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Abstract—The issues of ensuring of guaranteed, with a given
probability of the flow of the medium, the tightness of metal-
polymeric sealing joints of the hydraulic systems of apparatuses
and units are considered. Taking into account the mutual
influence of the microasperities of the rough surface, the
dependences of the relative contact area, the gap density in the
joint and the probability of the medium flowing from the
dimensionless force elastic geometric parameter f, are
determined. These contact characteristics determine the
functional of the permeability C, which characterizes the sealing
capacity of the sealing joint. Their role in various periods of
loading of a sealing joint by a dimensionless load is shown. From
the dependence of the functional of the permittivity C, on the
dimensionless force elastic geometric parameter f;, it is possible
to distinguish three zones of sealing: initial, due to the
indentation of the highest asperities; stable, by reducing the gap
density; effective, due to the fusion of individual contact spots. It
is shown that due to the fusion of single contact spots at f; - fge,
the probability of the medium flowing sharply decreases. For the
probability value vy = 0.0001, the values fy = 0.50...0.60 which

corresponds to the relative contact area n= 0.58...0.63. This

result agrees well with the value of the relative actual contact
area obtained using percolation theory, in which a continuous
closed cluster is formed, i.e. overlapping of all microchannels in
the joint is ensured.
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. INTRODUCTION

Sealing joints are widely used in pipeline communications
of hydro-pneumatic systems of aircraft, as well as in engines,
for hermetic sealing of cabins. Hydropneumatic systems of
aircraft can be divided into liquid (hydraulic, fuel, oil, anti-
destruction, etc.) and gas (pneumatic, oxygen, fire, heating,
conditioning, etc.). The share of hydropneumatic fuel
aggregates in aircraft equipment can be up to 25% in terms of
nomenclature and 35% in metal consumption. Their reliability
is largely determined by the quality of the sealing joints.
Ensuring the reliability of sealing joints is laid at the design
stage.

The complexity of modern power control systems can be
judged by the example of the hydraulic system of an airplane
of the type XV-70 [1], which includes 12 pumps, 129
actuators, 170 valves. The total volume of the hydraulic

system is 830 liters, the length of pipeline communications is
more than 1600 m. The system has 3900 sealing joints. In
recent decades, the number of powertrain units has tripled, the
length of the pipelines was 2.5 ... 3.5 km. There are hydraulic
systems at 48 and 70 MPa..

The tightness of the sealing joints is provided by loading
them with a compressive force (contact sealing pressures) and
is largely determined by the stress-strain state in the contact
zone and depends on the contact interaction of the rough
surfaces. The main contact characteristics ensuring the
tightness of the sealing joints are the relative contact area, the
density of the gaps in the joint, the degree of fusion of contact
spots of single asperities, which determines the probability of
the medium flowing [2].

Widely used in sealing technology are low-modular
polymer materials in the form of coatings or individual parts
[3]. According to the strength criteria, structural materials are
low modulus with elastic modulus values of E < 10° MPa.

To quantify the leak tightness, use the leakage, that means
rate-the mass or volume of the medium per unit time. To
evaluate the sealing capacity of the sealing joint, the non-
dimensional permeability functional is used

/\3Uk
40-n)*
where is the density of gaps in the joint; mn is the relative

contact area; vy is the the probability of a medium flowing
which depends on the fusion of individual contact spots.

Cy= ) 1)

All the parameters entering into Eqg. (1) depend on the
parameters of microgeometry and the dimensionless force

elastogeometric parameter fq :

The purpose of this paper is to determine the role of the
parameters included in Eq. (1) in ensuring tightness of joints
and to determine the conditions for ensuring a guaranteed
tightness, taking into account the mutual influence of
microasperities. The guaranteed tightness corresponds to the
set value of the probability of the flow of the medium vy, for

example vy =0.0001.

Copyright © 2018, the Authors. Published by Atlantis Press.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

313



ATLANTIS
PRESS
Il. MODEL OF A ROUGH SURFACE

At present, models of roughness and the theory of
contacting rough surfaces developed by Greenwood-
Williamson, N.B. Demkin and their followers [4, 5] are used
to solve the problems of tribology. However, the use of such
models for solving the problems of ensuring the tightness of
connections with low-modulus materials leads to significant
errors which is explained by the following: 1) the contact
pressure of the sealing is about 1-2 orders of magnitude higher
than that of friction, and the mutual influence of the contacting
asperities must be taken into account; 2) in the sealing joint, it
is possible to contact all the asperities which requires the
description of the whole profile bearing curve and not only its
initial part; 3) in determining the gap density, displacements of
the points of the surface of the asperities are not taken into
account; 4) it does not take into account the fusion of single
contact spots.

Therefore, we use the discrete roughness model given in
[1]. Microasperities can be represented as a set of identical
spherical segments with radius, base and height. The height
distribution of the asperities corresponds to the bearing curve
of the real surface profile which is described by the
regularized beta function:

n(s)=—B§((:'qq)), @

where, B,(p,q),B(p,q) are respectively, the incomplete
and complete beta-functions;
1}; ©)

2
b= Rp [RmaX‘RpJ_ Rp q= p| Jmax Rmax
I:{q Rmax Rmax Rp

Rp. Rg. Rmax are the height parameters of roughness.

