P

CrossMark

864 Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(11):864-881

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

Wwww.jzus.zju.edu.cn; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS

Thermo-elasto-hydrodynamic analysis of

triangular textured mechanical face seals

Xiao YANG, Xu-dong PENG'*, Xiang-kai MENG, Jin-bo JIANG, Yu-ming WANG
MOE Engineering Research Center of Process Equipment and Its Remanufacture, Zhejiang University of Technology, Hangzhou 310032, China
"E-mail: xdpeng@126.com
Received Apr. 30, 2019; Revision accepted Sept. 6, 2019; Crosschecked Oct. 17, 2019

Abstract: A 3D thermo-elasto-hydrodynamic (TEHD) model is presented to study the effects of triangular dimples on the load-
carrying capacity, leakage and friction of a mechanical seal operated under mixed or full film lubrication conditions. The model is
solved by the finite element method (FEM), which takes into account the effects of the Jakobsson-Floberg-Olsson (JFO) cavitation
boundary condition, surface roughness, elastic-plastic contact, thermo-elastic deformation, and the temperature-viscosity relation.
The numerical results of the TEHD model are quite different from those of the hydrodynamic (HD) and thermo-hydrodynamic
(THD) models, especially at high speeds. In order to obtain the optimum shape and distribution of the triangular dimples, a
comparative study is conducted to investigate different distributions of equilateral triangles and isosceles right triangles. The
results show that a surface textured mechanical seal with isosceles right triangular dimples has the most significant hydrodynamic
and pumping effects which, in turn, are beneficial to sealing face opening behavior and leakage limitation. The theoretical results
are in good agreement with the experimental ones, and offer new guidance for the future design and development of high-speed
mechanical seals for aviation piston pumps.
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1 Introduction chanical seals. From boundary to full film lubrication
conditions, surface texturing is beneficial for reduc-

A mechanical seal as an important component of ing friction and wear in many ways (Etsion, 2005).

aviation piston pumps and thus has a decisive influ-
ence on the safety of aircraft. With aircraft develop-
ment, aviation piston pumps trend towards higher
rotation speeds, which creates stringent requirements
for the performance of mechanical seals. Surface
texturing can be used to enhance the load-carrying
capacity and reduce the leakage and friction of me-
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Scholars around the world have made broad scale
research on features with different forms and shapes
of surface texturing (Etsion, 2004; Gropper et al.,
2016). To enhance load-carrying capacity and reduce
leakage and friction, surface texturing is widely ap-
plied to mechanical seals (Yu et al., 2002; Qiu and
Khonsari, 2011). Recently, research has mainly fo-
cused on the optimum shape, distribution and struc-
tural parameters of textures (Adjemout et al., 2015b;
Shen and Khonsari, 2016).

Etsion (Etsion and Burstein, 1996; Etsion et al.,
1999), one of the earliest researchers on surface tex-
tured mechanical seals, worked on spherical dimples
for many years. His research shows that the optimum
area ratio of texture for a minimum friction
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coefficient is about 20%. Bai et al. (2011) presented
experimental work on the orientation of elliptical
dimples, which shows that the orientation dimple has
a significant hydrodynamic effect. Xie et al. (2013)
studied the hydrodynamic performances of textured
surfaces with different dimples, such as rectangle,
triangle, and trapezoid. Theoretical results show that
the shapes and orientations of dimples have great
influence on load-carrying capacity. Adjemout et al.
(2015a) presented a numerical analysis on the shape
and distribution of dimples. The results show that a
single triangular dimple could not generate a positive
load-carrying capacity, while two triangular dimples
placed symmetrically with respect to their bases ob-
tained the maximum load-carrying capacity. Com-
pared to square and rectangular shapes, the triangle
shape has a strong orientation effect, with a great
influence on load-carrying capacity, friction coeffi-
cient, and leakage. Similar results can also be seen in
other studies (Yu et al., 2010; Zhang et al., 2016),
where triangles at different orientations were studied
by experimental and theoretical methods.

Although many studies have shown that trian-
gular textures have strong hydrodynamic effects, the
texture shapes studied have mostly been equilateral
triangles, and there are few studies on right triangles.
Moreover, most of the theoretical studies of textured
surfaces mentioned above are based on a hydrody-
namic (HD) model, without regard to the influence of
surface temperature and deformation. There are some
studies (Qiu and Khonsari, 2012; Zouzoulas and Pa-
padopoulos, 2017; Meng et al., 2018) of textured or
grooved surfaces based on an advanced thermo-
hydrodynamic (THD) model. Only a few studies
(Adjemout et al., 2018; Yang et al., 2018) are based
on the thermo-elasto-hydrodynamic (TEHD) model.

Here, a 3D TEHD model is presented to study
the effect of triangular dimples on the performance of
mechanical seals. The model considers the effects of
the Jakobsson-Floberg-Olsson (JFO) cavitation
boundary condition, surface roughness, elastic-plastic
contact, thermo-elastic deformation, and temperature-
viscosity relation on the lubrication behavior. The
study is conducted under the actual operating condi-
tions of mechanical seals for aviation piston pumps. A
comparative study of the three models for predicting
seal performance, the HD model, THD model, and
TEHD model, is performed. The distributions of the

right triangular dimples are optimized under given
operating conditions. The results provide new guid-
ance for application of the pumping effect and present
an optimum distribution of right triangular dimples.

