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SYMBOLS

scal clearance along centerline
radial hydrodynamic friction force
nondimensional force, Fd/suu{;g)ro2
radial hydrostatic friction force
nondimensional force, Fs/nrcptpi-po)
film thickness

integrals defined in egs. (36) and (37)
given by eq. (39)

pressure

nondimensional radius, r/r

radial coordinate

tangential velocity

radial velocity

cartezian coordinates (Fig. 2)

angle of tilt
tilt parameter, yro/c
ER

m
angular coordinate
viscosity
radial shear stress
tangential shear stress

rotational angular velocity

Subscripts
hydrodynamic component o = outer radius
inner radius s = hydrostatic component

mean radius
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INTRODUCT ION

Much attention has been paid in the last two decades to
the problem of radial face seals operating mechanisms. In
particular, axial forces, which separate the primary seal
faces, and tilting moments were studied. However, radial
forces which may cause a radial displacement of the primary
seal ring have peen totally overlooked.

The secondary seal in a radial face seal (Fig. 1) is usually
an ¢lastic member such as an O ring or a piston ring. 1Its main
task 1s to prevent leakage via the radial clearance between
the primary seal ring and the seal housing. Due to its flexi-
bility, however, it also permits radial displacement of the
primary seal ring. 1t was previously shown [1], [2) that radial
cccentricity combined with angular misalignment of the primary
seal ring affect the leakage through the primary seal. Radial
forces may well be the origin of radial eccentricity and hence
directly influence primary seal leakage. The radial forces
also press the flexible element of the secondary seal against
one side of the seal housing while relieving the pressure on
the opposite side. As a result, the flexible element may lose
contact with the rigid surface and the secondary seal starts
leaking.

In addition to their influence on leakage, radial forces
may also affect the dynamic stability of the seal. In two re-
cent papers [3], [4] the dynamic behavior of a radial face seal
was treated and the axial friction force in the secondary seal
was congidered. This friction provides damping of axial and
angular vibrations «¢f the primary seal ring and is dependent
on the radial pressure exerted by the primary seal ring and

seal housing on the flexible element of the secondary seal.
1



Henco, radial forces which affect the distribution of this radial
pressure have a direct influence on seal stability,

Both hydrodynamic and hydrostatic effects can produce radial
forces in a misaligned radial face seal. The hydrodynamic com-
ponent is due to nonaxisymmetric tangential and radial shear,
and the hydrostatic component is mainly due to nonaxisymmetric
hydrostatic pressure distribution [5]).

In order to establish a better understanding of radial face
aeal mechanism of operation the problem of radial forces in
a misaligned seal is being pursued in this paper. It is believed
that such an analysis, which so far has been missing, will prove

helpful in further studies of a realistic seal model.,
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ANALYS1S

Applying the usual assumptions of the theory of lubrica-
tion [6), the momentum equations for laminar flow are, in polar

coordinates, given by

aiv _ L oap
SreT 8 (1)
stu _ 1 ap
3Y7 AL 36 (2)

Integrating twice, and using the boundary conditions (see Fig. 2),
v=0aty=0andy=h

u=0aty=20

and
u= wr at y = h.
We have, for the radial and tangential velocities,
v = %U %% y (y=h) (3)
and
u = %U % %% y(y=h) + wr ﬁ (4)
The radial and tangential shear stress components are
ciim y X w % AR v
e = ¥ 35 3 ar(2y h) (5)
and :
rg = U 5 = 37 Se2y-h) + u 4 (6)

Seals usually have radius ratios, ri/ro, close to unity,
in which case 1t 1s common to use the narrow seal approximation
and neglect the circumferential pressure gradient. Hence, for

narrow seals, the shear stress on the primary seal ring, at

-
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Applying the usual assumptions of the theory of lubrica-
tion [6), the momentum equations for laminar flow are, in polar

coordinates, given by

BJV 1l 9
23 k- 5% (1)
3'u _ 13
T "air 5% (2)

Integrating twice, and using the boundary conditions (see Fig. 2),
v=0at y=0and y = h

u=0aty=20

and
u=uwr at y = n.
We have, for the radial and tangential velocities,
v = 3= 22 yy-n) (3)
and
u = %U % %% y(y=h) + wr * (4)
The radial and tangential shear stress components are
eyttt By
r's U v 3 ar(2y h) (5)
and
Wk wr
Tg = M 3y - % 3%(2y Rk m (6)

Seals usually have radius ratios, ri/ro, close to unity,
in which case it 1s common to use the narrow seal approximation
and neglect the circumferential pressure gradient. Hence, for

narrow seals, the shear stress on the primary seal ring, at
3



y =0, 18

h 3

P & ik
wr

tﬁﬂuh—. (8)

The pressure p is obtained from the Reynolds equation which,
for a narrow seal and incompressible fluid, has the form

