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Introduction

A variety of geometric factors affecting mechan-
ical face seal performance have been discussed in
earlier papers [1-14].

The frictional heating of two bodies in sliding
contacts causes thermoelastic deformation on the
edge of a body which may concentrate the heating
and greatly increase the contact pressure and surface
temperature. Burton et al. [15-18] showed that high
temperature thermally expanded mounds are integral
to sliding contacts and seal operation. These mounds
move along the seal face, partially support loads, and
prevent the sealing gap from closing.

In general, an analysis based on the simple ge-
ometry of face seals does not adequately predict the
mechanical seal performance. More complex analyses
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are believed to yield better prediction.

In the first part of this study [19], the general
characteristics of face seals for the combined geo-
metric effects were analytically investigated, and it
was found that the misalignment term plays an es-
sential role compared with the surface waviness and
seal face coning in the volumetric flow rate.

In the present study, the combined geometry
shown in Part I [19] and operating conditions such
as shaft speed, surface wear, and axial movement due
to spring force and fluid film pressure are simultane-
ously included for an analytical analysis of the leak-
age flow rate and frictional torque in face seals. These
considerations may clarify the thermoelastic inst-
ability caused by frictional heating.
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Theoretical Analysis

The equations such as temperature distribu-
tion across the scaling gap, velocity, and pres-
sure expression in infinite series are treated as
in the previous paper [19].

In the present analysis, the overall sealing
gap 2h includes the combined geometry and
operating conditions;

oh(r, 8,t) —2h+haththe+omtouto, (1)

where the first four terms representing geometric
components are described in reference [19]. Here
2h is the mean film thickness, h,, represents the
sealing gap due to the misalignment, h is the film
thickness due to surface waviness, h, is the sealing
gap variation due to coning, §,, is a thermoelastic
displacement due to a non-uniform viscous heating,
&, denotes displacements caused by material remo-
val through wear, and &, desecribes axial move-
ments due to pressure forces arising from misalign-
ment, surface waviness, and spring reactions.

Thermoelastic Displacements. Under the assump-
tions of a Newtonian fluid and Couette flow, the vis-
cous heat generated across a thin film may be written
for any type of fluid as

q— f a"’ dz @)

where vy is the fluid velocity in the tangential direc-
tion and 7 the viscosity of the fluid.

Substituting a temperature dependent viscosity
given by Eq. (12) and tangential velocity given by Eq.
(14) in refernece [19] into Eq. (2) gives the heat
flow to first order in E

LG U? h
=7 2% (1- EE] (3)
where
a,e® *roa-Aus

G,= 2% h=hy+h+2h-H,
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Since the first term which represents the uniform
heating of the parallel surfaces does not change the
shape of surface curvature, the uniform heating term
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is substracted from the overall heating. Then non-
uniform heating q is given by

—~

~ h
q=-n, G,,U’W (4)

The thermoelastic displacement & produced
on the edge of a body with non-uniform heating has
been shown by Burton et al. [17] to be

dzb\”. ar’a (5)
de* ~ K

Here a is the coefficient of thermal expansion and
K the thermal conductivity of the body. Integrating
Eq. (5) twice with respect to g yields the thermal
deformation of the surfaces

+ Gor'U?
b\thz_2‘_2%(8:hu+athu+athl+amc) (6)
where
a,C
Oinm= [R+-_ﬁ] (1-cosé)
6‘;hu=K X (sin(n,8 — Q,t) —n,6)

On = lfl[sm[ntg ~&t)-n,6)

a; \H.6’
2

5”-: [

The first term in Eq. (6) represents the thermoelas-
tic distortion on the boundary of the tilted lower
surface. The second and third terms denote the
thermoelastic deformation caused by surface wavi-
ness on the edge of the upper and lower mating sur-
faces. The last term is the thermoelastic deformation
caused by coning shape of mating surfaces. Here
& a and g, are the sealing gap variations due to
the thermoelastic coning effects at the outer radius
of the lower and upper surfaces.

Wear displacements. A wear displacement g ,,
will be produced due to contact pressure p,. A sim-
ple theory that involves pressure and sliding distance
was developed by Burwell and Strang [20]; it is given
by
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t
5o — f p.Udt (7)

where w is an experimentally determined wear coeffi-
cient and Udt is the sliding distance during an in-
finitesimal time dt.