2 Theoretical model
2.1 Texture geometric model

Fig. 1 shows the geometric diagram of a textured
mechanical seal that consists of two rings. As shown
in Fig. 1, p; is the atmosphere pressure and p, is the
fluid sealing pressure, ; and r, are the inner and outer
radii of the sealing surface, respectively. The stator is
fixed to the wall, while the rotor is a floating ring and
spring loaded. Fyying is the spring force, w is the ro-
tational speed of the rotor. The sealing surfaces of the
two rings are rough. The rotor is made of tin bronze
and the stator is made of bearing steel (Table 1). The
sealing surface of the stator, which has the greater
hardness, is textured. Because of the circumferential
periodical distribution of the texture, only one peri-
odic area is studied, and a periodic condition is ap-
plied on the radial boundaries. The geometric pa-
rameters of the textured surface are listed in Table 2.

The balance ratio of the mechanical seal is equal
to 1, so that the closing force can be defined as

F;lose = TE(’/:JZ - ’/;2 )po + F;pring' (1)

The opening force of the mechanical seal when
operating in mixed or full film lubrication conditions
can be written as

Frpew = [ (P+ Pe)dxdy, @)

where Q2 is the sealing surface, p is the film pressure,
and p.on 1S the contact pressure.

The film thickness between the two sealing
surfaces can be given by

hy+0, outside the dimple,
~|hy+h,+65,  inside the dimple, ©)

where % is the film thickness, A4 is the nominal film
thickness, /4, is the depth of dimples, and ¢ is the
thermal-elastic deformation of the two rings.
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Fig. 1 Geometric structure of the textured mechanical seal
(a) Textured surface; (b) Geometric structure

Table 1 Characteristics of the materials

Value
Parameter
Rotor Stator
Young’s modulus, E (GPa) 124 212
Poisson’s ratio, v 0.33 0.29
Conductivity, k£ (W/(m-K)) 75 40
Expansion coefficient, a 1.72x10°° 1.36x10°°

(1/K)

Table 2 Geometric parameters

Parameter Value
Inner radius, 7; (mm) 11.90
Outer radius, 7, (mm) 13.95
Depth of dimple, A, (um) 5
Periodic number, N 424
Dimple area ratio, S, 0.2
Surface roughness, a,, g, (um) 0.127, 0.192

2.2 Average flow model

Considering the effect of surface roughness on
lubrication, the average flow model originally pro-
posed by Patir and Cheng (1978, 1979) and simplified
by Wu and Zheng (1989) is employed:

d ) d )

Rl R P

ox\ "1Ruox) oy\ " 12uody

U Caph+K¢c oph U _0pf V. _9pd,
2% 2% 2 o 2 oy

“)

b

where u is the viscosity of the fluid, p is the effective
density, U and V are the sliding velocities in the x and
y directions, respectively, o=(c’ +07)"* is the

standard deviation of the sealing surface roughness, o;

and o; are the sealing surface roughness of the rotor
and stator, respectively. ¢, and ¢, are the pressure
flow factors in the x and y directions, respectively
(Patir and Cheng, 1978). ¢ is the shear flow factor
(Patir and Cheng, 1979), and ¢, is the contact factor
(Wu and Zheng, 1989).

Taking mass conservation into account, the JFO
cavitation boundary conditions are introduced to the
average Reynolds equation in the numerical simula-
tion. In order to obtain simultaneously the hydrody-
namic pressure in both the full film region and the
cavitation region, Payvar and Salant (1992) intro-
duced a function @, a cavitation index F, and a film
fraction 6 into the Reynolds equation. They are re-
spectively defined as

0=plp. =1+(1-F)®, ()
F=Lp=p ,®=p-p, 20, inthe full film region,
F=0,p=p,®=0-1<0, inthe cavitation region,

(6)

p—-p.=Fo,

where p. is the cavitation pressure, and py is the den-
sity of the sealed fluid.
Then Eq. (4) can be re-written as

ai [ " n 6(F@)j+ Kl ( " /3 a(Ftp)j
x\ T 12u  oOx oy\ " 12u oy

=$(U A+(A-F)hh o, 0l +( —F)@]h] ™
2 Ox oy

+F£ U%+V% s
2 ox Oy

with boundary conditions
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pr=n)=p;, p(r=1,)=p,, ®)
p(r,—mn/N)=p(r,n/N),
where 7 is the radius of the sealing surface, and N is
the periodic number.