L(en' 3B - Guer 33 (9)
Eq. (9) is linear in p and hence can be solved separately for
the hydrodynamic and hydrostatic pressure distributions. Each
pruessure distribution can then be separately integrated to
obtain the various performance characteristics of the seal,
including the friction force. 1In [5] and [7] solutions of eq.
(9) are presented for the hydrostatic and hydrodynamic pressure
components, respectively:

Bl N
Pg = (PP, E;‘:T{’l"ff?' -1 +p, (10)

and
{r_=p){r=-x;)

Pq = IMWCR, —Ep—pr—— csins (11)
m
where h, the film thickness for a misaligned seal (Fig. 2),is
given by:

h=C + yrcosbt (12)



Hydrostatic Component

From . (10) it is clear that the hydrostatic pressure,
Pgr 18 symmetric about the line BB (Fig. 3) which connects the
points of maximum and minimum film thickness. Hence, the radial
shear stress, Lyt due to the hydrostatic pressure, is also
symmetric about that line, A: a result, the hydrostatic shear
force has a component only along the 2z axis. This component
is in the positive 2z direction:
rO
9.} = =3 /

1 _costrdrdo (13)
P X

= 2
-

i

From egqs. (10) and (12) we find

ap héh? .
) = 1O cost
T = = 3P Ry Wm" T 3-};1— (14)

Hence, from egq. (7) the radial hydrostatic shear stress is

hih®
1 0 coad
‘v (pi pu, hé—ﬁ% he £15)

Substituting eq. (15) inte eq. (13) and neglecting curvature

effects
T oo hih; ycos® 0
(Fs)z - - 2!‘m(pi"PD, é i RZ:FT )—F’—- drdo (16}

1

where r, 18 the mean radius \xl*ro?NZ. Inteqrating first over

the radius we have

"
d
r
W
]
'
3]~
=
o~
D‘Io-
2
-
1
~J

and eq. (l6) becomes



(P.) - 3rm‘pl'po’ é FﬁtﬁT conddo (17

The film thickness, h, in eq. (12) can be written in the

torm

h = C(l+cRens t) (18)

where « is a tile parameter given by ¢ « YEL/C, and R is a
dimensionless radius in the form R = r'r..  Also hi'ho = 2h

where hm 18 the film thickness at the mean radius L Hence,

h.h cost + ¢ (lﬂl‘)cm;"t‘ ¢ t'R.con’e
Ll iet g i i (19)
G 1 + tcose
where
£ = ::Rm 20)
From the Journal Bearing Integrals (8):
t" cost dd*':[(l-r‘)‘l.;g-ll (21)
0 1 + feoss €
L C‘Oagﬂ " ‘ -:l
| T————dd = —f(1-g?) -1) (22)
0 1 + fecoso gt
h ' ad ¥ 2 Sl
Cos "0 8 o X o™ £ 3
] —===—___ Qe _‘[1 &%) . I—l {(23)

01 #» Fcose g

Substituting eq. (19) into eq. (17) and using ege. (21) to (231}
Yields
R

2 . 2
e - —-“-. ——: - - i s ) 2
(vs)‘- = {py=pir,C w 4((1 ) 1) (1 ﬁgp + R 5y) (24)



Noting tha+
1+R

R. Fl 1=R, 2
L-ghe gl R () (28)

the radial hydrostatic force in the 2 dircction becomes

(r.)' = erC(po-pllF. (26)

where §‘ 1s a dimensionless force given by

F o= - ‘1""'-11(1—-—-1-%17 + 3R 27)
] ¢ . % *Ri :- i &/
A simpler expression can be obtained for small values of

by the approximation

_./’:
(l=c¢“RY) - 1+%\:R

m (28)

"
Substituting eq. (28) into eq. (27) yields for very small tilts

£, » ¥ RY (29)
From eqs. (27) and (29) it can be seen that ﬁa is always
positive. Hence, the direction of (F.) as given by (26) de-
pends on kpo-pl). When the high prussu:v is on *“e inside
periphery of the seal (po-pi)\o, and hence, by (26}, (Fg) <0,
which means that the radial hydrostatic force acting on t;o
primary seal ring is directed towards the point where 8=0 (see

Fig. 2). When the high pressure is on the outside, {po-p1\~0,

and (Fsl is directed towards the point t=n,



Hydrodynamic Component

Assuming a full fluid film condition, the hydrodynamic
pressure, p,, given by eq. (1l1) is antisymmetric about the
line BB (Fig. 3). Hence, the radial hydrodynamic shear stress,
Tpe which is also antisymmetiric about that line, produces a not
force only along the x axis. The film thickness, h, is symmetric
about the line BB and therefore, by eq. (8), Tg 18 also symmetric
about that line resulting again in a net force along the x axis,.

