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Comparison of the Load-Carrying
Performance of Mechanical
Gas Seals Textured With
Microgrooves and Microdimples
The effects of microgrooves and microdimples on the load-carrying performance of
mechanical gas seals are compared in this study. Numerical model based on the Reynolds
equation for compressible Newtonian fluid is utilized to investigate the load-carrying
performance including the hydrodynamic pressure, the load-carrying force, and gas film
stiffness of the gas seals. The results indicate that both microgrooves and microdimples
can improve the load-carrying performance of mechanical gas seals, particularly under
a small clearance condition. Furthermore, different texture patterns achieve optimal
load-carrying performance at different area density, seal clearance, and depth: micro-
grooves with a low area density can obtain higher load-carrying force and gas film stiff-
ness than the dimple patterns, but with high area density, elliptical dimples yield better
load-carrying performance than the groove patterns. [DOI: 10.1115/1.4031435]

Keywords: surface texture, mechanical gas seals, hydrodynamic effect, microgrooves,
microdimples

1 Introduction

Enhancing the tribological performances of mechanical seals is
of utmost importance in modern machinery for high durability
and reliability. Friction force and wear increase dramatically par-
ticularly when surfaces interact under high PV2 value conditions.
Surface texturing, typically the patterns of microgrooves or micro-
dimples fabricated on one or both of the mating interfaces,
has been recognized to be an attractive approach in developing
hydrodynamic pressure and improving the interfacial performance
[1–9].

Since Muijderman proposed the narrow groove theory in 1965
[10], many researches have been conducted to improve tribologi-
cal properties through the creation of microgrooves on the sliding
surfaces of sliding bearings and mechanical seals [11–13]. Lai
[14] evaluated several designs of noncontacting, nonleaking spiral
grooves on the surface of liquid seal. The results demonstrated
that spiral grooves could offer strong pumping capacity to elimi-
nate fluid leakage and generate hydrodynamic lift to separate

sealing faces. Qiu and Khonsari [15] studied the tribological
behavior of spiral groove thrust bearing through a series of experi-
ments. Stribeck-like curves were obtained, their characteristics
were discussed, and a theoretical model was developed to gain fur-
ther insight into the frictional characteristics of spiral groove in
both the hydrodynamic regime and the mixed lubrication regime.
Zhang et al. [16] undertook the work to make a profound investi-
gation of the microhybrid gas spiral-grooved thrust bearing. The
molecular gas film lubrication model was developed and load
capacity, damping coefficients were then calculated. The results
indicated that the model could serve as a useful tool to provide
insight into microhybrid gas thrust bearing–rotor system. Biboulet
et al. [17] developed a simplified analytical model to study the
influence of cross-hatched texture on contact behavior and load-
carrying capacity of oil control rings. The results indicated that this
texture pattern could provide a certain load-carrying capacity which
depended on the operating conditions and microgeometry of the
texture, moreover, a set of functional parameters were proposed to
model contact performance and predict its load-carrying capacity.

On the other hand, microdimples are another texture pattern
influencing the performance of mechanical seals. In the 1960s,
Hamilton et al. [18] indicated that micro-irregularities were able
to generate additional hydrodynamic pressure. This theory has
been well accepted and promoted, particularly by Etsion’s group
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[19–25], who developed a series of theoretical models of sealing
surfaces textured with microhemispherical dimples. The results
suggested that improved hydrodynamic effect and film stiffness
can be obtained with optimized parameters. Based on these stud-
ies, Bai et al. [26] introduced a type of laser surface texturing for
gas seals, theoretical model was developed to study the influence
of dimple orientation on open force and leakage. Results showed
that the oriented ellipse dimples can significantly enhance hydro-
dynamic effect which leads to increase the open force and reduce
leakage. Qiu et al. [27,28] investigated comprehensively the
effects of texture shape on the friction coefficient and gas film
stiffness. It was found that the ellipsoidal shape yielded the mini-
mum friction coefficient and the highest bearing stiffness, and the
result was independent of the operating conditions.

