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Contacting mechanteal seals are load unbalanced. The unbal-
anced load (the difference between closing and opening forces)
causes the seal faces to be in mechameal contact suppressing fluid
pressure generation in the sealing dam. The two major concerns
with contacting mechanical face seals are the wear vate of the fuces
and whether these faces unll separate while in operation. These two
modes of fatlure are divectly velated to the amount of initial compres-
ston (Le., preset) in the bellows and the hydraulic loading. A new

“terion for separation is presented based on a pragmatic model of
the mechanics of contact. The separation speed devtved heremn is
less conservative than that found more than two decades ago. The
opttmal speed which mintmizes wear 15 determined to occur at the
resonance frequencies of the systewm, thus prowding guidelines for
smprroved designs.
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INTRODUCTION

Contacting mechanical seals are load unbalanced where
the closing force on the flexibly mounted element (due to
hydraulic and spring loading) exceeds the opening foree
{due to presumed fuid film effecats). The unbalanced load
resutlts in face contact. Applications such as automotive water
pump seals, stuffing hox naval seals, light hydrocarbon seals
(being heavily spring loaded o prevent Hluid Hashing), and
unpressurized gas seals are jost a few examples. In a recent
failure analysis of a hot black liquor seal, micro and macro
cracks were found in the carbon ring along with severe
surfirce damage. It was concluded that vigorous shaft vi-
bration caused material latigue in approximately two weeks
of aperation. This case prompted the current analysis.

A contacting mechanical face seal whose stationary pri-
matry scal ring is supported by a metal bellows is shown in
Fig. 1. The secal ring, stator, and mating ring, rotor, are
maintained in contact resulting from a preset in the bellows.
Usually the two major causes of failure in contacting face
seals are wear of the (aces and separation of the faces during

NOMENGLATURE

d = radial location ol the center of pressure

I = {orce at the point of contact during asscmbly

F = force which causes contact onset

Fp = a componens of the totad force caused by a non-uniform

pressure distribution
Futer = 10tal load on the sintor resulting from the interface

Fa = additional preset force
e = compression force in axial mode
I = stator trinsverse moment of inertia
K = axial support stiffness
k = angular support stilfness
L i = mowment resulting from the force of contact during assembly
m = stator mass
M. = moment resulting from the {orce which causes contact
onset
M, = moment on the stator while in operation, resulting from

the interface
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i’ = radial location at which the stitor and roter make comtact

r, = radial location of flexible support

{ = ume

Z = stator axi degree of freedom

77 = stator axial displicements at pitch points a and b, respectively

Z, = minimum axial preset required to cause contact onset

¥ = rotor misalignment {(runout)

Y. = stator tli (nutiation)

AF = acomponent of the total foree caused by a uniform pres-
sure distribution

AR = sealing dam (interface} wideh

AZ = llexible support axial preset

5 = axial pulsation of the shaft

So = amplitude of axial pulsation of the shaft

] = precession

w = shaft angular velocity

w, = natural frequency

ahy = shalt angular velocity to cause separation onset
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operation. Excessive friction, resulting from a high bellows
preset, will wear the faces rapidly, while low bellows preset
may be insufficient to maintain contact, i.e., prevent sepa-
ration. [n either case, sealing capability is damaged, and seal
failure is imminent. Hence, it is desirable 1o determine the
right level of bellows preset for a given set of operating
conditions and system paramecters. These include rotor run-
out (causcd by manufacturing and assembly wolerances), sa-
tor inertia, speed, and metal bellows stiffness.