The density of the height distribution function of the
asperities is described by the expression:

()2 4 -0 [(p-1)1-u)- (g -1)]
- TR S

where u is the distance from the peak level to the top of the
asperities; &g is determined from the condition op(g5)=1;

o=1-¢g4.
Radius of the spherical segment is

r=ac / 2(’JRmax) 5)

Fig. 1 shows the density distribution of the height
asperities for the examples of the relative contact area below.
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Fig. 1. Density distribution of asperities for different values of p and q.

As it follows from Fig. 1, the variation of the parameters p
and q let to effectively control the density distribution of the
asperities in the height of the rough layer.

Ill.  CONTACT OF ARIGID ROUGH SURFACE WITH
AN ELASTIC HALF-SPACE

A. Relative contact area

As follows from [5-7], and also from the recent publication of
the authors [1], in determining the relative contact area,
especially with the use of low-modulus materials, the mutual
influence of microasperities should be taken into account.
Below we give a system of equations [1], the solution of
which will allow us to determine the dependence of the
relative contact area m on the dimensionless force elastic

geometric parameter f,, which is determined by equation

fq — qCaC , (6)
E*oRmax

where E” is the reduced modulus of elasticity.

To contact a rough surface with an elastic half-space, we have

B g
fq(s): dc (e)ac :375 0 @)

min(e,e )

1- \vn(m)@ ()du

8 mln(s &)

E*®Rmax
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where Vi (n,

°— il )] : ®)

[arcsm ny

Relative contact area is

min(e,&; )

(J) nih(u)du, ©)

n(e)=

To determine the dependence n(fq), it is necessary to
exclude the parameter from the dependences f(¢)andn(e).

The dependences n(fq) for the distribution densities of the

asperities corresponding to Fig. 1 are shown in Fig. 2 and are
denoted by dots. The line in Fig. 2a is indicated an analogous
relationship without taking into account the mutual influence
of the asperities, from which it follows that when n =1 using

a discrete roughness model, the case is possible. This
contradicts the data of papers [8-12] devoted to the study of
almost complete contact between rough surfaces and confirms
the correctness of the chosen approach.

n © ¢ P=g=2.5
0 0 p=¢=3.5
| & A p=q=4.5
0.8 without mutual
influence

0.6 £ 1
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T
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Fig. 2. Dependence of the relative contact area on the dimensionless
parameter fq a) taking into account (point) and without taking into
account (the line) the mutual influence of asperities; b) for different values of
the parameters p and q.

It follows from Fig. 2, the dependences for different values
of the parameters p and q practically merge into one line.
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Therefore, for engineering calculations it is expedient to
describe them by a single equation

n= 1—exp(—L48 fq0'775). (10)

The approximation of the analytical dependencies n(f,)

describes them quite accurately, and therefore can be
recommended for engineering calculations of the relative area
under elastic contact.

B. Density of gaps in the joint

To determine the volume of the intercontact space, it is
necessary to determine the volumes of gaps attributable to
single contacting and noncontacting asperities [1, 13]

Vii =2nafc[220( )-210(p)lpdp;
V; = o (11)

Voi = znag‘[z2r<p>—z1r<p>]pdp,

where zyp, Zpg are the equations describing surfaces of
noncontacting asperities and half-spaces; 7,2z, are the
equations describing the surfaces of contacting asperities and
half-spaces.

Then the total volume of the intercontact space at the joint
is described by equation

Ny Ne—Ny
Ve=2Vi+ 2 Vo,
i=1 i=1

and the corresponding gap density is equal to

1 min(e,eg ) &g
AMe)J=———| | Viopludu+ [Voiop(u)du| (12)
AciRmax 0 min(e,eq
Taking into account that Ay =V, /(AcjRmax) H

Agi =V /(AciRmax)» the Eq. (12) can be represented in the
form

min(e,eg ) £
Ae)= | Anoh(u)du+  [Agien(u)du. (13)
0 min(e,eg

To determine the volume of the intercontact space, it is
necessary to determine the volumes of gaps attributable to
single contacting and noncontacting asperities [1, 13]

a,

Vii =2n fc[zzo( )-210(p)lpdp;
V= 2 (12)
Voi =2n (fj[zzr( p)- 12, (p)lpdp,
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where zq, Zpg are the equations describing surfaces of

noncontacting asperities and half-spaces; zj,,z,, are the

equations describing the surfaces of contacting asperities and
half-spaces.