Briefly, it can be summarized that both microgrooves and
microdimples could provide additional hydrodynamic effect to
improve tribological characteristics of mechanical seals. Micro-
grooves might be the most successful pattern of surface texture by
the example of cross-hatching pattern for the cylinder liner of
combustion engines [13,29,30]. On the other hand, Sasaki and
coworkers [31,32] indicated that independent and closed texture
cells such as dimples were better to obtain hydrodynamic effect
than connected structures such as grooves, which may lead to
channel the lubricant away from the interface. Therefore, it is of

interest to identify either microgrooves or microdimples are better
for mechanical seals to obtain better load-carrying performance.

The objective of this study is to compare the load-carrying per-
formance of mechanical gas seals textured with microgrooves and
microdimples. A theoretical model based on the Reynolds equa-
tion is performed for compressible Newtonian fluid, and four
kinds of texture shapes including elliptical dimples, circular dim-
ples, closed grooves, and interpenetrating grooves are studied.
Hydrodynamic pressure, the load-carrying force, and gas film
stiffness under a given set of operating conditions are calculated
and discussed.

2 Analytical Model

2.1 Equations. A schematic description of mechanical gas
seals by two mating rings is presented in Fig. 1. A load is applied
downward on the stator ring, the angle velocity of the rotor ring is
x. Textures are arranged on the surface of rotor ring with an area
density SP¼A/S, where A is the area of textures and S is the area
of the rotor ring surface.

Four selected texture patterns are depicted in Fig. 2. For the pat-
tern of microdimples, the textures are distributed evenly both in
the radial and circumferential directions. The long axis of ellipti-
cal dimples is parallel to the radial direction. For the pattern of
microgrooves, the textures are distributed evenly in the circumfer-
ential directions, moreover, microgrooves 1 presents the case that
grooves interpenetrate the inner radius of the rotor ring, and
microgrooves 2 are closed and distributed in the center of the rotor
ring surface. The sealing faces are separated by a uniform gas film
thickness h0 and the gas fills in the configurations with a depth of
hp. ri and ro represent the inner and outer radius of the rotor ring,
respectively. In order to obtain accurate results, as advised in
Ref. [5], studied area containing several columns is chosen in this
research.

The basic assumptions in this work are given as follows: the
sealed gas is compressible and viscous (Newtonian) with a con-
stant dynamic viscosity l; the flow in the gas film is laminar.

The two-dimensional, steady-state Reynolds equation in cylin-
drical coordinates is

@

@r

qrh3

l
@p

@r

 !
þ 1

r

@

@h
qh3

l
@p

@h

 !
¼ 6xr

@ qhð Þ
@h

(1)

where r and h are the cylindrical coordinates in the radial and
circumferential directions, respectively, q represents the gas den-
sity, p is the local hydrodynamic pressure, and h is the local film
thickness.Fig. 1 Schematic diagram of a mechanical gas seal

Fig. 2 The geometrical model of texture patterns: (a) elliptical dimples, (b) circular dimples,
(c) microgrooves 1, and (d) microgrooves 2
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At a specific point (r, h), h can be expressed by

hðr; hÞ ¼
h0 þ hp ðr; hÞ 2 X

h0 ðr; hÞ 62 X

(
(2)

where X is the textured region.
Assuming that the gas film between the two sealed rings is an

isothermal flow, the ideal gas state equation is

p

q
¼ const (3)

Substituting Eq. (3) into Eq. (1), the Reynolds equation is
derived as
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(4)

The pressure at inner and outer radius of the rotor ring is
assumed to be an atmospheric pressure. In the circumferential
direction, the texture pressure changes periodically in studied area
so that the boundary conditions are

p r ¼ ri; hð Þ ¼ p r ¼ ro; hð Þ ¼ pa

@p

@h
r; h ¼ u0

2

� �
¼ @p

@h
r; h ¼ �u0

2

� �
¼ 0

8><
>: (5)

where u0 is the central angle of studied area, and pa is an atmos-
pheric pressure.

Equation (4) can be written in dimensionless form as
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where R¼ r/ri, H¼ h, H¼ h/h0, and P¼ p/pa, where H is the
dimensionless local film thickness, P is the dimensionless local
hydrodynamic pressure, and K ¼ ð6lx=paÞðri=h0Þ2 is the seal
parameter.