A streamline upwind/Petrov-Galerkin (SUPG)
weighted residual method is implemented to the
modified Reynolds equation as shown in Eq. (7) and
the finite element method (FEM) is used. It adds the
diffusion in the flow direction to ensure the stability
of the numerical solutions. So the integral weak form
of Eq. (7) is expressed as

A® =KI,+CB,, )
A, =K/C,—K)(I,-C)), (10)
ON, ON, ON, ON,
_“{ ( nw Py Hdmy’
{ ( oN, 6N}
_” $.hN, Ly
ox oy
b pppora [y N, N OV O, dxdy
4 Ox ay Ox oy ’
B_—” ~N, [ a¢jdxd
(1)

where 7°%¢ =, / JU? +V? is the stabilization pa-

rameter and /At is the characteristic length of each
element in the direction of velocity. N; and [V, are the
shape functions. K”, K’ , and A are the stiffness ma-
trixes, @; is the vector of the function @, B; is the
stiffness vector, I;; and I; are the identity matrix and
vector, respectively, Cj; is the diagonal matrix, which
has diagonal elements C;=F;, and F; is the vector of
the cavitation index F. To obtain the hydrodynamic
pressure, a detailed description of the iteration pro-
cedure can be found in (Meng et al., 2014a, 2014b).

2.3 Elastic-plastic contact model

To consider the contact between two nominally
flat rough surfaces, an elastic-plastic contact model
proposed by Chang et al. (1987) is employed:

(12)
(13)

p con

4 12 ("t
P.= 377ER j

:pe+pp9

M- h+ ) p(2)dz,

p, =7mR,P, j}: LREhry)-0lpa)dz (14)
where
_ ( P, jz R, 20045044
© \28) V7 nR,
l:i_,_ﬂ o(z2) :;e—zz/ﬂoz)
E E E, ’ o2 ’

where p. is the elastic contact pressure, p, is the
plastic contact pressure, Py, is the yield stress of the
soft material, w, is the critical interference from the
elastic to the elastic-plastic deformation regime, y; is
the distance between the mean of the asperity heights
and that of the surface heights, E is the equivalent
Young’s modulus, E,, E; and v;, v, are Young’s
moduli and Poisson’s ratios of the rotor and stator,
respectively, # is the real density of asperities, R, is
the average asperity radius of curvature, and ¢(z) is
the asperity height distribution function, which is
assumed to show a Gaussian distribution.

2.4 Heat conduction model

It is assumed that the temperature is constant
across the film thickness in the analysis, because the
film is very thin. Thus, the temperatures of the two
seal rings should be equal on the sealing surface. The
two rings of rotor and stator can be regarded as a
single model that contains two kinds of materials. The
heat conduction equation of the two rings is as
follows:

(4T} 24T, 20T
Ox\ Ox 8y oy ) 0z\ 0Oz

where T is the temperature, and & is the thermal
conductivity of the sealing rings.

Considering that the leakage is low, it can be
assumed that the heat flux taken away by leakage is
negligible. Thus, the heat flux produced by viscous
shear and friction is considered to be entirely trans-
mitted by conduction to the two rings (Luan and
Khonsari, 2009). It can be considered as a local heat
source on the sealing surface:

(16)



868 Yang et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(11):864-881

2 2
= + ﬁ)pconrw’

q=q, +4q; (17)

where n is the normal vector of the boundary, ¢ is the
heat flux, gy and gy are the viscous and frictional heat
flux respectively, and f; is the dry friction coefficient
of the sealing surfaces.

Thermal and mechanical boundary conditions
can be seen in Fig. 1b. The surfaces of the two rings
surrounded by sealed fluid are convective heat
transfer boundaries. The surfaces of the two rings
exposed to the air are adiabatic boundaries. The bot-
tom surface of the stator is a fixed boundary and also
an adiabatic boundary. The bottom surface of the
rotor is pushed by a spring, and an axial displacement
constraint is applied to its inside diameter. The con-
vection transfer is conducted in the surfaces:

(o
on

+h (T-T))=0, (18)

8

where T is the bulk temperature of the fluid.
The convection coefficient 4. is calculated by
using Becker (1963)’s empirical formula:

2 2/3 1/3
b ok ped | [ G
¢ d\ 2u k)

(19)

where ki is the thermal conductivity of the fluid, and
C, is the isobaric specific heat capacity of the fluid,
and d is the outside diameter of the rotor.

The periodic boundary condition of temperature
is

T(r,—m/N,z)=T(r,n/N,2z). (20)

2.5 Thermo-elastic deformation model

In this study, a 3D FEM is used to calculate the
thermo-elastic deformation of the two rings. A weak
integral form of the thermo-elastic deformation
equation is

[[[ B DB3aY — [[[ B"Derdv [[ N"Pds =0,

21
and Eq. (21) can also be written as

Ké=P, (22)

where
K=|[[ B'DBdV, P=P +P,

P, =[[ N"Pds, P, =[[[ B'D&dV,

where the thermal strain vector e;=a(7-T7p){1 11000},
a is the thermal expansion coefficient, /V is the shape
function vector, B is the geometric matrix, D is the
elasticity matrix, K is the stiffness matrix, P is the
nodal load vector, P, is the load matrix, Pr is the
thermal load matrix, and o is the displacement vector.

