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Contacting mechanical face seals are ubiquitous in many in-
dustries, e.g., petrochemical seals, automotive water pump seals,
and low pressure gas seals. Environmental awareness and new
strict regulations may force an even wider use of conlacting seals
in limiting leakage of toxic flusds. Conlacting operation is achieved
when the closing force exceeds a presumed opening force. For pro-
longed seal life it is desired that the contacting foree be as small as
possible. On the other hand, the contacting force must be big enough
Io ensure face contacl. To mainlain contacling operation the shafl
speed must be smaller than seme critical value, knoun as the sep-
aration speed, The separation speed is affected by many dynamic
parameters of the system, among which is the damping of the sup-
port. This damping is either inherent in the system, in the form of
a secondary seal, or is introduced especially to limit, for example,
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metal bellows radial vibration. The analysis herein complements an
earlier tnvestigation which was limited to undamped seals only, The

current analysts reveals that support damping has an adverse effect

on the separation speed and wear. Hence, an undamped seal is
preferable for a flexbly mounded stator conlacting seal configuration.

INTRODUCTION

Major advances in knowledge and technology of noncon-
tacting mechanical face seals have been reported (1), (2).

The majority of seals in many industries, however, are still
of the contacting type (or at least they have been designed

w be such). For example, Nosaka et. al. (3) report an an-

alytical and experimental study to develop a high speed
contacting mechanical seal for liquid hydrogen turbopump

of a liquid oxygen and liquid hydrogen rocket engine.
The advantage of contacting seals over noncontacting seals
is that leakage is practically zero in the former case. Con-
tacting between seal faces is maintained if the closing force
on the flexibly mounted element, always exceeds any open-

NOMENCLATURE,

D = axial support damping

d = angular support damping

F = force

Fp = a component of the otal force caused by a non-uniform

pressure distribution
Fiaa = 10tal load on the stator resulting from the interface
compression force in axial mode
I = statot transverse moment of inertia
axial support stiffness
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¥ = rotor misalignment (runout)

¥, = stator tilt (nutation)

AZ = flexible support axial preset

& = radial location of the center of pressure
n = damping parameter

L = axial pulsation of the shaft

. = amplitede of axial pulsation of the shaft
¥ = precession

w = shaft angular velocity

w, = natural frequency (axiat or angular)
unep = shaft angular velocity to cause separation onset

k= angular support stiffness w; = frequency of axial pulsation of the shaft
M = moment
m = stator mass
R = radial location at which the stator and rotor make LSl
contact e = secondary seal
r = frequency ratio ex = after relaxation
r; = radial location of Rexible support é = initial (but after assembly and relaxation)
¢ = time sp = restoring element
Z = stator axial degree of freedom ‘ = time component
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ing forces that might be generated in the sealing dam due
to fuid, ilm effects, or inertia (dynamic/vibration) effects.
As contact is the mode of operation, wear of the seal faces
is inevitable. Hence, the seal has to be carefully designed
such that the closing force should be big enough to guar-
antee contact under varying operating conditions, but small
cnough to minimize wear and to prolong seal life.

One mode of oscillation, in the form of chatter, may occur
at low rotational speed due to the stick-slip effect. At mod-
crate and high rotational speeds the inertia effect becomes
more pronounced and may cause face separation. The speed
at which the seal faces would separate was the subject of an
investigation by Zorowski et. al. in a series of papers (4)=(6).
A major assumption used throughout their work was that
the shape of the normal force distribution, generated by
wobble and axial pulsation, is assumed to be linear with
respect to a diameter of the ring. The equations of motion
of the rigid ring were used to determine an expression for
the magnitude and distribution of the assumed contact force.
This equation was minimized with respect to time and po-
sition on the ring and set equal to zero. This {according to
Zorowski et. al.) corresponded to mathematically applying
the physical criterion which defines the onset of mechanical
separation. Justification for the assumed nature of the con-
tact force was not provided.