At a specific point (R, H), H is given by

H R;Hð Þ ¼ 1þ hp

h0

R;Hð Þ 2 X

1 R;Hð Þ 62 X

8<
: (7)

The boundary conditions in dimensionless form are

P R ¼ 1;Hð Þ ¼ P R ¼ ro=ri;Hð Þ ¼ 1

@P

@H
R;H ¼ u0

2

� �
¼ @P

@H
R;H ¼ �u0

2

� �
¼ 0

8><
>: (8)

In order to obtain pressure distribution between the two mating
surfaces, a grid of 2000� 2000 nodes over the studied area is
chosen based on the consideration on both computing time and
accuracy, and the Reynolds Eq. (6) is solved by a finite-difference
method. Then, a set of nonlinear algebraic equations are obtained.
The successive over relaxation method (SOR) is used to solve
these equations by combining Eq. (8), the converging condition is
taken as

Pkþ1
i;j ¼ Pk

i;j þ vð �Pkþ1
i;j � Pk

i;jÞ (9)

where v is the SOR factor and v¼ 1.3 is chosen to obtain a fast

convergence, Pk
i;j and Pkþ1

i;j are the pressure values at iterative step

k and kþ 1, and �P
kþ1
i;j are the temporary values at step kþ 1. The

converging condition is confirmed as

kPkþ1
i;j � Pk

i;jk
kPk

i;jk
� ErrP (10)

where Errp is the error tolerance, taken as 1.0� 10�5 here.

2.2 Load-Carrying Performance. If the solution process is
convergent, the load-carrying force and stiffness can be calculated
according to the pressure distribution. By integrating the local
hydrodynamic pressure, the load-carrying force, F, is obtained as
follows:

F ¼ 2p
u0

ð ð
p r; hð Þrdrdh ¼ 2p

u0

ðu0

0

ðro

ri

p r; hð Þrdrdh (11)

The dimensionless average pressure, Pav, is chosen as an index
to evaluate the hydrodynamic effect and can be expressed as

Pav ¼
F

paA
(12)

The gas film stiffness, K, is the derivative of the load-carrying
force with respect to the seal clearance h0 and can be presented as

K ¼ � dF

dh0

(13)

3 Results and Discussion

The main texture parameters affecting the load-carrying per-
formance are: the type of texture patterns, area density SP, the
dimensionless seal clearance d (d¼ h0/2rp), and the dimensionless
aspect ratio e (e¼ hp/2rp).

The values of geometric parameters of the textures used in this
paper are shown in Fig. 2 and Table 1.

3.1 Dimensionless Pressure Distribution. Figure 3 presents
a typical dimensionless pressure distribution over the studied area
under the conditions of SP¼ 23.60%, d¼ 0.02, and e¼ 0.04. It
can be found that a hydrodynamic pressure can be formed on the
mating surfaces, and in the radial direction, the pressure shows a
nonlinear increment with increasing radius. Obviously, the hydro-
dynamic effect significantly depends on the texture patterns
although the area density, seal clearance, and the depth are identi-
cal in all the texture patterns. Among these patterns, the elliptical
dimples obtain the best hydrodynamic effect, the dimensionless
average pressure, Pav, can reach to 1.52, which is 13.24% higher
than 1.36, that of the microgrooves 2.

3.2 The Load-Carrying Force. Figure 4 describes the effect
of area density, SP, on the load-carrying force, F, for different

Table 1 Geometric parameters values of textured mechanical
gas seals

Item Values

The inner radius of the rotor ring, ri (mm) 15
The outer radius of the rotor ring, ro (mm) 20
Circular dimples radius, rp (lm) 100
The angle velocity of the rotor ring, x (rpm) 3000
Sealed gas dynamic viscosity, l (Pa�s) 1.79� 10�5

An atmospheric pressure, pa (Pa) 1.01� 105

Area density, SP 7.70%, 16.80%, 23.60%,
30.40%, 39.1%,

and 47.70%
The dimensionless seal clearance, d 0.005–0.030
The dimensionless aspect ratio, e 0.001–0.040
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texture patterns. As shown in the figure, for each texture pattern,
the load-carrying force first increases and then decreases with
increasing area density. It means that there exists an optimal area
density for the maximum load-carrying force for each pattern
under the conditions of specific d and e (e.g., SP¼ 30.0% for cir-
cular dimples at d¼ 0.01 and e¼ 0.02).