Only four known works have addressed the above stated
problem. Hart and Zorowski (I) determined the onset of
separation assuming the bellows to be represented by a se-
ries of distributed springs and dampers supporting a rigid
scal carrier. A major assumption in their work was that the
contact produces a linear compressive force distribution across
the faces. Separation would occur when the minimum com-
pressive force reduces to zero. In a subsequent work, Hart
and Zorowski (2}, included face [riction and bellows torsion.
Zorowski and Hill (3} exwended the above analyses by re-
laxing the surface rigidity to include interface axial and
torsional elasticity. This was done by representing the in-
terlace with only four springs, where separation would oc-
cur when the internal compression force in one of the springs
would become zero. The equations of motion were then
solved on an analog compuuter to simulate the dynamic be-
havior of the seal, and maps describing separation were
provided. In a recent work, Lipschitz () has highlighted
important factors such as hydraulic loading and eccentricity.

The intent of the present work is to examine once again
the basic problem where the faces are perfectly rigid, the
rotor is misaligned, the undamped bellows is preset, and
the shalt is rotating at a constant speed. The separation
speed will be found analytically based on a pragmatic, but
quite realistic, model of the mechanics of contact. 1t will
also be shown that there are situations in which a certain
portion of the bellows can be in tension yet still maintain
full contact of the faces. The criterion for separation sug-
gested here differs from those offered in previous works
and, therefore, leads to a different separation speed.

(It should be noted that once separation has occurred,
and a fluid film has permanently been generated, the seal
would be classified as nonconacting, and one may wish to
resort to an alternate analysis, e.g., Green and Etsion (5).
It is, therefore, assumed herein that full contact prevails,
and if a film does exist, say between surfaces asperities, its
load carrying capacity is insignificant compared to other
existing forces.)
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ANALYSIS
Axial Mode

Experimental evidence of pulsation along the axis of the
shalt has never been reported to be significant in seal per-
formance. For the reason to be determined herein, how-
cver, axial pulsation should not be ignored when consid-
ering the dynamic behavior of seals in general and contacting
seals in parttcular.

Figure 2(a) shows schematically the axial pulsation mode
where K is the axial stiffness of the metal bellows, m is the
mass ol the stator, and A Z is the bellows preset. The forcing
function in the axial mode results from s, and w,, which are
the amplitude and frequency of the axial pulsation of the
shalt, respectively. Hence,

§ = g,Sinud (1]

Figure 2(b) presents a free body diagram, where F; is the
compression force, and Z is the axial degree of freedom.
The equation of motion in the axial mode is simply

ml = — K(Z + AZ) + F, 2]
As long as contact exists, Z = 5. Hence, Fq. [1] results in
Z = — gulsinwgd
and the compression force is solved from Eq. [2], yielding
F, = ¢, sinud (K — mw?) + KAZ (5]

To maintain contact at all times the compression force
must never vanish, Le., F; > 0. Since sinwy is bounded by
+ 1, the condition to assure contact becomes

AZ > Su (&) -1
Wy,

where w, is the natural frequency of the system in the axial
mode. At very low forcing frequencies a quite predictable
result is obtained that the preset should slightly exceed the
axial pulsation amplitude. Howcver, the required preset
decreases as the forcing frequency increases as long as the
forcing frequency is kept below the natural frequency. The

@ w;, = (4]
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optimal case is when the forcing and naturat frequencies
are equal; that is w; = w,. In this case the necessary preset
prevent separation according to Eq. [4] becomes zero,
- nus, face wear, which is directly effected by face loading
caused by spring preset, is minimal. This result is of interest
since the optimal performance in the axial mode occurs at
resomince. As w, increases above 2w, the required AZ in-
creases, indicating that forcing frequencies much higher
than the system nawural frequency should be avoided.