In a recent study (7) a different contzct mechanics model
was suggested. It was demonstrated that even if the mini-
mum contacting force equals zero (and it can be zero all
over the interface but one point) full contact can still be
maintained. This finding is in disagreement with the major
assumption in prior works. The alternate contact mechanics
model leads, of course, 1o a separation speed which is dif-
ferent from that offered by Zorowski et. al. The previous
study (7), however, was limited o an undamped seal. An
undamped model can rarely simulate a real seal. Structural
support damping (which mostly originates at the secondary
seal) is inevitable and must be considered in any realistic
design. This work supplements (7} to include support
damping effects on the separation speed in axial and an-
gular modes. The contacting model and separation criterion
which was laid out in the previous study will be used here
as well,

CONFIGURATION AND ASSEMBLY CONSIDERATION

The number of actual seal configurations and assemblies
is too great for all to be considerced in a single analysis.
However, two basic configurations can be identified based
on the exible support type. The first type is a metal bellows
seal (see for example (7)), and the second type is a seal with
circumferential springs and a secondary seal, usually an
elastomeric O-ring, as shown schematically in Fig. 1. During
assembly the two [aces are pressed together to form a tight
sealing dam for contacting operation. The amount of load
that remains in the support after assembly depends upon
the support type. The support may be purely elastic (as in
the case of metal bellows), or it may contain some hysteresis,
undergo frictional sliding and experience relaxation (as in
the case of an elastomeric secondary seal).

Seal Seal (Rolor)

Primary Seal Ring (Stalor)

Spring

Housing

Secondary Seal

Fig. 1—Schematic of a contacting mechanical sea)

Relaxation Test

A simple experiment was performed on a commercial
O-ring (Buna-N, 50 mm nominal diameter, and 2.62 mm
wire diameter) to investigate the extent to which the axial
installation force relaxes with time. The test apparatus is
shown in Fig. 2. A press drives a shaft axially inside a cyl-
inder fitted with an internal groove. The O-ring was in-
stalled with nine percent squeeze.

The results in Fig. 3 were obtained by rapidly driving the
shaft through the cylinder (about 1 mm displacement) until
sliding was clearly sensed (the reading from the load cell
reached its maximum) and stopping by locking the press
position. The force in the load cell versus time shows the
relaxation behavior of the O-ring for which a mechanical
equivalent is also shown in Fig. 3. It can be seen that the
force drops quite rapidly (about 50 percent in 10 seconds)
and levels off 1o about 40 percent of the maximum initial
force. That force will be referred to as Fa.

Force Analysis

Let F, be the contact force at the interface (between the
seal faces) at the assembly time due to a compression dis-
placement. For a purely elastic support F, is entirely a res-
toring force. For a support that contains springs and an
elastomeric secondary seal, the force F, is composed of a
restoring force in the springs, F,,, and a force in the elas-
tomer, F,. Hence,

Fy = ap+Fr

In the latter support case, some time after assembly, the
force F, relaxes (as described above) and the force that
remains is Fy, + F.., where F; is the force in the elastomeric
seal after relaxation. Hence, if F; is the force acting on the
stator at the interface at rest (after assembly and relaxation),
one gets

Fi=Fyp+ Fa [1a)
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Flg. 2—Schematic of O-ring axial force relaxation measurement
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Fig. 3—Force relaxation and a mechanical equivalent

The separation criterion depends greatly on that initial
force (7). The higher that force is the higher the separation
speed (and wear). (It may be unsafe to consider F,, as a
restoring force. During operation further relaxation may
occur and actually Fr may diminish altogether. Hence, the
only compression force that is safe 1o be considered is the
force that can be restored from a purely elastic element
such as metal bellows or springs.) Designating K., as the
towal axial stiffness coefficient of the restoring elemeni(s),
vields

F’P = K’P AZ' [lb]

where AZ' is the preset of the restoring element(s) only.

