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PREFACE

This final report describes the work performed by Technion Research
and Development Foundation Ltd., Technion, Haifa 32000, Israel, under
U.S. Air Force Contract F49620-83-C-0057. The report covers the period
from January 1983 through August 1985.

This study of noncontacting coned-face mechanical seal dynamics was
sponsored by the Aero Propulsion Laboratory of the Air Force Wright
Aeronautical Laboratories (AFWAL), Wright-Patterson Air Force Base, Ohio
45433-6563 under project 3048, "Fuels, Lubrication and Fire Protection",
Task 304806, "Aerospace Lubrication", Work Unit 30480629, “Mechanical
Face Seal Dynamics". Lt G. Gainer and R. Dayton were the USAF
AFWAL/POSL Project Engineers. The work at Technion was performed by

Dr I. Etsion, who was the Principal Investigator, and Dr 1. Green.
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SECTION 1

INTRODUCTION

Radial face seals are used in a host of applications to seal liquids of
various types. These liquids range from lubricants to highly toxic chemicals
and acids. The applications range from helicopter transmissions to nuclear
reactor cooling pumps and submarine propeller shafts. The function of these
seals is to restrict the leakage of the sealed fluid and to prevent the entry
of solid and liquid debris. A seal permits a rotating shaft to penetrate an
enclosure (transmission box, submarine hull, pump housing, etc.) while main-
taining separation of the environments on the inside and outside of the enclo-
sure. To do this, one component of the seal is attached to the shaft and
rotates with it, and the other component is attached to the housing and is
non-rotating. One of the two components is flexibly mounted to provide angu-
lar and axial freedom of motion. Mechanical forces and fluid film pressures
should tend to force the flexibly mounted face into alignment with the other
component, Relative sliding motion takes place between the faces of these two
components. In order to avoid wear and to achieve long life, these two
sealing faces must be separated by a film of the sealed liquid. This film
must be very thin to keep the leakage rate within acceptable limits. Thus,

the requirements of lubrication and leakage tend to be conflicting.

There have been many hypotheses put forth to explain the mechanisms
responsible for the development of the lubricating film pressure that acts to
separate the primary seal faces. These hypotheses include the following:
surface angular misalignment, surface waviness, surface asperities, vaporiza-

tion of the fluid film, axial vibration, and thermal deformation. A good

1
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review of the state-of-the-art is given in Reference 1, and some of the latest
results on seal theory are presented in References 2-8. Examination reveals that

these published theories are of very limited use from an operation prediction

ol
.
)
e
2
¥
)
Y
Al
%
.Y
Y
=
-
;

standpoint. Briefly stated, face seal lubrication theory is very primitive as E;E;i;
N compared to journal bearing theory. Classical journal bearing theory applies :ﬁ;&i
i to face seal lubrication, but seal dynamics, which is thought to be of major . SRS
- importance, is poorly understood.

Dynamic instability in the form of vibration of flexibly mounted elements
' was experimentally observed in face type seals (References 9-13). However,
only a few attempts have been made so far to analyze seal dynamics. Most of
these analyses overlook some of the fluid film or flexible support effects
(References 14-18). A fuller treatment of the problem is presented in
Reference 19, but it treats a special case and does not offer general design
criteria. In more recent work (References 20-22) the motion of a flexibly
mounted ring of a noncontacting face seal is described in its three major

degrees of freedom (one axial and two angular). Hydrodynamic, hydrostatic, and

squeeze film effects, as well as the contribution of the springs of the flexible
support, are considered and it is shown how the seal stability is affected by
various design parameters. The analysis in References 20-22 is, however,
somewhat limited in that it does not contain the effect of an elastomeric secon-
dary seal which often exists in face seals. This element adds both stiffness
and damping to the flexible support but the stiffness and damping coefficients
are not constants. In the case of seal-rotor runout, the stiffness and damping
coefficients of the elastomer are frequency dependent which complicates the

solution of the dynamic problem.

The general thrust of this work is aimed at studying the dynamic properties
of elastomeric secondary seals and incorporating their effects in a dynamic ana-

lysis of mechanical face seals.



