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Abstract: The mechanical gas seal of aero engine has to face the problems of high wear rate and short lifetime. Sur-
face texture has shown beneficial effects over the tribological characteristics. Here, a hydrodynamic model for dim-
pled annular area of mechanical gas seal considering the "interaction effect” between adjacent dimples is developed
based on the Reynolds equation. Different multi-row columns are chosen and the dimensionless pressure in radial
and circumferential directions is calculated. The results indicate that the "interaction effect” is more obvious in the
circumferential direction than in the radial direction, even when the area and depth of the dimples are same. More-
over, for the 5X 5 column, the dimensionless average pressure considering the "interaction effect” increases by
45.41% compared with the 1 X5 column. Further analysis demonstrates that the model with the 5X5 column can

be more reasonable with the consideration of reducing the calculation error caused by boundary conditions to inves-
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tigate the hydrodynamic effect for dimpled mechanical gas seal.
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0 Introduction

The mechanical gas seal used for aero engine
would be damaged easily because of high rotation
speed, high temperature, great centrifugal forces
and vibrations. Surface texturing has received a
great deal of attention as a viable means to pro-
mote hydrodynamic effect, load carrying capacity

[1-5]

and friction reduction"®. It has been used in me-

chanical seals®”, piston rings™® . sliding bear-

193 to name but a few. This improvement

ings
could be attributed mainly to the fact that the
dimple serves as a micro-hydrodynamic bearing to
generate additional hydrodynamic pressure to sep-
arate the mating surfaces and achieve non-contac-
ting seal. In addition, every dimple also provides

a pocket for wear particle embedment to prevent

severe wear on the SUI‘fﬁCGS.
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Over the past decades, a large number of
theoretical and experimental works have been
published on various aspects of liquid and gas

.© developed an analytical

seals. Etsion et a
model to predict the relationship between the
opening force and operating conditions of sealed
rings. Experimental investigations were com-
pared with the theoretical results. Etsion and

U employed partial laser surface texture

Halperin
(LST) to enhance hydrostatic effects in high
pressure seals. McNikel and Etsion'?'" devel-
oped a theoretical model to study the effect of
partial LST on a hydrostatic gas seal, and opti-
mized the LST gas seal performance in terms of
the maximum film stiffness and the minimum gas
leakage. In recent years, several theoretical mod-

els for mechanical seals based on solving the

Reynolds equation, e. g, Ref. [15-17], and three
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types of numerical methods have been employed:
finite element (FE), finite volume (FV) and fi-
nite difference (FD) **), The FE and FV meth-
ods had disadvantages in the code development.
FD method could develop computer code easily
and both the convergence speed and stability of
the FD solver could be enhanced by the aid of the
successive-over-relaxation (SOR) iteration meth-
od.

From these studies above, one can conclude
that they investigated single dimple locating with-
in an imaginary rectangular cell of sides 2r; X 2r,
(r; is the imaginary rectangular cell dimension)
instead of annular area. Also they developed the
model for calculations based on this unit neglec-
ting the "interaction effect” between two neigh-
boring dimples. However, as mentioned in
Ref. [23], if the area ratio of dimples is more
than 20%, the " interaction effect’” of adjacent
dimples should not be neglect.

The main goal of the analysis in the present
work is to develop a hydrodynamic model located
within annular area considering the ”interaction
effect” between two neighboring dimples for me-
chanical gas seal. Different multi-row columns
containing circle shape structure dimples are cho-
sen for evaluating the hydrodynamic pressure in
radial and circumferential directions by numerical
calculation. At the same time, the average di-
mensionless pressure of the whole seal surface is
taken into account. The developed model is more
accurate to study the hydrodynamic effect for

dimpled mechanical gas seal.
1 Analytical Model

The mechanical gas seal model considered in
this paper is represented by two non-contacting
rings rotating relatively to each other (Fig. 1).
The regular network of dimples is distributed on
the rotor surface (Fig. 2). The gas fills in the
dimples at a depth of %, and the gap between the
rotor face and the stator surface with a depth of
ho. The radius of the dimple is r, and the angle

velocity of rotor ring is w.