ANALYSIS
Axial Mode

The mechanical seal of Fig. 1 is modeled in Fig. 4(a) as
a lumped parameter system. The mass of the stator is m,
the axial support damping coefficient is D, and the total
axial support stiffness is

K=K, +K @

where K, is the secondary seal dynamic axial stiffness coel-
ficient. (The values of the dynamic stiffness and damping
coefficients of the secondary seal, X, and D, = D, respec-
tively, need normally to be determined from experimental
work, e.g., see Ref. (8). The reason for considering a total
stiffness is that once the seal is assembled and placed in
service, the secondary seal becomes effective in dynamically
resisting small oscillation about an equilibrium position. The
displacements are small enough to assume that slippage
does not occur and that a Kelvin-Voigt model can be applied
(8). For mathematical treatment it is convenient to define
an eftective support preset, AZ, such that

AZ = FJK (3)

where F; is given in Eq. [1].
Axial oscillation of the mating ring (rotor) is simulated
by

L = I, sinwy [4]

where &, and w; are the amplitude and angular frequency
of the forced oscillation, respectively. For the free body
diagram in Fig. 4(b), the following equation of motion applics:

mZ=—K(Z+ AZ) - DZ + F| (5]

where £ represents the contacting force acting on the stator
at the interface. (Note that at rest Z = Z = Z = 0, and
Fy = KAZ = F.} The kinematical condition for contacting
operationis Z = L. Substituting Eq. [4]in Eq. [5] and solving
for Fy gives

Fy = KAZ + F, [6a)

at
Fy = [, sinogt (K — mwf) + {, wD coswyt [6b]

where F, represent the time dependent force component of

Fr. The force Fi and its various components are shown

schematically in Fig. 5. As long as F; > 0 contacting oper-
ation prevails. Separation onset occurs aL F; = 0, or

KAZ + F,luimn = 0 [6c]
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Fig. 4—Lumped parameter model for the axial pulsation mode

F i
E /
KAZ
0
0 n/2 2n
G Doosawt
Lo (K-mof)

Fig. 5—Force components and the total contacting force as a functicn
of the circular shaft location,

The derivative of F,in Eq. [6b] is taken with respect to time
and set 1o zero. This yields the circular position at which F;
is minimum:

£

K-mm';"ﬁl—

tan wyt Imin - w D - o7 [7a]
where
2 K| __b . -
w, = m ) Tl - 2"““" * r W, [7b]

The newly defined variables w,, m, and r are the natural
frequency, damping parameter, and frequency ratio, re-
spectively. Note that the solution of Eq.[7a] results in
a circular position in regions T <€ agnin <372 for
K- rmo% z0,and 12 < wyllpin <7 for K - mof =0.

2 =]

K(Z+AZ)+DZ F

— m =3

Free Body Diagram

(b)

These regions were observed graphically in plots such as in
Fig. 5.

Substituting the result [7a] in Eq. [6b] and then in Eq.
{6c], yields the criterion for separation onset in the axial
mode,

AZ 2.0 .
7 ==+ e 8]

It is interesting to note that for an undamped seal, v = 0,
Eq. [8] yields the same separation criterion found in Ref. (7),
Eq. [4). Equation [8] is shown graphically in Fig. 6 for var-
ious levels of damping. Since wear is directly proportional
to face loading, F;, and by Eq. [3] to AZ, it is desirable to
have AZ as small as possible. It is clearly seen in Fig. 6 that
damping has a detrimental effect on the separation con-
dition since it reduces the region at which contacting op-
eration prevails. The higher the damping the higher AZ is
required for assuring contacting operation. Hence, an un-
damped seal is preferable.

From Fig. 6 it can be seen that there is a minimum point
which a design should be aimed at. That minimum is found
by setting the derivative of Eq. [8], with respect to 7, to zero.
This yields two extremums; one at r = 0, and the second at

r=VI1I -2 @ n<VIR2

The undamped seal, n = 0, is shown to require zero preset
at resonance (r = 1) and is, therefore, the best seal oper-
ating at the best design condition.

There is, however, a small technical problem in reaching
the optimum point at start-up (or going through shut-down),
since the seal would experience noncontacting operation in
the transient. To eliminate this problem a temporary ad-
ditional preload would be necessary to suppress separation.
Once the seal has reached its operating speed the temporary
load can be removed {in order to minimize wear). Also, from
a practical viewpoint, it is recommended o provide a preset
slightly above the optimal value. This will allow for some
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Fig. 6—Separation onset map in the axlal mode

variations (disturbances) in the shaft speed and still remain
in the contacting operation region. The results of Fig. 6 also
indicate that scals should always have a natural frequency
larger than the operating speed (r < 1}; otherwise, the re-
quired preset grows quite rapidly with r when r > 1.