The total hydrodynamic friction force in the positive x direc-

tion 18 (see Fig. 3)

r
" o
(Fg) ==2] | (1.8iné + t,cosd)rdrds . (30)
X 9 T
1
From egs. (ll1l) and (12)
ap h h.=h b
- e o i m' sin®
5!‘ 6‘“’tm » coso ' (31)

Hence, from eq. (7), the radial hydrodynamic shear stress is

hohx-hmh siné
T s - 3UNr 'h h. -
m

cost

r m

From eq. (8) the tangential hydrodynamic shear stress, when
curvature effects are neglected, 1is
Hwr
le=T—. (33)
Substituting egqs. (32) and (33) into eq. (30) and neglecting

curvature effects, we have

» Yo h h =h_h

il
(Fdi = 64mr f ] ( h hlm 2;:66 - Egﬁg)drdﬁ . (34)
x




Integrating first over the radius, noting that y = cC/ro, yields

s . —ar b sin‘o
(Pd)x = 6uw!°(ag)nm{ gltl'ki)cose{1+eﬁm00157

(35)
_ sine in l+ecosb ] de - ; 1 'n l+ccosh ae)
£cos’o I+£Eicos5 ) 3c I+c§icos5

The first integral of eq. (35) represents the contribution of
the radial hydrodynamic shear stress to (Fd)x. The second integral
is the contribution of the tangential shear due to the angular
velocity.
1n order to integrate eq. (35), we define the integrals
I:(R,8) = [ =" "% in(1+cReos6) a6 = —=— in(l+cRecosb)

(36)

l+eRcosb
+ Rin £COS
and
" 1+eR_cos#t
sinfdéo m
= f 3
12(8) = [ cosU(I+eﬁmcosB) N —<cos? (37)

We -~ .s0 define the sum
J(6) = 1,(1,8) - I;(Ri,e) - (l-Ri)Iz(B) (38)

where I;(1,6) and I.(Ri,e) are obtained from eq. (36) by sub-

stituting R=1 and R-Ri, respectively. Thus, J(8) becomes

J(e) = 1 l+ecos® l+ecosh 1+eR, cosb

1
ecost in I+Eﬁic055 + in I+5Rmcos§ Riln I+cRmcos§ (39)

Integrating by parts the two terms within the first integral

of eq. (35) and using egs. (36) and (37), we have

f sin®6de

cosB(I+cR _cosb) = I;(8)sin8 - [ I,(8)cos6ds (40}

9



and

I sin’

ooe?y n(1+eRcosf)dd = T, (R,0)sinb - | 1,(R,0)cosBdh  (41)

Hence, from eqs. (40), (41) and (38), eq. (35) can be written

in the form
r, g
(F,) = 6uw(z=)rt F (42)
d = C o =&

where Fd is a dimensionless force given by

n i

n
’ 1 l+ccosb
a® Rm(-J(B)sine : v 6 J(6)cosbds = 3 é Ly “cos 6 (43)

F
The first term in eq. (43) vanishes at both limits of integra-
tion. Thus, substituting eq. (39) into eq. (43), we have

1 l+ecosb l+ecosf
(s I+cRicosﬁ + cosbin I+5Rmcos§

ol
o
n
.
e
O

(44)
1+€R, 086 g
 Mppomdin fhir IVt T W

f l+ccos®
i 0

in T:E§IEEE§ de)

The first and last terms in eq. (44) can be readily integrated

using the result (9]

n ——Anly 1/2
[ tn(1+cReosd)d6 = min AL R (45)
0
For the other two terms in (44) we integrate by parts, which
gives
} cosfin(l+cRcosf)dé = eR } (54070 _ o (46)
0 0 lreCOSB

From (8], we find

10
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[ et 40 = ey [1 = (1-¢R%) /1), (47)

b 1+¢ Rcosh
Combining ¢gs. (45), (46) and (47) with eg. (44), the final

result for the nondimensional hydrodynamic force is obtained:

nR? 2
id - . { 2 in P RA P )_‘/! = ‘l_|i,l/'3 i (1_‘IR;)I/J

¢ 3 L+ (1-cPRE) 12

- (48)
- 1 = cinly 1 /2
=0 - (et 1y

A simpler expression for this radial hydrodynamic friction force,

Fd' can be found for small tilts by using the approximations

(1=e?R*) 'V/? = ) - ém’a' and  in(1l - % e?RY) = - } ¢ R?

Eq. (48) thus becomes for very small tilts

Fo= 1 R (1-R.) 49)
a ™ IT Ryll=Ry {

where a positive value of Ed means that the force, (Fy) , acting
X
on the primary seal ring is directed towards the point

8 - 31-'/2 (Fi‘;' 3).

It should be noted that if the radial shear stress, P is

omitted in eq. (30), the nondimensional hydrodynamic force Fl
L

Dacomes
nR?