The contact pressure is associated with a heat flow
between contacting surfaces. It is assumed that wear
occurs only where there exists asperity contact; it is
futher assumed that heat flow is produced solely by
frictional dissipation; that is

aT
q=—Ka—Z=/-taDaU (8)

The parameter v, is the coefficient of friction at as-
perity spots. The heat flow on the edge of the body
will be given by differentiating with respect to z Egs.
(49) and (50) given in reference [18]. With the help
of Eq. (8) the local contact pressure at the upper and
lower surfaces may be written as

pa=—lU (1Qulsin(n,8 — ¢.,)+1q, [sin(n, 8 - §,))
Ma
(9)

Since the positive pressure in Eq. (9) produces an
extrusion of the edge of a contacting surface, it will
be exlcuded from the contact pressure expression. This
defines a new asperity pressure P, that is periodic in
8 ; P, can be expressed using the Fourier series

Dazlli'fjl {—%+%sin (N8 — g )+
+%§lcostzr;<nnzufl—$m }
HI |- E o -4
+%§:,Cos[22r(:’_01—$’>] } 10

where

lqul =Ku| Tyl (@h+Db3)'

$u—tan” (*)
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where ¢, and ¢, are the wave velocities at the lower
and upper bodies given by the reference [18]. The
wear displacement due to the contact pressure P, at
the upper and lower surfaces is given by integrating

Eq. (7)

8 =0 wutOuw iy
where
. 9.t
sin (==~}
Widy t 2 : Qut
awu= ,U|¢? | 7_ Qu Sln[nua_ 2 _¢u]
, . snQulcostening -2 g )
_nQu nZ=1 1'1[4112—1]
.t
sin [——)
w t 27 . at
8wt 'ulq’l _ ) 31n[n,0——2'—+¢z]
, . S(D@Qt)cos(2n(n,6 —=5 4]
T aQ n(4n*—1)

Axial Displacements. A rigid body motion be-
tween mating rings may be developed due to varia-
tions of pressure in the sealing gap. This motion
changes the sealing gap in the axial direction.

The total pressure in a mixed friction regime is
composed of fluid pressures and asperity contact
pressures. If the seal surfaces approach each other
closely enough, metal-to-metal contact at asperity
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spots can help support the load. Otherwise, fluid film
pressures provide support. The force due to the film
pressure is the main component which acts axially
on the sealing interface.

To estimate the fraction of fluid film pressure for
the region where asperities on the rotor interfere with
asperities on the sealing ring, a model developed by
Christensen [21] may by used. It will be assumed that
roughness is superimposed over the nominal surface
of the seals as shown in Fig. 1. Then the expected
value Efor fluid sealing due to the film pressure in
the fluid-metallic contact region is given by

3~12[16+35H - 35H*+21Hs ~ 5H?) for H<1

E,=
1 for H>1
(12
E.=1-E, 13

where E, is the expected value for supporting the
asperity contact pressures. The fluid film pressure P,
can be determined by Eqgs. (3) and (8) with the sub-
script a replaced by /. The result is

P,- —7%%[1~2—B] (19

where « , is the coefficient of fluid friction. The
overall separating force F caused by the combined
fluid and asperity pressures in the mixed regime may
be calculated as

Fen [ f ° (E,P,+E,P,)rdrds

_27Gs(1-Rwp  2,(1-R)
3hu, Maw
(aul+lal)E, (15)
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Fig. 1. Roughness distribution on the wavy seals.

The first term represents due to the uneven heating.
The second term describes the axial movement caused
by wear on the metallic contact zone. Eq. (15) indi-
cates that when the speed is increased, the axial force
caused by the uniform heating will dominate the over-
all axial motion compared with that of the asperity
contact. Lebeck [11] has similarly concluded that a
high percentage of fluid film pressure can be obtained
even for heavily loaded, low viscosity seals if the mag-
nitude of the as-running surface roughness is suffi-
ciently small. The axial displacement due to the
overall separating force may be carried by the spring
force system as shown in Fig. 2; That is

8a—F/k., 16

where the stiffness k., is an equivalent spring cons-
tant. The macroscopic sealing concepts of equations
(15) and (16) are used to produce crude a priori esti-
mates of displacements due to misalignment, wavi-
ness, and surface roughness.