Angular Mode

The mechanics of contact was presented in detail in (7).
The final stage of face attachment is shown in Fig. 7. At
first, a displacement Z, is needed to bring the siator into
full contact with the rotor such that the stator assumes the
rotor runout, v,. Subsequently an additional preset, AZ, is
applied in order, for example, to prevent separation due
to axial mode vibrations (as explained previously). Again,
Z. and AZ are effective compressions based on restoring
portions of the force at avtachment. The total force due to
Z. and AZ is given by

lenl =K (Zt + AZ)

In Ref. (7) it was found that Z, = Rv,/2 where R is the
radius at which contact is made, The criterion for separation
is also repeated from that work. That is, for the faces 10
separate the force that acts on the stator, due o dynamic
effects, must be bigger than the force that was used to attach
the two elements. In other words, the dynamic force must
overcome the internal force stored in the restoring elements
to cause the faces to pull apart. At separation onset the
stator is about to pitch at some point, p, as shown in Fig. 7.
At separation onsel the contact force is wholly concentrated
at point p, and it equals the total force. Hence,

Fl = K(& + AZ) [9)

2

separation
onset

The stator angular equations of motion (which have been
derived elsewhere (9) are

I{y, + 4’271) = M, [10a]

Iy, + 29,00 = M, [10b]

The moments M. and M, are the applied moments that act
upon the stator as shown in Fig. 7, where / is the transverse
moment of inertia. Axis x designates the axis of stator nu-
tation and axis y is perpendicular to x in the stator plane.
The two axes precess at a rate d: While contact is maintained
and the stator tracks the misaligned wobbling rotor at a rate
w (being the shaft angular velocity), the following kine-
matical conditions apply:

w = consl;if: = ( [11a]

‘b 1
Y=Y =const;y, =y =0 [11b]

The applied moments contributed by the flexible support
were derived in Egs. (54] and [65] in Ref. (/0) (see also
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Fig. 7—Final stage of stiachment, coordinate system, tilt, and applied moments

definitions of angular stiffness and the damping coefficient)
to be

M,

—ky - d'i'.;

My —dyod

where according to Ref. (/0) the angular stiffness and
damping cocfficients are obtained from their correspond-
ing axial values by:

k=12K#
d= 112D

r; being the radial location of the flexible support.

Hence, with these equations and the conditions in Eqgs.
[11] the equations of motion [10] aLseparation onset, w = Wyepy
reduce to

—]wip'\'r= —hky + Fp (R sin 0) [12a]

0 = —d yoyep — Fp (R cos 0) [12b}
The last terms on the right hand side of Egs. [12] represent
the moments that the force Fy at the contact point, p, con-
tributes to the applied moments on the stator. For mathe-
matical convenience, and conciseness of the derivation, r,
will be replaced by R. Firsi, this is a fairly reasonable as-
sumption for many practical seals. Second, it wili be easier
Lo interpret final results without the complexity of the pres-

ence of two geometrical quantities of the same nature. Hence,
k= 1/12KR? [13a)

d=1/2DR® [13b)

Also, for a narrow annular stator the transverse moment of
inertia is assumed o be

I = 1/2 mR* [13c]

It is interesting to note that for an undamped seal, d = 0,
the only solution for Eq. [12b] is 8 = #/2, 37/2. The first
solution, 8 = /2, represents the case when the contacting
point is first made on axis y (see Fig. 7) at rest, w = 0. The
second solution, § = 37/2, represent the case of separation
onset, = @y, to indicate that the pitch point, p, has moved
180° from static attachment. This towally agrees with the
previous analysis in Ref. [7].

Elimination of the trigonometric functions in Egs. [12] is
done by adding the squares of the equation. Hence,

FR\
k= 1ol + o wly - (—-5;) =0 [l4]

Of a small practical significance is the angular position at
which separation onset occurs. At any rate, from Eq. [12]
one gels

Substituting Eq. [9] in {14] and solving for the separation

speed squared, yields
K\ 2Az\*
() (5

Definitions similar to Eq. [7b] are provided for the angular

—
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mode as follows:

o K _d
we=gi o M =g [15]
Hence,
I oaz\’
P} _ j_ont 4_ 4.2 £os
(m") 1-29"% [ 49" —4dq +(1+R'y,) [16]