Also in Fig. 4, the “pattern effect” can be observed. In
Fig. 4(a), for the pattern of microgrooves, microgrooves 1 has
larger load-carrying force than microgrooves 2, indicating that
closed grooves are better to obtain hydrodynamic effect than
interpenetrating structures. Comparing to the pattern of micro-
dimples, the pattern of microgrooves could obtain better load-
carrying force while the area density SP < 10%. However, with
the increasing of area density, the load-carrying force of micro-
dimples increases fast and could be higher than the pattern of
microgrooves while the area density is as high as 30%. The

elliptical dimples always have the load-carrying force higher
than that of circular dimples. The similar effect can be observed
in Fig. 4(b).

Figure 5 shows the effect of the dimensionless seal clearance,
d, on the load-carrying force, F, at (a) e¼ 0.005, SP¼ 7.70% and
(b) e¼ 0.035, SP¼ 39.10%. It can be found that the load-carrying
force decreases drastically with increasing seal clearance particu-
larly under a small clearance condition. As can be seen in
Fig. 5(a), the value of load-carrying force is approximately from
1350 N at the minimum dimensionless seal clearance (d¼ 0.005)
to the much lower value of 130 N at the maximum dimensionless
seal clearance (d¼ 0.030), indicating the texture effect is more
obvious at smaller seal clearance. However, when the value of d
exceeds 0.013, the load-carrying force is found to be insensitive to
the increase of seal clearance. But in Fig. 5(b), only when the
value of d exceeds 0.030, the curves tend to be leveled.

Fig. 3 Dimensionless pressure distribution at SP 5 23.60%, d 5 0.02, and e 5 0.04 for different texture patterns: (a) elliptical dim-
ples, (b) circular dimples, (c) microgrooves 1, and (d) microgrooves 2

Fig. 4 Effect of area density, SP, on the load-carrying force, F: (a) d 5 0.01, e 5 0.02 and (b) d 5 0.025, e 5 0.02
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Figure 6 demonstrates the effect of the dimensionless aspect
ratio, e, on the load-carrying force, F. As shown in the figure, for
each individual texture pattern, the load-carrying force first
increases and then decreases with increasing aspect ratio, indicat-
ing that there exists an optimal aspect ratio to maximize the load-
carrying force. It appears that the optimal values are relatively
insensitive to texture patterns. On the other hand, there is a clear
pattern effect on the load-carrying force, F, when SP¼ 7.70%,
microgrooves have larger load-carrying force than microdimples
(see Fig. 6(a)), but elliptical dimples have the largest value when
SP¼ 39.10% (see Fig. 6(b)).

3.3 Gas Film Stiffness. As shown in Fig. 5, under a small
seal clearance condition, the load-carrying force is very sensitive
to the change of d. The slope of the curve represents the gas film
stiffness, K.

Figure 7 depicts the effect of area density, SP, on gas film stiff-
ness, K, for different texture patterns at (a) d¼ 0.01, e¼ 0.02 and
(b) d¼ 0.025, e¼ 0.02. In each figure, first, an optimal area den-
sity is clearly seen for maximum gas film stiffness for each texture
pattern. Second, microgrooves 1 have larger gas film stiffness

than microgrooves 2. For the pattern of dimples, elliptical dimples
have larger value than circular ones. Furthermore, when area den-
sity is low (SP< 9.20% in Fig. 7(a) or SP< 15.0% in Fig. 7(b),
microgrooves can obtain higher gas film stiffness. But when SP is
high, the elliptical dimples clearly have higher gas film stiffness
than the others.

Figure 8 presents the gas film stiffness, K, as a function of the
dimensionless seal clearance, d. It can be found that the gas film
stiffness increases as the dimensionless seal clearance decreases
for each texture pattern. From Fig. 8(a), when d> 0.0175, the gas
film stiffness does not change drastically and goes to a small value
about K¼ 1.15� 105 N �mm�1. However, for d< 0.0175, it can
be seen the effect of dimensionless seal clearance on the gas film
stiffness is significant. The same trend can be observed in
Fig. 8(b), but when the value of seal clearance is larger than
0.030, the gas film stiffness is almost insensitive to the seal
clearance.