Stator ring

Gas film

/

Rotor ring Studied area

Fig. 1 Schematic diagram of partial mechanical gas seal
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Fig. 2 Geometrical model

The geometrical model is displayed in Fig. 2.
The method neglects curvature effect and conse-
quently, a circular sector containing single-row
column in the radial direction is assumed to be
rectangular'®™. Each dimple was located within an
imaginary rectangular cell. What is more, the ”
individual effect” is considered only during the
analysis of pressure distribution. Here, a devel-
oped model containing more accurate region is
considered and different multi-row columns (3X5
column and 5X5 column, see Figs. 2 (b, ¢)) are
chosen to analyze the pressure distribution com-
pared with single-row column (1 X5 column, see
Fig. 2 (a)). Moreover, the "interaction effect” be-
tween neighboring two dimples in radial and cir-
cumferential directions is analyzed in detail.

For theoretical analysis, the following as-
sumptions are expressed as*!

(1) The gas in the film obeys the isothermal
and ideal gas model.

(2) The sealed gas is viscous (Newtonian)
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with a constant viscosity p.

(3) The ring face is rigid and smooth.

(4) The flow in the gas film is laminar.

(5) There is no misalignment of the rotator.

The two-dimensional steady-state Reynolds
equation, which relates the pressure distribution
to the spacing between two ring interfaces of me-

chanical gas seal in cylindrical coordinates, is giv-

en by
1 3 (rph’ 9p\ | 1 9 (ph® ap\ _ . I(ph)
rar< P ar>+ ’ @( 9(9)* Y
@)

where r and 4 are the cylindrical coordinates in the
radial and circumferential directions, respective-
ly, p the gas film pressure, and h the local film
thickness at a specific point. Periodicity of the
surface texturing in the @ direction, permits sol-

ving the pressure distribution with the following

boundary conditions

p(r:r;9€>:P(r:r°’6>:pa

2p o\ 9p T
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where r; is the inner radius, r, the outer radius,
p. the outer radius of the ambient pressure, and
N the number of dimple rows on whole ring sur-
face.

The local film thickness, h, between the
nominally parallel seal surfaces can be expressed
in the following form

J/lo +h/)
h(r,0) —1]
Lo

(7'9(9) 6 Q
(3
(r,0) & 0
where 2 is the studied area.
Eq. (1) is rendered dimensionless by using
one dimple radius r, to scale lengths, a nominal

clearance h, to scale the local film thickness and
p. to scale the pressure field, namely
R=L, H=1, p=2 5
r, ho Da
The dimensionless global film thickness,
H(R.0, is given by
1+ R €0
H(R.0) = o (5)
1 (R,0) & 0

Substitution of the dimensionless parameters

into Eq. (1) yields the Reynolds equation in its di-

mensionless form

ol 2B) 4 L 2o 2y 00
(6)

where AZ%Q%)Z.

The boundary conditions in a dimensionless

form are given as

JP(R—Z,(?):P
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2 Numerical Solution

In order to get film pressure distribution be-
tween the two rings, the FD method is adopted to
discretize Eq. (6). Fig. 3 shows control cells in
the present calculation grid system, where AR,
A0 are the grid sizes in the radial and circumferen-
tial directions, respectively. The process can be

directed by the method listed as follows

@ _Pr\l,’Z.; * P(fl,rz,;
IR|.; AR
(8)
Il P = Pijap
el A0

(i+1/2,))

7, j+112)

Fig. 3 Control cells in calculation grid system

A set of non-linear algebraic equations for
the nodal values of the dimensionless pressure,
which should be solved with the boundary condi-
tions Eq. (7), are obtained by applying the above
method

AP%,, + BP?,,+CP?,, +DP?, , — EP%, =
FP., +GP, ., +GP,;, €))
where A,B,C,D,E,F,G are the discrete coeffi-

cients expressed as
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The SOR iterative procedure is used to solve

Eq. (9). To increase the convergence or to en-

hance the numerical iterative stability, the meth-
od can be expressed as

P =P+ (P — PR (10)

where 8 is the SOR factor, g=1. 3. P%; is the

pressure values at iterative step k at the point (7,

7), and P!, the pressure values at iterative step
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(b) Dimensionless pressure distribution of

3 X5

k+1 at the point (i,;j). The convergence condi-

tion is taken as

2020 | P =Pl

i=1 j=1

m n
Pk\ 1
i.j

i=1 j=1

< Err, (1D

where Err, is the convergence accuracy, chosen

as 1.0X107° here.