Angular Mode

To obtain the separation speed in the angular mode it is
necessary to understand the mechanics of contact. Figure 3(a)
shows a misaligned rotor prior to assembly, where v, rep-
resents the rotor misalignment. First contact is made at a
point at the bottom of the two faces, where F is the con-
tacting force at a point which causes the stator 1o deflect
axially by an amount Z and rotate through an angle «,, sce
Fig. 3(b). A Iree body diagram for this intermediate situa-
tion is shown in Fig. 3(c) where the force, F, has been moved
to the stator center of mass, and a couple, M = FR, has
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Fig. 3—Staqes of assembly.

been added. In the work by Green and Etsion (5)
{Appendix 1} the angular stiffness coefficient, &, was deter-
mined from the corresponding axial stitfness coefficient, K,
10 be

{51

where 7, is the radial location of the elastic support, i.e., the
metal bellows radius in this case. Therefore, with the aid of
Fig. 3(c) the force and moment are written as

F=Kz [6a]
M = ky, = FR [6b]

where R is the radial location at which the stator makes
contact with the rotor. For conciseness it will be assumed
that R = r,. A requirement commonly imposed upon con-
tacting seals is that contact must exist under all operation
conditions including rest. Figure 4 illustrates the onset of
contact over the entire surface of both the stator and the
rotor, but the force which causes this contact, F,, remains
concentrated at point b. In this situation the stator nutation
completely assumes the rotor misalignment angle such that
Y = ¥ Again the contacting lorce is moved o the stator
mass center yiclding the couple

M, =F, R 17]

Using Eqs. [6] for the onset of contact results in
F, = KZ, [8a]
M, = ky, [8b)

Substituting Egs. [8] in Eq. [7] yields

[
5 KR*, = KZ.R (8]

CONTACT ONSET

REPLACE WITH

Fla. 4—Contact onset.
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where & has been replaced by its equivalent as given by
Eq. [5]. Equation [8] simplifics to

Ry, 9]

where Z, is the axial preset of the metal bellows required
o cause the onset of full contact. By examining Fig. 4 the
deflection can be obtained at every point on the circumfer-
ence of the two faces. Designating Z, and Z; as the extreme
points of minimum and maximum deflection, respectively,
one gets

1
Z,=Z, — Ry, = =5 Ry, [10a]

]

3
Zy = 7, + Ry, = 5 Ry, [10b]

Note that the fact that the rotor misalignment is very small
has been utilized. This results in a very small stator nu-
tation. Figure 5 is a graphical representation of the location
of points Z,, Zs, and Z,. The metal bellows is compressed
along three quarters of its circumference, but it is stretched
along one quarter of the cdrcumference indicating a wnsile
lorce in this region. Z, represents maximum compression,
while Z, represents maximum stretch. (From a latigue de-
sign standpoint it is recommended to eliminate the wensile
stress in the bellows by adding 12 Ry, to the axial preset,
Z..) The equations of motion must be investigated in order

7 t—
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Fig. 5—Axlal displecement of various points on the circumference at

Aantart nnaot

to obtain the separation speed. The dynamic moments in
these equations have been derived elsewhere (6). Hence,

! (1 - 'if'"v.) = M, [11a]

! (lpy + 21‘u~is) =M, [11b]

where M, and M, are the applicd moments that act upon
the stator, x designating the axis about which the stator is
nutated and y designating the axis perpendicular to x in the
stator plane. Both precess at a rate tll The transverse mo-
ment of inertiz is designated by /, and the shaft angular
velocity by . As long as contact is maintained, the following
kinematic conditions prevail:

¥ = @ = const [12a)
Yo T ¥ = const [12b]

Hence,
F.=%=0;p=0 (2]

By substituting conditions [12]into Egs. [11], only one equ
tion about x is left

~ o'y, = = ky, + M, [13]

The equation ol motion in the y direction is identically zero
because for an undamped support system the applied mo-
ment about ¥ does not exist. The lett hand side of Eq. [13]
resulis from inertia effects, The right hand side consists of
the bellows restoring moment, —ky,, and the moment, My,
which originates at the interface between stator and rotor.,
M, is positive about x.

Equation [13} can be rearranged by applying D’Alem-
bert’s principle, and becomes

My + Iw'y, = by, = 0

From this cquation it is evident that the inertia term,
fw®y,, has the nature of a nonrestoring moment, tending 1o
increase stator nutation. (This tendency is not necessarily
detrimental, as will be seen later.)