Then the total volume of the intercontact space at the joint
is described by equation
Ny Ne—Ny
Ve=2Vi+ X Voi,
i=1 i=1

and the corresponding gap density is equal to

1 min(g,eg ) g
Ale)=———| | Viopu)u+ [Voop(udu |(12)
AciRmax 0 min(e,eg )
Taking into account that Ay =V /(AijRmax) H

Agi =Vp; /(AciRmax)» the Eq. (12) can be represented in the
form

min(s.ss) £g
Ale)=" [ Anop()du+  [Ageh(uldu.  (13)
0 min(e,es )
Expressions for A =Ay(e,u)and A =Aq(e,u) are
given in [1].

oo p=3, =4
66 p=q=3.5
a4 p=4, g=3
— without mutual influence

a) 0 0.2 0.4 0.6 Ja
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b) 0 0.2 0.4 0.6 lfq

Fig. 3. Density of gaps in the joint: with taking into account and without
taking into account the mutual influence of asperities (a); for different values
of pand q (b)
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In Fig. 3 shows the dependence of the gap density A on
the complex dimensionless force elastic geometric parameter
f, . From Fig. 3 it follows that A it depends on the influence

conditions of the asperities and to a much lesser extent
depends on the values of the parameters p and g.

C. Probability of a medium flowing

The probability of a medium flowing is determined by the
degree of confluence of single contact spots. In [1], a model of
a single asperity was used for this (Fig. 4), which is described
by equation

2(x, y)=v+o[f(x)+ f(y)], (14)
2X 2Y Z
where x=——, y=—-1, Z= )
mx Smy Rmax

Smx:\/AciKs ) Smy:\/Aci/Ks )

Ks = Smx/Smy J

|t]| <05,

05-t,
f(t)z{(1—|t|)2, 05<|t|<L.

n,=0 1;,<0,5 n,>0,5

ol

Fig. 5. Scheme of the sealing joint
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For this asperity, the distribution of material along the
height ~®Rq IS linear, i.e. similarly as for a spherical

segment at r >> Ry,ax. The cross-section of the asperity at the
level V+0.50 concerns the contour of the asperity. If two

adjacent asperities occur n; > nf , they will merge.

Suppose that a flat sealing joint of a length nd,, and a

width | consists k of rows of asperities (Fig. 5). The
probability of a medium flowing [1] is

(1—x*) x*<l;
3

3k_1ﬁ—x*)k, x* 21;
3

Uk(S)Z

(15)

where k is the number of rows of microasperities along the
width of the sealing zone;

0, mife.u)<ni;

SEOS) e

ni =05..0,52is critical value m; .

The dependencies L (fq) are shown in Fig. 6.

lg(ve)

5 | 1
b) 0 0.2 0.4

0.6 fy

Fig. 6. The dependence of the probability of the flow of the medium v
from the dimensionless parameter f,
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It follows from Fig. 6, because of the fusion of single
contact spots at f, > fy , the probability of the medium flowing
sharply decreases.

IVV. RESULTS AND DISCUSSION

Substituting the Egs. (10), (13) and (15) in (1), we obtain
the dependence of the permeability functional C, on the

dimensionless force elastic geometric parameter f, .

The mass or volume flow of the medium is determined by
the equations

G =C¢-Cy, Q =Cg-Cy; (16)
C :M _ 7TdmRr:%ax(pl2 - p22) (17)

f M ol '
wherep is the density of the medium to be sealed; p; and

p, are inlet and outlet pressures; ; pis dynamic viscosity; |
is width of the sealing zone.

When designing the sealing joint, it is convenient to
determine the required permeability function C; from the
specified p, p1, p2, 1 and assigned dy, | and Ry, taking into
account G (or Q) from equations (16) and (17)

21luG 18)

T
d i R axPAP

and then from the dependencies Cu(fq) determine the power

parameter fq that provides the given level C; , and therefore,
the specified leakage value G .

The dependencies are shown in Fig. 7. As it follows from
Fig. 7, there are three zones of sealing: a) initial (f; < 0.05),
due to the introduction of the highest asperities; b) stable
(0.05 < fy <fe), by reducing the gap density; c) effective (f,>
f4e), due to the fusion of individual contact spots.

©-¢ without mutual influence
©-© with mutual influence

0.6 fq

0 0.2 0.4

Fig. 7. Dependence of the functional of the permeability of C, on
of the forse elastic geometric parameter f,
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The value of f is characterized by the onset of a sharp
decrease in the permeability functional (Fig. 7) due to a
decrease in the probability of medium permeation (Fig. 6). For

a given level of probability of the flow of the medium, for
example vy =0.0001, the value fge =0.50..0.60. With taking

into account Eqg. (10), this occurs at a relative contact
arean=0.58..0.63, for p = q = 3.5, we haven=0.60 . This
result agrees well with the data of [14] obtained using
percolation theory (permeation), which determine the value of
the relative actual contact area at which a continuous closed
cluster is formed, i.e. overlapping of all microchannels in the
joint is ensured.

V. CONCLUSION

1. The main contact characteristics that determine the
sealing capacity of compounds are the relative contact area,
the gap density in the joint and the degree of fusion of single
contact spots.

2. The density of gaps in the joint is determined taking into
account the mutual influence of asperities, the value of which
gives a margin for tightness in comparison with the values
obtained without taking into account the mutual influence.

3. The probability of a medium flowing is determined by
the degree of confluence of single contact spots and the width

of the sealing zone. The fusion of contact spots occurs nj >nj
for two adjacent asperities.

4. The guaranteed tightness depends on the distribution of
asperities along the height of the rough layer and is provided
with the relative contact area in the jointn=0.58..0.63. This
result is in good agreement with the data obtained using the
percolation theory.
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