It is of interest to examine again the undamped case,
7 = 0. Only the positive sign yields a physical solution (which
is identical to Eq. [31] in Ref. (7). But this is not the only
reason for discarding the negative sign from Eq. [16). The
worst case that could possibly make the discriminant neg-
ative is when AZ = 0. For which case, a simple investigation
reveals that the discriminant is zero only when

n=VI2

and positive for any other 1. Hence, for AZ = 0 the dis-
criminant is greater than or equal 10 zero, and the square-
root yields a real value. However, the higher AZ is, the
higher that real value is, independently of w. Physically, the
higher AZ is, the higher the separation speed is; hence, the
positive sign is appropriate. Otherwise, the negative sign
would yield an imaginary separation speed which is not
physically feasible.

An understanding of the damping effect can be obtained
by examining again the case of AZ = 0. Equation [16] re-
sults in

25

175

= o (L - 297 + |29 = 1) [17]
Wy,

The highest separation speed is obtained when n = 0 re-
sulting in

Wep = \/Em,.

{which agrees with Eq. [27] in Ref. (7)). As m increases Waep
decreases, and for

n=vVI12

Equation [17] results in w,p = 0 which indicates immi-
nent separation right at start-up. Hence, it is concluded that
damping has a negative effect on the separation speed.

The general solution for the separation speed (including
the preset AZ) is obtained from Eq. [16] to be

12

Wep

; 2AZ
= - 4 4... 2
=29+ [dq*—4q +(l+ﬁ'1r) [18]

The normalized separation speed, wsep/wn, in Eq. [18] is
shown graphically in Fig. 8 as a function of the normalized
preset, AZ/Ry,, at different levels of damping. It is clearly
seen, once again, that damping has a detrimenial effect on
the separation speed. As damping parameter,

n= ViR
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Fig. 8—Separation onset map in the angular mode
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results in wy,ep = 0 when AZ = 0. in other words, a seal
with

n=VIE

demands a preset, which sometimes can be substantial, in
order to prevent separation even at low shaft speeds.

The force Fpin Eq. [ 14] was shown in Rel. (7) to represent
a force caused by the nonuniformity of the contact pressure.
This force, being a concentrated force, was associated with
the wear of the faces since it acts like a pin-on-disk tester,
(the pin is rubbing against a rotating disk). Therefore, it is
desirable to minimize F,. To achieve this goal, Eqgs. [12] are
repeated for a general shaft speed, w, such that © < wy,

—Twly, = —ky, + Fp (Bsind)
0 = ~dyw - F, (8cosl)

where 8 is the radial location of the center of pressure (7).
The center of pressure is the location at which F,, (the force
equivalent to the non-uniform contact pressurc} acts. Using
the definition in Eq. {15] and repeating the stages that lead
to Eq. [14], results in

F,8
-f; = [(1 = B + @) [19]

where r = w/w,. Fquations [19] and (8] are identical in form,
and the ordinate in Fig. 6 can represent the normalized
moment F,8/v,k The minimization procedure that was per-
formed on Eq. [8] applies to Eq. [19]. Namely, there are
wo extremuimn points, being minimum or stationary points,
depending on the following two regions of q:

r = 0 is a stationary point
I. 0=y <12

r = V1 — 272 is a minimum point

1L = V172 r

0 is a minimum point.

The undamped seal, n = 0, has its minimum at resonance
(r = 1), and by Eq. [19] F, = 0. Hence, the undamped seal
proves again to be the best scal in minimizing wear, espe-
cially when i operates at resonance. This result complies
with the finding in (7).

CONCLUSIONS

A closed form analytical solution to the problem of the
separation speed of contacting mechanical face seals has
been presented. This work especially concentrated on the
effects of support damping. It was found that support
damping adversely affects the separation speed and wear,
both in axial and angular modes. An optimum operation
speed was found (in cach mode) in which wear (and, there-
fore, the contact force necessary 1o prevent separation) would
be minimum. Tha speed is

u""

(i) = VT = I for n = VI2
aptimum

Values of n = V1/2 result in presets that are quite high
and should be avoided. It should be noted that the above
optimum speed is always less than the separation speed,
given by Eq. [18]. Hence, the optimum speed is a safe speed.
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