3 Results and Discussion

The calculation is performed for one dimple
with diameter 2r,=200 ym, h,=6 pm, and h, =
5 um. The area density of the dimples is S, =
31.6% and the angle velocity of the rotor w =
5000 r/min. The sealed gas viscosity is u =
1.79X10 7 Pa * s and p,=1. 01 X 10° Pa. The
dimensionless pressure distribution of single-row
column and different multi-row columns is plotted
in Fig. 4.

5%
2.0
o 15
jd’"c*c,- 1.0
1()]7 (V)

Dimensionless pre:

(c) Dimensionless pressure distribution of
5 X5 column

Fig. 4 Dimensionless pressure distribution of single-row column and multi-row columns

In Fig. 4, the pressure profile is not symmet-
ric in the circumferential direction, resulting in
positive net pressure build-up. It becomes evident
that a hydrodynamic pressure formed on the me-
chanical gas seal surfaces. The pressure is con-
vergent along the direction of angle velocity of the
rotor ring, and in the radial direction, the dimen-
sionless pressure increases nonlinearly with the
increase of radius. For different multi-row col-
umns, pressure distribution has the same regular-
ity but the "interaction effect” between two neigh-
boring dimples is clearly different.

For the further investigation of different col-

. . -
umns, dimensionless pressure values and the "in-

teraction effect” in different directions are shown

in Figs. 5—7.
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Fig. 5 Dimensionless pressure distribution in radial di-

rection of different columns
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Fig. 6 Dimensionless pressure distribution in circum-

ferential direction of different columns
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Fig. 7 Dimensionless pressure distribution along cir-

cumferential direction of single dimple

Fig. 5 presents the dimensionless pressure
distribution along the center line of different col-
umns in the radial direction. The pressure value
increases as radius expands. For instance, for the
1X5 column, the value from inside to outside of

seal surface is 1. 951, 1. 982 and 2. 050. For con-

venience, reference lines 1, 2, 3 are presented via
the second dimple dimensionless pressure peak.
The result shows that the maximum dimension-
less pressure difference between the 1 X5 and the
3X 5 columns is APL,. =0. 683. The difference
between the 1 X 5 and the 5 X 5 columns is
AP%.. = 0. 747,

pressures of the 3 X5 and the 5 X5 columns are

The maximum dimensionless

close enough. Compared with the 1 X5 column,
the maximum dimensionless pressure generated
by the 3 X5 and the 5 X 5 columns increase by
34.45% and 37. 68%, respectively. Similarly,
the pressure of the 5 X 5 column increases by
2.40% compared with that of the 3 X5 column.
Most significantly, all curves in Fig. 5 can be seg-
mented into four regions: the affected region
(designated as region [ ), the divergence region
(region ]I ) in the descending segment of the
curves, the convergence region (region [[[) in the
increasing segment, and the interaction region
(region V) formed by the ”interaction effect”,
which is produced by the second and the third re-
gions. The "interaction effect” can increase the
minimum dimensionless pressure (APL;,, =0, 204,
AP%..=0.241), but the minimum dimensionless
pressure of the 3 X5 column is very close to that
of the 5 X 5 column (AP%, — APL., = 0.037).
Moreover, compared with the 1 X5 column, the
minimum dimensionless pressure generated by
the 3 X5 and 5X 5 columns increase by 20. 40 %
and 24. 10%, respectively. Similarly, the pres-
sure of the 5 X 5 column increased by 3.07%,
compared with that of the 3 X5 column.

In the circumferential direction (Fig. 6), the
maximum dimensionless pressures generated by
the 3 X5 and 5 X 5 columns are 33. 55% and
38.86% higher, respectively, than that by the
1X5 column. The minimum dimensionless pres-
sure generated by the 3 X5 and 5X5 columns in-
creased by 70. 54% and 85. 76%, respectively
when compared with the 1 X5 column.

In Figs. 5,6, the dimensionless pressure dis-
tributions have the same trends. However, the
difference is that the "interaction effect” is more

obvious in the circumferential direction because
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the distance of two neighboring dimples is smaller
than that in the radial direction.

From the above analysis, these results dem-
onstrate that the dimensionless pressure increa-
ses, as calculated by the 3X5 and 5X5 columns.
It is necessary to investigate the " interaction
effect”, especially when the area density of the
dimples S, is larger than 20% (see Ref.[23]).
Furthermore, the "interaction effect” is more ob-
vious in the circumferential direction than the ra-
dial direction even when the area and depth of the
dimple are the same. So the "interaction effect” is
not inspected (see Ref. [9] and 1 X5 column).,
which is not consistent with the actual working
conditions.