2.6 Temperature-viscosity model

There is a close relationship between fluid viscos-
ity and sealing surface temperature. The temperature-
viscosity relationship is described by

U=a e+ (23)

where a, b, ¢ are constants. In this study, an aviation
hydraulic oil is used in an aviation piston pump, and it
is also used as the sealed fluid. The oil has a high
viscosity at a low temperature. At 25 °C the viscosity
of the oil is 1.68x10 % Pa-s. The values of a, b, ¢ can
be calculated by the methods presented in our previ-
ous work (Yang et al., 2018). The upper equation can
be expressed as

ﬂ 3 321 ><1074 599.65/(T+127. 8) (24)

2.7 Computation procedures

A 3D TEHD model is solved by using the FEM,
and the computational procedure is shown in the flow
chart of Fig. 2, which mainly contains three iteration
loops. Through the three iteration loops, the closing
force is balanced with the opening force, and the film
thickness distribution and temperature distribution
are all consistent with one another. Once a converged
solution is obtained, the sealing performance param-
eters can be calculated by

'[5912 [ +¢ jdl,

F. = Z’UQ trdxdy + f, x ”Q DPoondxdy,

(25)

(26)
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y7:80) h dp Op
=0 - ¢ —| —yv—+x—1, (27
T i (¢ — o) ¢fp 27‘( y o X ayj (27)

f=F/F, (28)

pen 2

where Q is the leakage rate, / is the inner circle of the
sealing surface, Ft is the friction force between the
two sealing faces, fis the friction coefficient, ry, is the
mean radius of the sealing surface, r,=(ri+7,)/2, and 7
is the viscous shear stress. ¢, ¢s, and @5, are shear
stress factors (Patir and Cheng, 1979).

| Input initial parameters |

A 4
Calculate the film pressure p
and contact pressure peon,
obtain the opening force Fopen

?

Fopen= close ¢

Calculate viscous and
frictional heat flux qu, gr,
obtain temperature distribution T

Update T

Calculate thermal and elastic
deformation &

| Calculate sealing performance parameters |

Fig. 2 Calculation flow chart

3 Models and algorithm validation

To verify the 3D TEHD model and the numeri-
cal method, comparisons of the simulated results of
radial film thickness and radial temperature distribu-
tions with the results obtained by Ayadi et al. (2015)
were carried out and are shown in Figs. 3 and 4, re-
spectively. In (Ayadi et al., 2015), the stator is rough
whereas the rotor is smooth and they are all flat sur-
face, the materials of the rotor and stator are carbon
and silicon carbide, respectively, the sealed fluid is
water, and the geometrical parameters and operating
parameters are given. The results predicted by the

present model are in good agreement with those of
Ayadi et al. (2015). The maximum error is less than
5%, which indicates the validity of the present model
and numerical methods.

1.6
w=628 rad/s, p,=2 MPa —— Avadi etal. (2015)
14+ —— Present model
1.2+
~ 1.0}
€
2
< 08F
0.6 |-
04 F
0.2 L L L L L L
46 47 48 49 50 51 52
Radius (mm)

Fig. 3 Comparison of radial film thickness

w=628 rad/s, p,=2 MPa

AT (K)
25.6

—— 20
10 I 10
0.245 6 e
(b)

Fig. 4 Comparison of radial temperature distributions
(a) Present model; (b) Ayadi et al. (2015)

4 Results and discussion

The TEHD numerical model is used to investi-
gate the effect of different dimple distributions on
sealing performance. The operating parameters are
listed in Table 3. The actual working conditions of the
mechanical seal in an aviation piston pump can be
really simulated with those operating parameters.

4.1 Comparison of the HD, THD, and TEHD
models

As shown in Fig. 5, there are two types of tri-
angular textured surfaces which are named 50-5iE
(five triangles at the outer rim and five triangles at the
inner rim) and 50-5i, respectively. The 50-5iE dis-
tribution consists of equilateral triangular dimples,
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and the 50-5i distribution consists of isosceles right
triangular dimples. The two triangular textured sur-
faces are solved by the HD, THD, and TEHD models
at different speeds, and the results are shown in
Figs. 6 to 10.

Table 3 Operating parameters

Parameter Value
Atmosphere pressure, p; (MPa) 0.101
Fluid sealing pressure, p, (MPa) 0.5
Cavitation pressure, p. (MPa) 0
Spring pressure, pg, (MPa) 0.3
Rotation speed, 7 (r/min) 1000-10000
Fluid temperature, T; (°C) 25
Dry friction coefficient, fy 0.1

50-5iE

KKK > P> D> D>
AAAAANNENNDN

[t
hi 200 pm

50-5i

>
I

)

Fig. 5 Triangular textured surfaces

Fig. 6 presents the load-carrying capacity of the
two types of triangular textured surfaces. The results
show that sealing surfaces with 50-5iE distribution
corresponding to the HD, THD, and TEHD models
are in a mixed lubrication condition, except for those
corresponding to the HD model when #>8000 r/min.
For the 50-5iE distribution, the growth rate of
load-carrying capacity of the HD model is higher than
those of the THD and TEHD models. The reason is
that when frictional heat is considered in the THD and
TEHD models, the viscosity of the fluid film will
decrease with the rotational speed because of the
increase of temperature. The lubrication features of
the surfaces with 50-5i distribution controlled by the
HD, THD and TEHD models are all in full film lu-
brication condition when #>3000 r/min. That means
the textured surface with unidirectional right triangles
can obtain a higher hydrodynamic effect than that of
the surface with bidirectional equilateral triangles.