SECTION II

APPROACH

AT WA

The effort was divided into three main tasks. Task 1 was devoted to
studying experimentally the dynamic properties of elastomeric Q-rings. A test

rig to simulate the behavior of secondary seal 0-rings in a practical mechanical

l seal was built. Stiffness and damping coefficients of O-rings of various sizes -
and materials were measured for a range of frequencies and amplitudes. This

effort is described in Appendix A.
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Task 2 was devoted to developing the kinematic model of a mechanical seal
and studying the effect of anti-rotation locks (Appendix B). Following this -55-
i study the dynamic behavior of a non-contacting, coned-face mechanical seal was :
analyzed. The analysis was based on linearization of the equations of motion of
the flexibly mounted element of the seal. This approach yielded analytical
expressions and enabled parametric investigation of the stability threshold and

steady state response of the seal (see Appendix C).

ol e N e T

} During the third task, the complete non-linear dynamic analysis of the seal

4 was performed. A numerical code was developed to solve the non-linear equations | e
R

P of motion of the flexibly mounted element. A comparison was made between the f-

:; results obtained from the non-linear analysis and those obtained analytically

! from the small perturbation analysis of Task 2. This effort is described in

.

. Appendix D.
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SECTION III

MAIN RESULTS AND CONCLUSIONS

1. In practical seals, the dynamic properties of the secondary seals' 0-rings
are negligibly affected by seal runout. Increasing the shaft speed
results in higher stiffness coefficient of elastomer (O-rings but may either
increase or decrease the damping coefficient depending on the elastomer
material. The stiffness K and damping D can be expressed by an exponen-

tial function

I
K = AwB
D = awb
‘ where w is the shaft speed and A, B, a, and b are constants related to

elastomer material and geometry. Stiffness provided by the secondary seal

0-rings is generally much higher than that of mechanical springs.

2. A stability threshold can be found in terms of a critical shaft speed below

which stable seal operation is assured. This critical speed is normally

Tan o o b

very high and, hence, stability threshold should not be a problem in most
practical applications. It may become a problem in cases where the shaft

speed is very high, stator has a large mass and sealed pressure is low.

.

! 3. Non-contacting seals operate with relative misalignment between the mating
F

i faces. This relative misalignment depends, among other parameters, on the
; runout of the rotor and is usually a function of time too, varying cycly-
4

! cally at the shaft frequency.
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4. A critical rotor runout exists which, if exceeded, may cause failure by

s 4
wh Y

local rubbing contact between the mating faces of the seal due to a too high

rv
-

relative misalignment.

L.
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5. Failure because of an excessive leakage resulting from an increase in seal

s
.

clearance due to rotor runout is likely to occur much before the critical

N (A

runout is reached. This can happen in seals with Tow stiffness of the

fluid film and flexible support. Small design clearance, high sealed ilf%?
pressure and optimum coning provide high stiffness of the fluid film and i

reduce the danger of a too high operating clearance.

6. A comparison of the results obtained from a small perturbation analysis s

and a full non-linear analysis shows a very good correlation for most

LSl S0

vt
i

cases of practical applications. Fair correlation exists even in cases

"y *v " “r"a e
Bt

which are clearly out of the range of small perturbation. In these

SPRTERRY EARSRNEN e
. . - .. ‘ <.

cases, the more simple small perturbation analysis yields results that {,_ﬂ
are on the safe side with regard to the critical rotor runout. Hence, the
analytical results of the small perturbation analysis can be used safely

over the full range of design parameters and operation conditions.
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10th International Conference on PAPER E3

FLUID SEALING

Innsbruck, Austria: 3-5 April, 1984

STIFFNESS AND DAMPING CHARACTERISTICS OF ELASTOMER O-RINGS
SECONDARY SEALS SUBJECTED TO RECIPROCATING TWIST
I. Green and I. Etsion
Department of Mechanical Engineering
Technion, Israel Institute of Technology
Haifa, Israel

Summary

A test is described which simulates forced vibration conditions of an 0-ring
secondary seal in a mechanical face seal. The O-ring cross section is subjected to a
reciprocating harmonic twist similar to that resulting from a rotor runout in an actual
seal, Stiffness and damping coefficients of various elastomer 0-rings were measured and
are presented for a range of forcing amplitudes at frequencies from 100 to 300 Hz. The
effects of elastomer material, O-ring geometry, and vibration amplitude and frequency
are discussed.