Figure 9 displays the effect of the dimensionless aspect ratio,
e, on gas film stiffness, K, in the cases of (a) d¼ 0.001,
SP¼ 7.70% and (b) d¼ 0.025, SP¼ 39.10%. In each figure, an
optimum value of the dimensionless aspect ratio for maximum
gas film stiffness is clearly seen. Moreover, by comparing the

Fig. 5 Effect of dimensionless seal clearance, d, on the load-carrying force, F: (a) e 5 0.005, SP 5 7.70% and (b) e 5 0.035,
SP 5 39.10%

Fig. 6 Effect of dimensionless aspect ratio, e, on the load-carrying force, F: (a) d 5 0.001, SP 5 7.70% and (b) d 5 0.025,
SP 5 39.10%
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two figures, it can be found that the dimensionless aspect ratio,
e, is around 0.005 for the maximum gas film stiffness, which is
independent of the type of texture patterns, area density, and
the dimensionless seal clearance, similar to previous docu-
mented results [5,22].

4 Conclusions

In this study, a theoretical model was developed and the effects
of microgrooves and microdimples on the load-carrying perform-
ance including the hydrodynamic pressure, the load-carrying

Fig. 8 Effect of dimensionless seal clearance, d, on gas film stiffness, K: (a) e 5 0.005, SP 5 7.70% and (b) e 5 0.035, SP 5 39.10%

Fig. 7 Effect of area density, SP, on gas film stiffness, K: (a) d 5 0.01, e 5 0.02 and (b) d 5 0.025, e 5 0.02

Fig. 9 Effect of dimensionless aspect ratio, e, on gas film stiffness, K: (a) d 5 0.001, SP 5 7.70% and (b) d 5 0.025, SP 5 39.10%
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force, and gas film stiffness at the same area density, seal clear-
ance, and the depth were compared. The main conclusions can be
summarized as:

(1) Both microgrooves and microdimples can improve the
load-carrying performance of mechanical gas seals, particu-
larly under a small clearance condition. However, the load-
carrying performance significantly depends on the texture
patterns even though their area density, seal clearance, and
the depth are identical.

(2) Microgrooves with a low area density can obtain higher
load-carrying force and gas film stiffness, but when the
area density is higher than 10%, elliptical dimples yield
better load-carrying performance.

(3) For the pattern of microgrooves, closed grooves are better
to obtain high load-carrying capacity than interpenetrating
structures, for the pattern of microdimples, elliptical dim-
ples with long axis paralleled to the radial direction can
have better load-carrying performance than circular
dimples.
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Nomenclature

A ¼ the area of textures
F ¼ the load-carrying capacity

h(r, h) ¼ film thickness at point (r, h)
H(R, H) ¼ dimensionless film thickness at

(R, H), H(R, H)¼ h(r, h)/h0

hp ¼ texture depth
h0 ¼ gas film clearance
K ¼ gas film stiffness

p(r, h) ¼ hydrodynamic pressure at point (r, h)
P(R, H) ¼ dimensionless hydrodynamic pressure at

(R, H), P(R, H)¼ p(r, h)/pa

pa ¼ an atmospheric pressure
Pav ¼ dimensionless average pressure

r ¼ coordinate in radial direction
R ¼ dimensionless coordinate in radial direction, R¼ r/rp

ri ¼ the inner radius of the rotor ring
ro ¼ the outer radius of the rotor ring
rp ¼ circular dimples radius
S ¼ the area of the rotor ring surface

SP ¼ area density, SP¼A/S
d ¼ dimensionless seal clearance
e ¼ dimensionless aspect ratio
h ¼ coordinate in circumferential direction
H ¼ dimensionless coordinate in circumferential direction,

H¼ h
K ¼ seal parameter, K ¼ ð6lx=paÞðri=h0Þ2
l ¼ sealed gas dynamic viscosity
q ¼ sealed gas density

u0 ¼ central angle of studied area
X ¼ textured region
x ¼ the angle velocity of the rotor ring (rpm)
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