Fig. 7 presents the average radial clearance of
the two textured surfaces when #=10000 r/min. It
shows that the average radial clearances of the HD

and THD models are constant along the radial direc-
tion, which means the two sealing surfaces are par-
allel. However, the average radial clearance of the
TEHD model is convergent, because the surface de-
formation is considered.

140
—o—HD
120} —#—THD
—O—TEHD
_ 100 |
£
e
80
60 -
(a)
40 1 1 1 1 1
0 2000 4000 6000 8000 10000
n (r/min)
140
130 |
~ 120+
£
-
110 | —0—HD
—A—THD
—O— TEHD
100 |
(b)
90 1 1 1 1 1
0 2000 4000 6000 8000 10000
n (r/min)

Fig. 6 Comparison of load-carrying capacity
(a) 50-51iE; (b) 50-5i

Fig. 8 presents the average film thickness of the
two types of triangular textured surfaces. For a tex-
tured surface with the 50-5iE distribution, with the
increase of rotational speed, the average film thick-
ness of the HD model increases slowly in the mixed
lubrication condition and then increases rapidly in the
full film lubrication condition. The average film
thickness of the THD model is small and almost
constant; it must be very small to provide a suitable
contact pressure. The average film thickness of the
TEHD model shows a linear increase. Because the
surface has a convergent film thickness caused by the
deformation, the contact pressure exists near the inner
rim. Moreover, the temperature increases with rota-
tional speed, which leads to the increase of defor-
mation, i.e. the convergent angle of film thickness
increases, so that the average film thickness increases.
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Fig. 8 Comparison of average film thickness
(a) 50-5iE; (b) 50-5i

For a textured surface with the 50-5i distribution,
which has a strong hydrodynamic effect and load-
carrying capacity, the average film thicknesses of the
HD, THD, and TEHD models increase with rotational
speed. The average film thickness of the HD model is
higher than those of other models, because the tem-
perature is lower and the viscosity of the film is
greater, so that the hydrodynamic effect is stronger.
The average film thicknesses of the THD and TEHD
models are very close, which means the convergent
angle of film thickness has little effect on the
load-carrying capacity when the surface is in the full
film lubrication condition.

Fig. 9 presents the leakage of the two types of
triangular textured surfaces. It shows that the leakages
of the HD, THD, and TEHD models are different,
especially at high speed. For a textured surface with
the 50-5iE distribution, the leakage of the HD model
is the lowest when n<7000 r/min, and the largest
when #>9000 r/min. Because the temperature is not
taken into account, the film has higher viscosity, and
the hydrodynamic effect of the textures is stronger, so
the surface is in mixed lubrication condition when at
low speed, and in full film lubrication condition when
at high speed. The leakage of the TEHD model is
larger than that of the THD model, for it has a larger
average film thickness. It indicates that the leakage
mainly depends on the lubrication condition and av-
erage film thickness.

Similarly, the leakage of the HD model is the
largest for a surface textured with the 50-51 distribu-
tion, which has the largest average film thickness. For
the THD and TEHD models, the temperature is taken
into account, the film has lower viscosity, and the
hydrodynamic effect of the textures is weaker, so the
film is thinner. In particular, the average film thick-
nesses of the THD and TEHD models are very close,
but the leakage of the TEHD model is lower than that
of the THD model. This can be explained by the dif-
ference of film thickness distribution. The defor-
mation is the main influencing factor in the distribu-
tion of film thickness. The film thickness of the
TEHD model which presents a convergent clearance
caused by the deformation of the surface helps to
reduce leakage.

Fig. 10 presents the friction coefficient for me-
chanical seals with two types of textured surfaces. For
a textured surface with the 50-5iE distribution, the
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friction coefficient of the TEHD model will increase
with the rotational speed, but the friction coefficient
of the HD model first increases and then decreases
when the surface lubrication conditions change from
mixed to full film lubrication. Compared to the HD
and THD models, the TEHD model shows the
smallest friction coefficient. Moreover, the variation
of friction coefficient is very small due to the highest
average film thickness and the lower viscosity of the
fluid film.

For a textured surface with the 50-5i distribution,
the coefficients of friction controlled by the HD, THD,
and TEHD models show the same tendencies with
rotational speed. They decrease rapidly, and then
increase slowly, because the surfaces are first in
mixed lubrication and then in full film lubrication.
When the textured surfaces are in mixed lubrication,
the load-carrying capacity increases with rotational
speed, thus the film thickness increases and the con-
tact friction stresses of the surfaces decrease, which
results in a reduction of the friction coefficient. When
the lubrication state changes to full film lubrication,

the viscosity shearing stress of the oil film increases
with rotational speed, which leads to an increase of
the friction coefficient. At high speeds, the friction
coefficients in the THD model and TEHD model are
lower than that in the HD model, because the viscos-
ity of the film is lower when the frictional temperature
is considered.

Through comparative analyses of the HD, THD,
and TEHD models, it is found that some sealing
performance parameters of a mechanical seal with
textured surfaces solved by different models are
quite different, whether the surfaces are in mixed or
full fill lubrication conditions. In particular, the HD
and THD models may overestimate the leakage of
the surface in the full film lubrication condition or
underestimate the leakage of the surface in mixed
lubrication condition. Therefore, in order to mini-
mize the friction coefficient while satisfying the
requirement of leakage in given conditions, it is
necessary to use the TEHD model to study the ef-
fects of surface textures.

