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Performance comparison and parametric study
on spiral groove gas film face seals
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Abstract Several spiral groove gas film face seals (SGFS) with different layouts are
compared quantitatively to analyze their merits and faults and application behaviors. In
addition, a parametric study on downstream mode SGFS is conducted to determine its
optimal parameters under certain working conditions. In the computation of gas film
pressure on the face, finite element method (FEM) is applied to adapt to complicated
geometrical boundary.
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Gas film face seals (GFFS) have found wide applications in many fluid machines
with big power and high rotary speed. For GFFS, on the one hand, compared with
tradi-tional contacting mechanical seals, large frictional heat and wear due to high rotary
speed are avoided, and on the other hand, leakage is obviously reduced compared with
ordinary non-contacting labyrinth seals (about the one tenth of that of labyrinth seals). In
addition, by using the bumping effect of typical spiral groove configuration, the seals
can achieve zero even negative leakage. In terms of operating principle, GFFS is the
round combination of gas lubrication technology and traditional mechanical seals. Since
the first spiral groove gas film face seal (SGFS) succeeded on gas pipeline compressor
in the 1970s!"!, GFFS has been developing steadily. Now GFFS is taking the place of all
other type seals in the key locations®?!. One half of studies on GFFS concentrated on the
face configuration that decides its performance directlym. For the configurations of
spi-ral groove the most widespread application have been obtained. In this paper, several
SGEFS with different layouts are compared quantitatively. And a parametric study on
downstream SGFES is developed. These work offers important theoretical foundations for
the selection of face configuration and parameter optimization.
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1 Theoretical model

The dimensionless steady-state Revnolds equation that describes the gas film pres-

sure for smooth parallel faces is4
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Boundary conditions are
(1) In radial direction, at inner and outer radii, the pressure boundary condition is
=E(R=R) F=FR=R). ©
(2) In circumferential direction, the periodic pressure boundary condition is

PG+ 2m/ Z,R)=F(6,R). . (3)

Introducing transform ¥~ InR 4nd using Galerkin method, we have the varia-
tion equation of eq. (1)
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Discretizing solution domain and coupling Newton-Raphson method with relaxa-
tion technique, we have the pressure distribution of gas film. Then the following
steady-state behaviors can be obtained through numerical integration and differentiation
of pressure.

(1) Dimensionless opening force
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(2) Dimensionless film stiffness
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(3) Dimensionless gas leakage
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(4) Dimensionless power consumption
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2 Comparison of steady-state behavior

Shown in fig. 1 are five SGFS in one cycle with different layouts, which have been
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treated by the transform y =InR  in advance. If high-pressure gas sealed exists at the
outer radius, the five layouts are, respectively, downstream bump, upstream dump, her-
ringbone and down-up-stream bump and up-down-stream bump. Their specific structural
dimensions and working conditions are shown in table 1. Form the comparisons of their
steady-state behaviors shown in fig. 2, we can reach the following conclusions.

(1) Dimensionless opening force versus film thickness

As film thickness increases, opening force decreases. This is the whole trend.
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Fig. 1. Layout of different spiral groove faces. (a) Downstream bump; (b) upstream dump; (c) herringbone; (d)
down-up-stream bump and up-down-stream bump.

Table 1  Structural dimension and working conditions

Same structural dimension

Outer radius ro/m 0.08795 inner radius rifm 0.07005

Spiral angle B (°) 72 ratio of groove width to land width wg/wi 2.5

Ratio of groove depth to film
thickness hg/ho

Different structural dimension in radial direction

2.25

1 downstream bump (=1 ), —1)=07:03
2 upstream bump (, =1 )1, —1)=03:0.7
3 herringbone (r, =7,): (1, =71 )1 (r, =1;)=0.5:0.2:0.3
4 down-up-stream bump (Fy = Tg1) 1 (B = 1) 1 (e = Fgn) 1 (B — 1) = 0.5:0.15:0.15: 0.2
5 up-down-stream bump (Fy = Tg1) 1 (Fgy = 1) (B = Tg2) 1 (Fep — 1) = 0.2:0.15:0.15: 0.5
Same working conditions
Pressure at outer radius po/MPa 0.6 Pressure at inner radius pi /MPa 0.1
Rotary speed n/rpm 12000 Gas environment temperature T /°C 100
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Herringbone has the biggest opening force, while the upstream bump has the smallest.
Bigger opening force means stronger capabilty of startup, i.e. sealed face is easy to open
at lower rotary speed.