Held at the Innsbruck Congress Centre
Organised and sponsored by

BHRA The Fluid Engineering Centre, Cranfield,
Bedford, MK43 0AJ, England

©BHRA The Fluid Engineering Centre, 1984
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NOMENCLATURE
]

. LA
- A, a : g
- = constants e
. B, b ot

- D = damping coefficient , Ns/m

F = force, N

EZ K = stiffness coefficient, N/m
f; K* = complex stiffness of elastomer
* m = mass , kg R

: t = time, sec i&:
X = mass displacement relative to base, m N 'f
Xq = mass amplitude relative to base, m %JLE

. y = base displacement, m E:i'
Y = base amplitude, m :i

- a = transmissibility, xo/yo
Ny n = loss coefficient, Dw/K

- ¢ = phase shift, rad

B w = frequency, rad/s
- -
" A
!‘. -t B . .
~" K
%
Y
XY
2 N
- el
- l-;::'.\
W~
-
<
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L 1. INTRODUCTION —_—
.’ A mechanical face seal (Fig. 1) is a complex dynamic system. The rotating Sl
e seat with its unavoidable axial runout forces both axial and angular vibrations of the el
- flexibly mounted ring. This can be schematically described by the simplified single

. degree of freedom model in Fig. 2. The harmonic motion of the seat is transmitted via

the fluid film to the flexibly mounted ring represented by the mass m. The flexible e
support of the seal ring consists of springs in conjunction with a secondary seal ele- s
ment. In many cases this secondary seal is an elastomer O-ring having stiffness Ke and
damping D_ which affect the dynamic behavior of the entire seal system. In Ref. ~(1)
an order §f magnitude of the stiffness and damping coefficients of various components
of the seal system is assessed. The 0-ring stiffness is shown to be about two orders of
magnitude less than the fluid film stiffness but about an order of magnitude higher
than the springs stiffness. The 0-ring damping is estimated about four orders of magni-
tude less than the fluid film damping, but this is the only damping provided by the
flexible support.

>

Inspite its relative importance, the effect of the elastomer O-ring on face
seal dynamics was not considered in seal analyses published so far. A step in the right
direction was made in Ref. (2). Axial forces transmitted by O-rings subjected to a re-
ciprocating drag were measured for various amplitudes and frequencies. However, for a o
general dynamic analysis the stiffness and damping coefficients of the 0-ring, not the et
forces, are required,

An excellent source on dynamic properties of elastomers is provided in
Ref. (3). A main conclusion emerging from this source is that no solid theoretical pre-
diction of elastomers dynamic characteristics is available at present. Stiffness and DA
damping coefficients can at best be measured and are found to be affected by composi- A
tion, geometry, frequency, strain, temperature, and preload. e

lihile a great deal of information has been gathered on various elastomer
springs and dampers this is not the case for O-rings. Refs. (4) and (5) present
results on measured dynamic properties of elastomer O-rings under reciprocating radial
squeeze, similar to the mode of application in squeeze film dampers. The secondary seal
0-ring in a mechanical face seal is, however, subjected to a reciprocating twist of its
cross section. This mode of operation is the result of the flexibly mounted #ing track-
ing the axial runout of the rotating seat.No information on the dynamic characteristics
of 0-rings under reciprocating harmonic twist of their cross section is available in
the literature. This report describes an effort to obtain such missing information

which is vital for better understanding of mechanical seals dynamics. Etfﬂ'
N

2. BACKGROUND oA
Elastomers are characterized by stress relaxation whereby the load required T

to maintain a constant strain decreases with time. If a load cycle is applied repeated- ﬁijf:

ly to an elastomer element, the process of relaxation causes hysteresis which in turn
results in loss of energy per each cycle. Hence, elastomers under cyclic loading pro-
vide energy dissipation or hysteretic damping.

The force and displacement in a linear elastomer element undergoing a repea-
ted deflection cycle x = x*eiwt may be related by (Ref. 3).

F = k*x (1)

where k* is a complex number in the form
k* = ky + kg, (2)

and is generally a function of frequency, temperature, dynamic strain and geometry, as
well as material composition. The guantities k, and k. are generally referred to as the
stiffness and damping of the elastomer., The damping ability of an elastomer element is
sometimes expressed in terms of a loss coefficient n which is a nondimensional ratio of
the energy dissipated per cycle to the energy stored at maximum displacement
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1] =-E1— (3)

Various test methods for determining the dynamic properties of elastomers are LSRR
described in Ref. (3). Of all these methods the most advanced one is the Base Excita- -

tion Resonent Mass (BERM) test method, which is described schematically in Fig. 3. By "

measuring independently the motion of the base y = y(t), the motion of mass x = x(t) g A
\ relative to the base, and the phase shift ¢ between these two motions, the stiffness N
: and damping of the elastomer can be found. Assuming the Kelvin-Voigt model for the N

elastomer as shown in Fig. 3, we have

m(X+y) + Dx + Kx = 0 (4)

where D and K are the damping and stiffness coefficients, respectively, of the elasto-
mer. Assuming a base excitation of the form

Y = Ypsinlut+o) (5) R

and a mass response relative to the base

X = xosinwt (6)

eq. (4) becomes

~Mmo? X Sinwt + Dux,coswt + Kx sinwt = mwzyoSin(wt+¢) (7)

Equating terms containing sinwt and coswt separately we find

D = mSine (8)
- K=n? (€22, 7) (9)

where « is the ratio of the relative response amplitude x_  to the base excitation am-
plitude Yor ¢ is the phase shift between x and y and w is"the frequency of excitation.