1.0 30
——HD ——HD
08f ——THD B ——THD
—o—TEHD 20 —o— TEHD
= 0.6 <
E Nl
S04t S 10+
02} 5r
00 . . . . (@ °r . . . . _®
' 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
n (r/min) n (r/min)
Fig. 9 Comparison of leakage rates: (a) So-5iE; (b) So-5i
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Fig. 10 Comparison of friction coefficients: (a) 5o0-5iE; (b) 50-5i
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4.2 TEHD study of the distribution of the trian-
gular dimples

Fig. 11 presents the film pressure, temperature,
and deformation of a mechanical seal with a surface
texture of 50-5i distribution when #=10000 t/min.
The triangles with apexes placed outwards have
downstream pumping and the triangles with apexes
placed inwards have upstream pumping. The two
opposite pumping effects are combined between
sealing faces and a high-pressure zone appears at the
middle of the sealing surface. The highest tempera-
ture is at the surface near the inside diameter, and the
lowest temperature is at the outside diameter. This is
due to the high convection coefficient between the
outer circumference and the sealed fluid. Because of
that uneven temperature distribution, the radial
thermal deformation varies with radial position, and
the resulted thermal and mechanical deformation
leads to a convergent film thickness.

Fig. 12 presents the thermal and mechanical
deformation of the textured surface with 50-5i dis-
tribution when #n=10000 r/min. It should be noted that
the negative values of surface deformation indicate a
decrease in the sealing interface of the mechanical
seal. The mechanical deformation of the sealing sur-
face leads to a divergent gap between the two sealing
faces, while the thermal deformation leads to a
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17 = 50.3
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convergent gap. The absolute value of the thermal
deformation is much larger than that of the mechan-
ical deformation at typical operating conditions of
aviation plunger pumps, so the total deformation of
the surface causes a convergent gap.

Due to the opposite pumping effect of the
symmetrical triangular dimples at the inner and outer
rims, the leakage of the textured surface is sensitive to
the number of dimples in each of those rims. In order
to obtain a lower leakage and friction, several distri-
butions with different numbers of triangular dimples
were studied. As shown in Fig. 13, as well as the
distributions 50-5iE and 50-5i studied above, the
distributions 30-5i, 30-41, 20-31, 20-21, and 10-21 with
isosceles right triangles were also considered.

—o— Mechanical deformation
—— Thermal deformation
—<— Total deformation

Deformation (um)
5 ]
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12.0 12.5 13.0 13:5 14.0
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Fig. 12 Thermal and mechanical deformation of the
surface with the 50-5i distribution
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Fig. 11 Film pressure, temperature, and deformation of the mechanical seal (»=10000 r/min)
(a) Fluid pressure; (b) Face temperature; (c) Radial temperature and deformation
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Fig. 14 shows the fluid film pressure distribu-
tions across the sealing surfaces with different trian-
gular dimple distributions when »=10000 r/min. It
can be seen that the pressure distribution of the sur-
face textured with the 50-5i distribution is higher than
that for the 50-5iE distribution, because the right
triangle is more conducive to pressure concentration
and the prevention of cavitation. Symmetrical distri-
butions of right triangular dimples, such as 30-5i,
30-4i, 20-3i, and 20-2i, also produce a high opening
force to separate the two sealing surfaces. It means a
high hydrodynamic pressure can be obtained even if

the number of dimples in the middle region is reduced.

The reason is that the upstream pumping and
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Fig. 13 Different distributions of triangular textured
surfaces

| v i
R REREREE S |

47.0

50-5i 30-5i

50-5iE

o
o
=}

3o0-4i

downstream pumping effects of the inner and outer
textures can form a high pressure loop in the middle,
non-textured, region.

Figs. 15-17 show the face temperature and film
thickness distributions and their average value across
the sealing surfaces with different triangular dimple
distributions when n=10000 r/min. Although the fluid
pressure varies at every point of the textured surface,
the film thickness seems approximately uniform
along the circumference. Because the temperature is
relatively uniform along the circumference, and the
thermal deformation is much larger than the me-
chanical deformation, so the total deformation is ap-
proximately uniform. It also means that a 2D
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Fig. 14 Fluid pressure of textured surfaces with different
distributions (#=10000 r/min)
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axisymmetric model can be used to replace the 3D
model to shorten the time required for calculating the
deformation of the textured surfaces under a lower
sealing pressure.