Pressure Distribution. The pressure distribution
between the sealing gap is given by solving a simpli-
fied Reynolds equation (17) in reference [19] using
the power series; P= E P;Ri and the boundary
conditions; P, =P, at R 0(r=r)and Z P;=P
at R=1 (r=r,). The dimensionless parametPrs for
the recursive equation (21) in the previous paper [19]
are given by

ﬁ0=1+a,cosa —3,(a,(1-cosB)+8cu+0c:

+8thu+6\lhl]+ [h+3w+5d]

ﬁ, =¢cosf +C,—a,[(3a,(1—cosd) +§£(8 thu
2

=
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Fig. 2. Seal ring with back-up spring in parallel.
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1= —‘;; {(e +3a,3,)sInf — as[

+a,C,8)}

(5 thut & tn)

I;a; _ . _ —
A2= _——T(saoaz siné +ala2 (2C1+azcz)
Ia;

+ (0t t8tn))
L;a, : = =2
A= _-”57[30511'10 +a,f (C1+Zazcz+azcz)]
c2

I3 o 49a,C, ,+aCHe for i=d

A=- T

where the primes denote differentiation with respect
to @ .

_agE @y @ R

Qo Kl y al_Ku T Kt‘ az=T_'§

a=€§ 2= 1,Go(2U ) a=e§a,

2 ﬂ, 3 L] 2}-1 » e K;(l— )

Volumetric Flow Rate. The radial flow rate of an in-
compressible fluid through the sealing gap is defined
as
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Q=nj)'”/"f:‘ rv,dzdg 1

This equation can be nondimensionalized using the
radial velocity in Eq. (13), dimensionless parameters
(16), r=r;+ (r,—1;)R, and pressure distribution (19)
given in refernece [19]. Then the volumetric flow rate
in dimensionless form is given by

T T

Rt (B,+B,R+---)dg (19

where

ea*T,(At b 1- e%:

e T G A B~ D)

(14 a,+ (1—-az)e™ )}
Bo =Rf{gph Bl = [1 _ﬁjﬁgpl
+ 3f,P,+2f,P, R,

The dimensionless flow rate may be simplified with
R =0 because it cannot vary with R. Thus the flow
rate equation (18) is given by

J— — 13

Q=:RP,Z I (19
=1
The integration constant I,is given in Appendix. K;,
— K3, K;, — Ky, and K, are given in reference [19].

Torque. The equation for frictional torque is

e[

By substituting the temperature dependent viscosity
(12) and velocity gradient given by Eq. (14) in refer-
ence [19] into Eq. (20}, the frictional torque can be
obtained as

20

_ mm, a*¥T AWUr (1-84) = 1
Tl E(l—e"z) ElT
(R*T,_,+2(1-R)RT,_,+ 1-R)*T..,) @
where
T_,=0
T_,=0
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To==1+a’B*—_%[%(Iawul+|6‘w,|)+5d]
= -C +a,[_ °+2”33C]
T,= —C,+a,[]§—:+§z_+(ao+2n a,C, 1y
+g%_c_,]

2
'E=~Cﬁa¢%<m+2”jc> Z”a%——+cn

2»%a,C, C, 2

To= —Cot 2 (g

+ _’ L+C,) for i=4
and

B*—a,- ﬂ[gﬁ“ giq+aw+au

Results and Discussion

The algorithm described in the previous study
[19] was implemented and used to explore the seal
performance using the data used for the calculation
of reference [19].

Figs. 3 and 4 show the variation of volumetric
leakage flow rate for various radius ratios from R=
0.82 to 0.98. The maximum value of a tilt parame-
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Fig. 3. Effect of tilt parameter on dimensionless leakage
flow rate for 2h=2R+hy, +h+h,+ &4
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ter e is calculated for (1 —R)/2 and the wear coe-
fficient w is 0.2 x 10-12 (m2/N). The reduction of
the radius ratios lowers considerally the volumetric
leakage rate. Fig. 3 shows the effect of misalignment
on the seal leakage flow rate when the geometric com-
ponents and the thermoelastic deformation caused
by the viscous friction are considered. The leakage
rate is considerably small in comparison to the result
calculated for the geometric components only (Fig.
5 of reference [19]). Every figure appears to have a
minimum leakage rate for the whole range of tilt
parameter; this is because the thermoelastic defor-
mation reduces the sealing gap for the allowable
range of operating conditions. In Fig. 4, the leakage
rate due to the geometric components and the oper-
ation conditions is plotted against the tilt parameter.
It is seen that when the geometric components and
the operating conditions are simultaneously consi-
dered, the leakage rate in Fig. 4 is high compared
with the result shown in Fig. 3. This indicates that
the combined effects of wear and axial displacements
due to the dynamic movement of the sealing gap may
slightly increase the sealing gap. It is interesting to
note that in the tilt parameter region where the mini-
mum value of each cruve exists, the leakage rate in
the low radius ratio is high compared with the high
radius ratio; this is because the combined effects of
the geometry and operating conditions play a key role