Separation Onset

Separation onset will be considered in two stages: without
additional preset, and with additional preset.

Stage I: No Addittmal Preset

It is assumed that the stator and rotor are rigid and that
the only preset in the bellows is Z, as given by Eq. [9]. This
value of Z, originates from the force F,, which causes contact
onset. At this position the shalt is locked and is restrained

fram matinn in the avial dirsction fac ic rammonlv done in
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practice). Solving for M, from Eq. [13] yields

My =+, (h - lm‘-’) [14]

At rest, @ = 0, one returns to the condition of Fig. 5 and
Eqs. 7] and 8] such that M, = M, where all the contacting
force is concentrated at a point. This situation is shown in
Fig. 6{a). As the specd increases, M, decreases according to
Eq. [14]. Hencee, the contacting force ceases to be concen-
trated at a point; rather, the load is carried by the asperities
in the interface between stator and rotor. The distribution
of the contacting lorce depends on the topography of the
interface and the material properties of the stator and rotor.
This is a statically indeterminate problem that is not easily
solved. However, in order to determine the speed at which
separation will occur, it is assumed that the comact estab-
lishes a pressure in the interlace which varies only circum-
ferendially; i.e., P = P(#). Figure 6{(b) shows a side view of
such a pressure profile applied to the interface, which is
tilted about the rowating axis of nutation, x, such that the
interface precesses with the stator and the rotor. The overall
force that acts on the stator is given by

Fusr = 2RAR I P9} do [15]
"
and the total moment, is given by

m
Mo = 2R AR L P(8) cosd 0 [16]

1 AXIS R
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Flg. 6—Pressure distribution, concentrated forces, and center of pres-
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where AR represents the interface contacting width.

It is quite obvious that as long as there is contact over the
entire interface, the total foree, Fie, must cqual the onset
contacting force, F.. (Fiuu > F,, is the condition of face
scparation.) The total force is divided into two component
forces: AF which represents a force due to a uniform pres-
sure distribution, and F, which represents a force caused
by the non-uniformity of the contact pressure. For both,
the following applies:

AF = 2wR AR P, [17]
and
F, = 2R ARJ‘ [P(0) = P,] db [18]
0
such that
Fiuat = F. = AF + F, [19a]

where P, is the uniform pressure and equals the minimum
pressure at point ‘a’ in Fig. 6(b). [Lis obvious to see that the
total moment in Eq. [16] is unaffected by P;, where

o
M = Mp = 2n? AR[U [P(0) — P;] cos® df  [19b]

It is now possible o define a radial location, d, of a center
of pressure such that d = M,/F,, as il the entire force Fp is
concentrated at that point. For convenience, it will be writ-
en as

Fyp = Myd [20]

Substituting Eq. [14) into [20), yields

F, = %’(k ~ Y [21]

It is unnecessary to know the exact function P(8), in order
o solve the problem. Generally, however, the pressures
profile should have a larger magnitude in the lower portion
of Fig. 6(b) than that in the upper portion in order to pro-
duce a positive moment, My, about x. (For the reason that
separation onset will transpire when the entire load on the
stator is concentrated at a point, the problem, if one wishes,
can be examined alternately by assuming perfectly rigid
stator and rotor with smooth flat faces. Then there is a
uniform pressure over the entire circumference, and a con-
centrated force, £, at the bottom point, ‘b’, as shown in
Fig. 6(c). In this case d = R at all times. It is imporiant to
note, however, that the analysis is not limited to this
idealization.)