Besides the results mentioned above, the
simulation also inspects the dimensionless pres-
sure distribution along the single dimple (Fig. 2)
centerline in different directions (Figs. 7, 8).
Fig. 7 shows the dimensionless pressure distribu-
tion in the circumferential direction. As depicted
in Fig. 7, all curves can be divided into three seg-
ments, i. e., the first descending segment, the
increasing segment, and the second descending
segment. Compared with the 1 X5 column, the
maximum pressures generated by the 3 X5 col-
umn and the 5 X 5 column increase by 33. 57%
and 38.9 1%, respectively. The minimum pres-
sures generated by the 3X5 and 5X5 columns in-
crease by 78.36% and 85. 63%, respectively. As
is clearly seen from Fig. 7, the offset of different
column pressure peaks in the circumferential di-
rection is apparent, AD, > AD, > AD;. AD; is
very close to the reference line. It becomes evi-
dent that the dimensionless pressure investigation
calculated by the 5 X5 column is more accuracy
than that of the 1X5 and 3X5 columns.

Fig. 8 presents the maximum dimensionless
pressure distribution along the single dimple cen-
terline of different columns in the radial direc-
tion. The difference between the 1 X5 and 3 X5
columns is APL.. = 0. 897. The difference be-
tween the 1 X 5 and 5 X 5 columns is AP%,, =
1.033, and AP, — AP, =0. 136.

4.0
—=— 1 X5
——3X5
—4—5X5

(=) W (=} W
T T

—
W
T

Dimensionless pressure P

—
(=)

0.5

0 20 0 60 80 100
Radial direction
Fig. 8 The maximum dimensionless pressures in radial

direction of single dimple

It is clearly seen from the discussion above
that each dimple strongly affects its neighboring
dimples. This "interaction effect” results in the
increase of dimensionless pressure. The increase
extents of multi-row columns in different direc-
tions are not the same although they have the
same area ratio , as well as other parameters.
However, the difference between the 3 X 5 and
5X5 columns is very small.

As an indicator to evaluate the mechanical
gas seal surface property, the dimensionless aver-
age pressure P, is chosen as an index to evaluate
the load carrying capacity of the whole mechanical
gas seal surface.

Fig. 9 shows the dimensionless average pres-
sure P,, and the pressure difference AP,, of differ-
ent columns. For different columns, the dimen-
sionless average pressures P, are 1. 220, 1,647,
and 1. 774, respectively. The pressure differences
are AP, = 0. 427, AP: = 0. 554 and AP? —
AP!,=0.127. Compared with the 1 X5 column,
the dimensionless average pressures P,, generated
by the 3 X 5 and 5 X 5 columns increase by
35.00% and 45. 41%, respectively. Similarly,
compared with the 3 X5 column, P, of the 5X5
column increases by 7. 71%. These results show
that the dimensionless average pressure consider-
ing the ”interaction effect” is larger than that
without considering it. Although the increase ex-
tents of different multi-row columns are not
same, the pressure difference between the 3 X5

and 5X5 columns is very small.
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4 Conclusions

A hydrodynamic model is developed to inves-
tigate the performance for dimpled mechanical gas
seal. Circular shape dimples are analyzed. Differ-
ent multi-row columns with annular area are cho-
sen and the dimensionless pressure considering
the "interaction effect” between two neighboring
dimples in the radial and circumferential direc-
tions is calculated. The following conclusions
summarize the results of the present study:

(1) In the radial direction, the dimensionless
pressure of different multi-row columns increases
because of the consideration of the ”interaction
effect’” between two neighboring dimples.
Although the increase is different, the difference
of the 3X5 and 5X5 columns is very small.

(2) In the circumferential direction, the di-
mensionless pressure distribution exhibits the
same behavior. However, the "interaction effect”
is more obvious than that in the radial direction,
even when the area and depth of the dimples are
same. It is because the distance of two neighbor-
ing dimples in the circumferential direction is
smaller than that in the radial direction.

(3) Due to the analysis of the dimensionless
pressure of single dimple and the dimensionless
average pressure of whole mechanical gas seal
surface, it is evident that the 5X5 column with

. . n - . "
annular area considering the " interaction effect

between two neighboring dimples can be more ac-

curate in predicting the hydrodynamic effect for
dimpled mechanical gas seal based on the numeri-

cal calculation.
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