having said that,
now a combination of two sets of pressure amplitudes, phase shifts and order of
waviness reaches a new level of difficulty, in this case, to formulate a mathemat-
ical expression. In this case, the parameter P is difficult to be introduced since
there are many parameters changing simultaneously thus making it difficult to
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Figure 34: The selected mathematical expression compared to the obtained
results, for p̄ = 250 · 103kN/m.

Figure 35: Combination of two separate waves, each possessing their own dif-
ferent out-of-flatness parameters.

conclude the leak rate in a mathematical expression. In this work, the two-wave
out-of-flatness is only analyzed only by its effects of the parameters.

It was found that if pressure amplitude values get close to the mean pres-
sure values, the differences between high and low pressure amplitude values are
significant, as shown in the Figure 36.

Increasing mean pressure, the leak rate for other types of configurations fall
in the rage of the first one and that can be considered as the same leak rate for
all of them. During the analysis of the leak rates of two wave out-of -flatness, the
increase of the pressure amplitude of the second wave did increase the sealing
effect. To put this in a better perspective, one can take a step back into the
shape of the out-of-flatness in these cases. One can start with a two wave out-
of-flatness, for example: First wave consists of pressure amplitude of 10 kN and
the second one to have no pressure amplitude, otherwise known as a single wave
out-of-flatness. But if we increase the pressure amplitude of the second wave, to
a certain value, the out-of-flatness actually help the seal to improve its sealing
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Figure 36: Comparison between different pressure amplitude for the second
wave. Note the differences when p̄ = 50 · 103 kN/m.

effect. A critical value for this value is found to be as

p∗2 = p∗1/4.17, (20)

where p∗2 is the pressure amplitude for the second wave and this can be used in
all out-of-flatness configurations. The shape of this configuration is shown in the
Figure 37,so if p∗2 exceeds or fails to reach that point are shown in that graph.
Similarly to this, one can find an out-of-flatness configuration that can match

Figure 37: Comparison between three configurations where leak rate can be
decreasing, at its minimum and increasing.

to the single-wave out-of-flatness and this can be described in the following
expression:

p∗2 = p∗1/1.67, (21)

and graphically, its pressure would be generated in the shape shown in the
Figure 38.
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Figure 38: These two configurations give the same leak rate.

Both cases can be also shown in the Figure 39 with p∗2 and Ql. The x-axis
consists of the increment of p∗2, keeping p∗1 constant.

Figure 39: Comparison of both cases and also the variation when the critical
point is passed or not reached.
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4 Conclusion

The virtual test rig which can be used to test different cases of out-of-flatness
regarding the leakage in face seals was used for the numerical analysis. The vir-
tual test rig based in a already published model[1] which incorporates the HMM
two scale model and the contact mechanics, is feasible when it comes to ana-
lyzing leak rate. Using this virtual test rig, the effects of several out-of-flatness
factors were analyzed and described both graphically and in mathematical ex-
pression. The results of this work are divided into two parts, the first showing
the effects of out-of-flatness and the second part the mathematical expression,
which was achieved using the obtained data from the analysis. In the analysis,
it was determinate that the pressure amplitude is the most important parameter
of out-of-flatness. The variation of the pressure amplitude entirely changes how
the leak rate behaves. In the other hand, mean pressure has significant impact
in leak rate and despite not being considered an out-of-flatness parameter, it is
in the same level of importance as pressure amplitude. Mean pressure reduces
leak rate when it is increased and when it is greatly increased relative to pres-
sure amplitude, the leak rate of that case can be insignificant if compared to flat
seal. The effect of phase shift was shown to be insignificant in singe wave out-
of-flatness. Order of magnitude was analyzed and it was shown that, as phase
shift, using different order of magnitude alters the shape of the pressure and
in the single wave of out-of-flatness it is neglected. Similar to the single wave
case, pressure amplitude is the most important parameter of out-of-flatness. It
was found that the variation of pressure has an important role even when it
is coupled with phase shift and order of waviness. The two later components
as in the single wave out-of-flatness did not have much of an impact to the
results. This could be because of the new shape which is generated from the
phase shift or order of waviness, thus creating new passages for leak rate but
simultaneously creating obstacles for the leak. The expression of the leak rate
in this work is used only for a single wave of out-of-flatness and for two or more
waves combined cannot be used since many complication which arise when the
second wave is introduced and due to insufficient time, the expression is only
able to explain the single wave out-of-flatness.

5 Future work

Due to insufficient time to analyze the entire range of out-of-flatness compo-
nents and their effect, a better understanding should be achieved when analyz-
ing combined and complicated out-of-flatness configurations like two or more
wave combinations. One can also use some assumptions when analyzing more
complicated cases such as phase shift and order of waviness being negligible at
many combinations of waves.

This work only talks about only one surface finish. This could be a restriction
when it comes to a broad range of seals and the data provided by this work may
be insufficient for different sealing configurations. As seen in the results section,
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roughness when two surfaces are in contact cannot be neglected, thus a different
surface finish may help broadened the understanding on how the sealing effect
variate as a function of roughness.

Coupling the out-of-flatness effect with other parameters such as tempera-
ture might be interesting. Adding more physics to this topic might improve the
our knowledge about seals and their close-to-perfection function. A new goal to
realism can be achieved using heat transfer and also other parameters such as
vibration or friction.

References
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