Since Fp is associated with a concentrated force, which
increases the wear of the faces, it is desirable to minimize
Fp, or to climinate it altogether. This will occur when
k — I = 0 as evident from Eq. [21), yielding F, = 0. In
this case M, is also zero as evident from Eq. [14]. Hence,

. Lo rroy 1 FeaL 1 -
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be uniform so that P(8) = P, = Py, = const., as depicted
in Fig. 6(d). If the transverse moment of inertia is assumed
to be I = mR*/2 (which is a close approximation for many
practical seals) the best performance exists when & — Jw®
= 0, or

| —
9 _k ?.AR K u
m‘=7=I—=;=m"' [22]
Chald

where k has been replaced by its equivalent from Eq. [5]
(recall that r, = R). This result is quite interesting since
operation at resonance frequency again appears to produce
the best dynamic behavior, as every point in the interface
participates equally in carrying the closing force, F..

When w > o, onc finds that & = Kw” < 0, and, as evident
from Eq. [14], M, < 0. The interpretation of a negative
moment is actually a change in its direction. That is, the
interface must induce a moment in the negative x direction.
Defining M, = —M,, yiclds

My = v (lo* - k) (23]

and as the speed, w, increases, Mp increases. This causes the
pressure profile, P(8), to have its higher values in the upper
partol the stator as depicted in Fig. 7(a), or for the idealized
problem, see Fig. 7(b). Hence, the concentrated force Fp has
moved from the lower part to the upper part. This is not
surprising, however, since the inertia effect, as indicated
carlier, has the role of a non-restoring moment which tends
Lo increase stator nutation. The interface resists this wen-
dency by applying lvlr,. The only way in which ﬁp can in-
crease with speed, while full contacﬂs maintained, is for Fy
and d o increase with speed, since M, = Fpd. (S1ill, Frpar =
F, and the stator mass center has not moved.) Thus, the
center of pressure is moving towards point ‘a’ on the cir-
cumierence, The limiting case is when the speed is high
enough to concentrate the entire foree at point ‘a’, as shown
in Fig. 7(c), which will result in the onset of separation. In
this case d = R, F, = F, {any force F, bigger than F, will
move the center of mass further along axis Z to cause open-
ing between stator and rotor), and w = w,,,.. Using Eq. [23]
results in

¥ (o' — k) = F.* R [24]

Using Eqgs. [7] and [8b] to replace £, with ky/R, yields

Ve (f'yy = k) = ky, [25]
Solving for the separation speed gives

i 2k a
Wy = 7= 2w,~ [261

or

W = V2w, [27)

ol
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Fig. 7—Pressure distribution, concentrated forces, and center of pres-
sure for the speed range wn < w = tlyey-

State H: Additional Preset

I is usetul 1o find the separation speed for the case when
additional preset, AZ, is forced upon the bellows, as shown
in Fig. 8. Such a preset might be useful to prevent sepa-
ration in the axial mode as dictated by Eq. [4]. Additional
preset might also be imposed 10 climinate the tensile force
in the bellows and to improve fatigue resistance, or it can
simply be used as a safety factor o guard against separation,

Any deflection AZ beyond Z. is caused by an additional
force, Fa, where

Fra = Fo + Fs = F, + KAZ [28]

o

il
e

Ry
7

[s¥4 .

Fig. —Bellows preset beyond contact onset.
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does not have an effect on M, or M,, since AZ causes a
uniform deflection of the bellows, thus increasing the mag-

itude of the uniform pressure, P,. In other words, Fa is
cqually distributed around the interface to yield a zero net
additional moment. Using the same arguments that led to
Eq. [24], separation will occur only when the force that acts
on the stator center of mass exceeds Fi. (stored also in the
bellows) as given by Eq. [28]. Hence,

Y. (wily = k) = (F. + Fa) R (29]
Again replacing F. with &v,/R, noting that Fa = KAZ, and

using Eq. [5] £ = KR?2, the separation speed is found to
be

wiy = 2’{(1 + Az)
[30]

H
o
3
s
+
ZI&
R

or

12
Wup = 00, [2(1 + 3:)] [31]

Note that when AZ = 0, Eq. [31] reduces to Eq. [27).