?r-r‘v*rr-r LN N B T B S A B O O B A M e o v‘:i
120 o 31.20

E E
1.00 3 086 %_08231.00
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0.40 9 Ja.40
0.20 : I B B i B e o e e [ JV10)
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TILT PARAMETER, &£

Fig. 4. Effect of tilt parameter on dimensionless leakage
flow rate for the overall sealing gap equation (1),
n=4000 rpm, and 2h =40 (xm).
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even though the influence of the individual compo-
nent is not high.

Typical results of the frictional torque are ob-
tained for R=0.82~0.98, € =(1-R)/2 and
n=4000 rpm. In Figs. 5 and 6, frictional torque is
plotted against the mean sealing gap. These figures
show the combined effects due to the geometric and
operation components may play an important role
on torque. Figs. 5 and 6 show that the thermal ef-
fects on torque are particularly increase for small

400.00 T T T T T 400.00
300.00 - 300.00
R : ‘
z 0. as :
+'200.00 4200.00
ld
o}
a
o
Q
(=4 0.9 -
160.00
0.9 h
0. 95 ]

rmﬁ,,...,.rw = e
040 060 0.80
MEAN SEAUNG GAP, 2h x 10% (1m)

0.0

Fig. 5. Torque as a function of mean sealing gap for
2h=2h+hy+h+h.+ g, n=4000rpm, and

e =(1-R)/2.
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Fig. 6. Torque as a function of mean sealing gap for the

overall sealing gap equation (1), n = 4000 rpm, and
€ =(I<R)/2.
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sealing gap. Figs. 7 and 8 show the effect of shaft
speeds for R=0.82~0.98, 2h=40 (xm), and
€ =(1—R)/2 on friction torque. If the geometric
terms are only considered, the torque is linearly in-
creasing for shaft speeds as shown in Fig. 7 of refer-
ence [19]. But in Figs. 7 and 8, when the radius ratio
is decreased and shaft speed increased the friction
torque is considerably increased by the thermoelas-
tic effect. When the overall sealing gap components
(1) are considered for the result of Fig. 8 the torque
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Fig. 7. Torque as a function of shaft speed for

2h=2h+hy,+h+h + ¢, and 2h=40 (um).
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is low compared with the result of Fig. 7. This is be-
cause the combined effects of wear and axial displace-
ments may increase the sealing gap.

Conclusions

Using a power series technique, a Reynolds equa-
tion having a combination of geometry and opera-
tion components was analytically solved for an
incompressible liquid with temperature dependent
viscosity. This analysis was connected to the volu-
metric leakage rate and frictional torque of mechan-
ical faces seals.

The results seem to indicate that the thermoelas-
tic displacement term plays an important role on the
leakage flow rate and frictional torque. But wear and
axial displacements due to the dynamic movement
in the axial direction appear to increase the sealing
gap. As the speed increases and the sealing gap
decreases, the results indicate the importance of the
thermoelastic effects on the leakage flow rate and tor-
que. In order to estimate the leakage rate and tor-
que it is recommendable to combine in a single
analysis many of the overall sealing gap components
including operational conditions as described by the

equation (1).
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Nomenclature
c : one-half of the rc .ness height
Cy Cy  : coefficients deterr rined by coning effects
H, : dimensionless iitial sealing gap due to
coning
h, : nominal film thickness
h : half of the mean sealing gap
H : h,/c, dimensionless film thickness
n : number of wave
R 1T/1,
t : time
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[T |, |Tu[ : temperatures of the surfaces at the stator

and rotor
w S PR ¢
a* : temperature-viscosity coefficient
a, D e*T A (8, -1
B, : T,/T,
4 : angle of tilt
€ 1 Y (r,—r)/ (2h), tilt parameter
x :2m/A , wavenumber
A : wavelength
A, : T/T,
¢, Ry (2h)
¢ D byl /(2R
#. Y el
$u POt By
w : angular velocity
Q, AL
Qu oy (e +U)
Subscripts
c : coning
Cl : coning at the lower surface
cu : coning at the upper surface
i : inner radius
/ : lower surface
o : outer radius
r : reference conditions
u : upper surface
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