3.0

T T T 1 1T T T T T T T T T T T T T T T T T et

e
N
o

1.0
0.0

50-5iE  50-5i 30-5i 30-4i 20-3i 20-2i 10-2i

Fig. 16 Film thickness of textured surfaces with different
distributions (»=10000 r/min)
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Fig. 17 Average radial clearance (a) and temperature (b)
of the textured surface with different distributions (n=
10000 r/min)

There is a large temperature difference between
the inside and outside diameters of the sealing surface
textured with distributions of both 50-5iE and 10-21i,
because a lower fluid film pressure generated by the
dimples, which cannot separate the surfaces com-
pletely, results in partial contact of the rough surfaces.
A quantity of frictional heat is generated in the con-
tact area, resulting in a high surface temperature and a
large temperature difference across the sealing sur-
face. Therefore, a large film thickness convergent
angle is created by thermal deformation. The surface
temperatures of the sealing surfaces textured with the
distribution of 20-2i, 20-3i, 30-51, 30-4i, and 50-51
decrease in turn and, in contrast, the film thicknesses
of these distributions increase in turn. The reason is
that the greater the number of dimples, the greater the
pumping effect and, the more balanced the pumping
and the reverse pumping effects, the higher the hy-
drodynamic pressure. In particular, the film thickness
of the sealing surfaces textured with the 30-51 distri-
bution is less than that for the 30-4i distribution. Be-
cause the 30-5i distribution has stronger upstream
pumping effect when the number of dimples on the
inside surface is increased, a greater cavitation area
and a lower average fluid pressure will occur.

Fig. 18 shows the effects of different distribu-
tions on the load-carrying capacity at different speeds.
When 72000 r/min, the load-carrying capacities of
those distributions are lower than that of the closing
force, and the sealing surfaces of those distributions
are in contact. The load-carrying capacity increases
with rotational speed, and the sealing surfaces with
the distributions of 50-5i, 30-41, 30-5i, 20-3i, and
20-21 are separated in turn when the load-carrying
capacity balances with the closing force. That means
the greater the number of dimples located in both the
inner and outer sealing surfaces, and the smaller their
difference in number, the higher the hydrodynamic
pressure that will be produced. In particular, the
load-carrying capacity of the 1o-2i distribution in-
creases firstly and then decreases, and the maximum
pressure occurs at 5000 r/min. At low speeds the
hydrodynamic effects are enhanced, and at high
speeds there are two possible effects. One is that,
because the number of dimples at the outer rim is
twice as that at the inner rim, the upstream pumping
effect is much stronger than the downstream pumping
effect, and is not conducive to pressure concentration.
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The other is that with the increase of rotational speed,
the frictional temperature increases, and the conver-
gent angle of film thickness increases, so that the
upstream pumping effect of the dimples at the inner
rim is enhanced and the downstream pumping effect
of the dimples at the outer rim is weakened, further
enlarging the strength distinction between the
pumping and the reverse pumping effects.

140

0 2000 4000 6000 8000 10000

n (r/min)

Fig. 18 Effects of different dimple distributions and
shapes on load-carrying capacity Fy, at different speeds

Fig. 19 shows the effects of different dimple
shapes and distributions on the friction coefficient at
different speeds. The textured surfaces with the dis-
tributions 50-5iE and 10-2i have higher friction co-
efficients, which increase with rotational speed. Be-
cause both of those are in a mixed lubrication condi-
tion in which the friction coefficient consists of two
parts, i.e. contact friction and viscous shear friction,
the contact friction decreases with rotational speed,
while the viscosity shear friction increases with rota-
tional speed, and the variation rate of the latter friction
is higher.
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Fig. 19 Effects of different dimple shapes and distribu-
tions on friction coefficient at different speeds

The friction coefficients of the distributions
20-21, 20-31, 30-4i, 30-5i, and 50-5i will decrease
firstly and then increase with rotational speed. The
curves of the friction coefficients are consistent with
the classical Stribeck curve, as the lubrication condi-
tions change from the mixed to the full film lubrica-
tion, so that the contact friction decreases rapidly to
zero and the viscosity shear friction increases gradu-
ally with rotational speed.

Fig. 20 shows the effects of different shapes and
distributions on the leakage at different speeds. It
should be noted that a positive value of leakage in-
dicates that the fluid is pumped from the mechanical
seal to the atmosphere, and the negative value is a
pumping flow which indicates that the fluid is
pumped back to the high pressure side. The leakage of
the distribution 10-2i is near zero. Sealing surfaces
textured with the distributions 50-5i, 20-2i, and
50-5iE have a positive leakage, which means that the
upstream pumping effect is smaller than the down-
stream pumping effect when the number of inner and
outer textures is equal. To reduce the leakage, the
number of upstream pumping textures should be in-
creased. Thus, the distributions 30-51 and 20-31 show
a pumping flow, and the 20-3i distribution has a lower
absolute pumping flow, and can be regarded as the
optimum distribution. This means that there are fewer
textures with the optimum distribution, and their hy-
drodynamic pressure just transforms the surface lu-
brication conditions from the mixed to the full film
lubrication, in which a lower friction and leakage are
obtained.

When textured surfaces with right triangular
dimples are completely separated, the upstream
pumping effect of the inner triangles increases faster
than the downstream pumping effect of the outer
triangles as the speed increases. This makes the
leakage slow down and the growth of the pumping
rate can be accelerated. It means that the increase of
rotational speed is more conducive to enhancing the
upstream pumping effect of the inner dimples. Par-
ticularly, the 30-4i distribution shows positive leak-
age when n<7000 r/min, and negative pumping when
n>8000 r/min. The reason for this can be seen from
the results shown in Fig. 21, which show the pressure
distribution and streamlines generated by pressure in
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the 30-4i distribution. With the increase of rotational
speed, the enhancement of the hydrodynamic pres-
sure on the inner dimples is greater than that on the
outer dimples, which makes the maximum pressure
on the inner side increase. When the maximum
pressure on the inner side is greater than that on the
outer side, the fluid flow mode will change from
leakage to pumping.