DISCUSSION AND CONCLUSIONS

Equation [31] provides a general criterion for determin-
ing the separation speed of undamped contacting mechan-
ical face seals. It has been shown that in order to maintain
full contact at rest, the fiexible support, (e.g., metal bellows)
must be preset at least an amount Z, = Ry,/2 where v, is
the rotor runout. Since Z, adversely affects wear it is rec-
ommended that v, be reduced as much as possible. For the
same reason it is also recommended that any additional
presct, AZ (or any hydraulic closing force that can be trans-
lated into AZ), be as small as possible, despite the Ffact that
high values of AZ increase the separation speed value.

It has been found that inertia produces a non-restoring
moment. This moment is advantageous as long as w < w,,
since it reduces localized wear due to high concentrated
forces. It is most beneficial when w = w,, since the con-
tacting force is distributed evenly aver the faces in this case.
Furthermore, w = w, is always less than the separation
speed, w,, and therefore, it is desired to design the system
so that the rotational natural frequency will be equal the
shaft speed. Likewise, it has been shown that there is no
need for an axial preset if the axial natural frequency equals
*he shaft axial pulsation frequency. At high shaft speeds
vhere @ > w,, the non-restoring moment rotates the pitch
point (about which the stator tends to increase its tilt) by
180° from bottom to top, and the wear conditions worsen
with speed.

It is now of interest to compare the separation speed

| S | 1+ N 1 t .t I B Liawmi T it . 1

Zorowski (7) (see Appendix), given by

Wy = ) I+£
.fp n _R‘Yr

where the negative and positive signs correspond to low and
high separation speeds, respectively. Hart and Zorowski ex-
plain that as long as AZ/Rvy, < 1, the separation speed de-
creases with an increase in bellows compression. Moreover,
AZ/Rvy = 1 resulis in zero separation speed to indicate im-
minent separation,

Obviously, the result obtained by Hart and Zorowski dif-
fers from that presented in Eq. [31]. The reason for the
deviation originates with different separation criteria. Hart
and Zorowski assume that “setting the contact force(F)min
{(being the minimum compression force) equal to zero es-
tablishes the criterion for the onset of separation.” The con-
tacting mechanics model as presented here, e.g., Fig. 5 and
6(a) demonstrate that even if the minimum force is zero
(actually it can be zero all over the interface except for one
puint) full contact can still be maintained. In order w initiate
separation the present work suggests that the separating
force that acts on the stator must be bigger than the one
initially used to compress the stator and rotor together.

4]
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APPENDIX

The separation speed criterion of metal bellows mechan-
ical scals according to Hart and Zorowski () is given in their
work by Eq. [21] as

b=vil - o+ %"+ [0 - Ap)? + 1" [AD)

where

= dimensionless amplitude ratio, A,/r8,
dimensionless damping constant

= dimensionless frequency ratio, (Q./Q,)°

= dimensionless forcing frequency, (w/),)?

= dimensionless precompression parameter, Z,/r8,
= displacement amplitude in Z direction

= mean ring radius

= displacement amplhitude about x

= natural frequency of translational mode

3. D > moE
]
| Il

=l =1
&4
I I

= natural frequency of rotational mode
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For the purpose of comparison it is assumed that shaft axial
pulsation does not exist, A, = 0, i.e., v = 0. To comply with
the condition of the present investigation, damping does
not exist by definition, i.c. ¢ = 0,and the natural frequencies
in the translational and rotational mades equal each other,
i.e.,, A = L. Hence, from Eq. [Al], one gets

8=x(1-p) [A2]
Solving for p yields

p=1=%4 [A3])

Substituting the corresponding dimensional parameters gives

172
m:-fp:ﬂ;(l t%) [

Using nomenclature of this work to replace corresponding
parameters in Eq. [A4] results finally in

[
AZ
Wiy = Wy (l x RTr) [A5]