(2) Dimensionless film stiffness versus film thickness

Big film stiffness corresponds to strong tracking capability and anti-perturbation
ability. With the decrease in film thickness, this capability will increase. The ranks of the
tracking capability, from big to small, are downstream bump, herringbone,
down-up-stream bump, up-down-stream bump and upstream dump. The most interesting
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Fig. 2. Comparisons of the steady-state behaviors for five layouts. (a) Dimensionless opening force; (b) dimen-

sionless film stiffness; (¢) dimensionless gas leakage; (d) dimensionless power consumption.

thing 1s that at bigger film thickness the face of upstream bump presents negative stiff-
ness corresponding to film instability.

(3) Dimensionless gas leakage versus film thickness

Big film thickness will cause big leakage. Because the direction of bumping is con-
sistent with that of gas flow from high pressure to low pressure, downstream bump has
the biggest leakage while upstream bump has the smallest. In addition, because the
bumping effect exceeds the effect of pressure flow, for upstream bump, negative leakage
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happens at small film thickness.
(4) Dimensionless power consumption versus film thickness

With the increase in film thickness, the lower effect of viscous shear will decrease
the power consumption, which is the general tendency as shown in fig. 2(d). At the same
film thickness, the upstream bump has the biggest power consumption, while
down-up-stream bump has the smallest.

3 Parametric study

For the most widely used downstream spiral groove face configuration, the in-
flu-ences of structural parameters, such as spiral angle, groove number, ratio of groove
width to land width, groove radius, and groove depth, on the scal behaviors are
investigated (figs. 3—7). The parametric study is conducted around a specific parameter
point, ie. 7,=0.08795(m), =0.07005(m), 7,=0.07875(m), p =75(deg), w/wi=1.0,
hy=3(um), hy=5.6(um). The working condition is the same in table 1 while the variable
ranges of the above structural parameters are shown in table 2. From the comparisons,
the following conclusions were drawn:

Table 2 The variable range of structural parameters

Fig. 3 spiral angle B (deg) 10—80
Fig. 4 groove number z 5—50
Fig. 5 ratio of groove width to land width wg/wi 0.25—5
Fig. 6 groove radius rg/m 0.071—0.087
Fig. 7 groove depth hg/um 2—20
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Fig. 3. The influence of spiral angle on opening force and power consumption (a) and film stiffness and gas
leak-age (b).
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Fig. 4. The influence of groove number on opening force and power consumption (a) and film stiffness and gas
leakage (b).
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Fig. 5. The influence of ratio of groove width to land width on opening force and power consumption (a) and film
stiffness and gas leakage (b).

The optimum parameters for maximum film stiffness are: (ro—re)/(re—1i)=2.0, f =
67(deg), we/wi=1.0, and hg/ho=1.0, while the optimum parameters for maximum opening
force are: (ro—ry)/(ry—11)=2.0, B =62(deg), wo/w1=2.0, hy/hy=2.0. As shown in fig. 4, when
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Fig. 6. The influence of ratio of groove radius on opening force and power consumption (a); and film stiffness and

gas leakage (b).
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Fig. 7. The influence of groove depth on opening force and power consumption (a); and film stiffness and gas
leakage (b).

groove number exceeds 30, the seal performances do not change. The above optimal
results accord with similar analyses of gas seals”™ and gas bearings!”.
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4 Conclusion

In this paper several SGFS with different layouts are compared quantitatively. And
a parametric study on downstream SGFS is conducted to obtain the optimum parameters
for specific running condition. This work lays a theoretical foundation for the selection
of face configuration and parameter optimization.
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