4.3 Influence of the dimple depth

Fig. 22 shows the average radial clearances of
the 20-3i distribution with different dimple depths
when #=10 000 r/min. It shows that the minimum film
thickness increases first and then decreases with the
increase of dimple depth. When 2 pm<#,<5 um, the
minimum film thickness is larger than 30, so that

—o— 50-5i
—<— 30-5i
5+ —>—30-4i
—0— 20-3i

20-2i \
ol T 10-2i ;
L

—— 50-5iE

10000

0 2000 4000 5000 8000
n (r/min)

Fig. 20 Effects of different dimple shapes and distribu-

tions on leakage at different speeds

the textured surfaces are in full film lubrication. This
means the hydrodynamic effect of the dimples is
stronger and the load-carrying capacity is larger when
2 um<h,<5 pm. The maximum radial clearance oc-
curs when /£, is equal to 4 pum; it is also the optimal
dimple depth for the strongest hydrodynamic effect.

4.4 Experimental study

The experimental device is shown in Fig. 23.
The seal chamber contains double sets of the same
mechanical seal, and the upper one is the test seal.
There are seven holes on the back of the stator, which
are used to measure the temperature of the sealing
surface. The diameter of the holes is 2 mm, and the
distance between the holes and the sealing surface is
0.5 mm. The surface of the stator with dimples is

Average radial clearance (um)

12.0 12,5 13.0 135 14.0
Radius (mm)

Fig. 22 Average radial clearance of the 20-3i distribution
(n=10000 r/min)

p (MPa)

0
-0.1
Opl X (mm) I 0.0

Fig. 21 Pressure distribution and streamlines of the 30-4i distribution
(a) n=5000 r/min; (b) »=10000 r/min
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shown in Fig. 24, the depth of dimples is about 5 pum,
and the dimples are produced by laser surface textur-
ing (LST) technology. The oil in the sealing chamber
is supplied by an oil tank, and the pressure of the
sealing chamber is kept at 0.5 MPa. Tests were per-
formed at rotation speeds of 1000, 2000, 3000, 4000,
5000, 6000, 7000, 8000, 9000, and 10000 1/min.

Fig. 25 shows the average temperature rise of the
sealing surface with the distributions 50-5i, 20-31, and
50-5iE at different speeds. The temperature of
the textured surface increases with the increase

,Height (um)

1(‘)0 2(‘)0 3(‘)0 4(‘)0 5(‘)0 6(‘)0 {(um)
(b)
Fig. 24 Surface of stator with dimples
(a) Textured surfaces; (b) Depth of dimples

(a) (b)
1: pressure gauge; 2: seal chamber; 3: shaft; 4: electric motor; 5: fan; 6: base;
7: thermal resistance; 8: stator; 9: rotor; 10: oil outlet; 11: oil inlet; 12: sealing fluid

of the rotational speed. The temperature rise of the
50-51 distribution is the lowest and that of the 50-51E
distribution is the highest. The theoretical and ex-
perimental results are thus in good agreement, which
shows that the theoretical results are correct.

5 Conclusions

This paper presents a 3D TEHD model to ana-
lyze the effects of triangular dimples on the
load-carrying capacity, leakage, and friction of a
mechanical seal for an aviation piston pump. The
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Fig. 25 Average temperature increase of the sealing sur-
face with different distributions
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Fig. 23 Experimental device of mechanical seals
(a) Experimental device; (b) Seal chamber; (c¢) Structural diagram of seal chamber
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model can simulate the pressure, temperature, and
thermo-elastic deformation of the rough-textured
surface. A comparative study is conducted in HD,
THD, and TEHD models, and the TEHD model is
used to optimize the shape and distribution of trian-
gular dimples. An experiment was carried out to ver-
ify the correctness of the TEHD model. From the
results presented above, the following conclusions
can be obtained:

1. The temperature and the deformation in the
TEHD model have significant influence on the film
thickness, load-carrying capacity, leakage, and fric-
tion. The thermal deformation is far greater than the
mechanical deformation, resulting in a convergent
clearance of sealing surfaces, which enhances the
upstream pumping effect of the dimples at the inner
rim and weakens the downstream pumping effect of
the dimples at the outer rim, leading to a reduction in
the leakage.

2. Increasing the number of dimples at the inner
rim helps to reduce leakage, but when the number of
dimples at the inner rim is much larger than that at the
outer rim, the load-carrying capacity will decrease
due to the imbalance between the pumping and re-
verse pumping effects.

3. The hydrodynamic effect of the isosceles right
triangular dimple is stronger than that of the equilat-
eral triangular dimple. The 50-5i distribution of
isosceles right triangular dimple has the highest hy-
drodynamic effect, while when reducing the number
of dimples, the distributions 30-5i, 30-41, 20-3i, and
20-2i can also produce a higher hydrodynamic pres-
sure to keep the surface well separated when
n>4000 r/min, and their friction coefficients decrease
firstly and then increase with the increase of rotational
speed, due to the change of lubrication conditions
from mixed to full film lubrication.
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