= = m
¥a  rail

1+#(1-¢c?) '/
1+(1-c*R}) ' /2

(‘\('\

which, for very small tilts, is approximated by the same exproes-
sion as in eq. (49). This indicates that the radial hydro-

dynamic friction force is mainly due to the angular velocity w,

R ——— T T ] | e | t § 93 | 255y o ok R ol Ul ST TTTYTTSseeimmmmmeme



RESULTS AND DISCUSSTON

The results for the nondimensional radial force components
f. and Fd calculated from eqs. (27) and (48) are presented in
Table 1 and Figs. 4 and 5, These results cover the whole range
of angular misalignment from ¢=0 to ¢=1 and radius ratio,
'1/ro' from 0,8 to 0,99,

The nondimensional hydrostatic force, F_, is nearly in-

s’
dependent of the radius ratio and varies almost linearly with

¢ (Fig., 4). The linear behavior becomes more pronounced as the
radius ratio increases. An interesting result i{s that the
expression for very small tilts (eq..29)) FS'UR;IZ is also a

good approximation at high tilts, even up to =1, For example,

at rifrn-o.a and £=1, the difference between the small tilt ex-
pression tor Fa and the complete one given by eq. (27) is only

2.5 percent; this deviation decreases further as r /v - increases,

The nondimensional hydrodynamic component, F,, is more
strongly influenced by both the radius ratio and the angular
misalignment. As seen in Fig, &, Fd increases both with in-
creasing tilt parameter and with a smaller radius rauio.

The hydrostatic and hydrodynamic components of the radial
friction force acting on the primary seal ring arve perpendicular
to each other. The hydrostatic component, Fo+ acts along the
line BB which connects the highest and lowest points of the
primary seal ring. When the high pressure is on the inside
periphery of the real, F8 18 directed towards the point of maximum
film thickness; when the high pressure is on the outside peri-
phery, F, acts in the direction of the minimum film thickness,

The hydrodynamie component, F,, 18 always directed towards
the point ¢ = 3r/2, Hence, the resultant radial force 18 always

12



directed towards the region n«B¢2v, As far as leakage is con=-
cerned, a radial displacement of the primary seal ring in the
region nef8e2n will produce inward pumping (1), [(2), provided
that 0 is measured in the direction of w beginning from the
point of maximum film thickness (see Fig. 2). As stated above,
the hydrodynamic component, Fd' is always directed towards the
point 8 = 3n/2, This hydrodynamic force can cause inward pumping.
Indeed, inward pumping in radial face seals has been oxperimentally
observed by several investigators (1],(10. The intensity of the
inward pumping depends on both the magnitude and direction of
the radial eccentricity vector of the primary seal ring (2).
This radial eccentricity vector depends on the hydrostatic and
hydrodynamic forces.

For a numerical example, consider a seal having the follow-

ing dimensions and operating conditions:

oute-. radius, r,» cm 5
radius ratio, £, /¥, 0.9

seal clearance, C, com 0.0025
angular velocity, w, rad/sec 100

fluid viscosity, u, N-sec/m’ ].15x10-3
pressure differential, (v, -p.), N,/m? 10*

For this seal, the maximum forces which occur at ¢=1 are
Fl-1.79N and Fd = 1,74 N. dence, the total radial force is
2.5N at an angle 6 = - 44 deg. A radial force of this magni-
tude is a very small one and would be even smaller for values
of ¢ less than unity. Thus, depending on the flexibility ot

the secondary seal member, the effects of the radial forces

13



may be negligible. This has to be examined individually for
each case, 1f, for example, the outer radius is doubled, the
resultant radial Jorce at ¢ = 1 now becomes 14.4N at an angle
6@ = = 75 dea. The force would become even higher for a smaller
seal clearance, C, and higher angular velocities.

Radial force effects appear to be more pronounced when
the high pressure is on the outside periphery of the s:>al.
This is because such an arrangement is inherently unstable (5]
due to nonrestoring hydrostatic moments which tend to increase
any angular misalignment and thereby raise the magnitude of

the radial forces.

14



CONCLUDING REMARKS

Radial forces which result from both hydrostatic and
hydrodynamic effects are analyzed for a misaligned radial
face seal. These forces are usually small and in many cases
can be considered to be negligible. When the radial forces
are large enough to cause a radial displacement of the primary
seal ring, they will generate inward pumping. Such a radial
displacement may initiate leakage via the secondary seal and
also affect the dynamic stability of the primary seal ring.

It is postulated that radial forces effects are most pro-
nounced when the high pressure 1s on the outside periphery
of the seal. Ir this case the inward pumping adds to the hydro-
static leakage and may cause seal failure due to an excessive

leakage.

15
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Nondi nensional hydrodynamic force, Fg
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Ficure 5 - Nondimensional hydrodynamic radial force as a

function of tilt parameter for various rad.us ratios.
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