The stiffness and damping coefficients K and D are related to k; and k; of
eq. (2) in the form

k1 = K (]Oa)
k, = Du (10b)

Hence, by eqs. (8) to (10), the loss coefficient n of eq. (3) is

= Sind
" = SFeosH an

3. EXPERIMENTAL SETUP AND TEST PROCEDURE

A test rig was set up as shown in Fig. 4 to obtain the stiffness and damping
coefficients of various elastomer O-rings subjected to reciprocating twist of their
cross section. A holder {1) attached to the vibrating table (2) of an electromagnetic
shaker is holding the base (3) by means of the screw (4). Three different base sizes

. were used to accomodate an 0-ring (5) of 76.2 mm mean outer diameter with three diffe-
rent nominal cross section diameters of 1.78 mm, 3.53 mm, and 5.33 mm (1/16", 1/8",
and 3/16"). A mass of 1 kg in the form of an annular ring (6) was fitted on the 0-ring.

- The size of the 0-ring groove, and the inner diameter of the ring were selected from

-~ ref. (6) for industrial O-ring static seals. This provided a 31 percent squeeze for

. the 1/16" 0-ring and 20 percent squeeze for both the 1/8" and 3/16" 0O-rings. Two M60

Y Dymac eddy current proximity probes (7) and (7a) were used to measure the base motion

y=y(t) and the mass motion relative to the base x = x(t), respectively.

A date acquisition system based on a PDP 11/40 minicomputer was used to re-
cord the probes output and to analyze the data. The two signals y(t) and x(t) were
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sampled at a rate of 1000 Hz after proper filtration and amplification. Tests were
conducted at three different amplitudes, y_, of the vibrating base. The amplitudes
were 13 ym, 16 um, and 20 um. These amp]itﬁdes are small enough to prevent slippage
of the mass ring on the 0O-ring but are of the same order of seal seat motion due to
seat runout in practical face seals. It was important to prevent slippage of the mass
ring in order to eliminate the effect of coulomb friction on the dynamic properties of
the 0-rings.

Ten different frequencies in the range 100 Hz to 300 Hz were selected for the
tests. At each one of the preselected frequencies the shaker amplitude y_ was main-
tained constant. The output of the probe monitoring the base motion was “observed on a
digital voltmeter to facilitate control of the shaker amplitude. Qutput of the two
proximity probes was also observed on an asciloscop to detect any possible unusual be-
havior of the test rig (like mass slippage, for example). Only test points which
looked satisfactory were recorded and stored in the computer. This procedure was repea-
ted for each of the three different amplitudes y_. Several tests were rerun after
taking the 0-ring off the rig and reassembling again in order to check the repeatabili-
ty of the results. All tests were run at room temperature which was about 259 C,

A spectral analysis code was used to find the discrete frequency w at each
test point alona with the corresponding transmissibility o, and phase shift ¢. Equa-
tions (8), (9) and (11) were then used to calculate the stiffness, damping, and loss
coefficients, respectively. As a final step a least square procedure was utilized to
find a best fit for the collection of data points. This provided expressions for the
stiffness and damping as functions of the frequency, at a constant amplitude yo.in the
exponential form

K = A8 (12)
and

ﬁ A
. - . .

D = awd (13)

, where A, B, a, and b are constants related to the elastomer material and to the 0-ring
- geometry. The expression for the loss coefficient, according to eq. (11) and egs. (12),
g (13), is simply

b-B+1)

ne 2l

- 4. RESULTS AND DISCUSSION

. Results of the stiffness, damping and loss coefficients of Nitrile (Buna N)
) and Fluorocarbon (Viton 75) elastomer O-rings are presented in Figs. 5, 6 and 7 re-
spectively. Varying the amplitude y, in the investigated range which was 13ums yo < 20um
changed the dynamic properties by less than 2%. Hence, no distin¢tion is made in Figs.
5 to 7 between the various amplitudes. Scatter of the test results after reassembling
the test rig, as described in the previous section, was up to 30% as can be seen from
Figs. 5a and 6a in the case of the Buna N with 1/8" cross section diameter. It should
be noticed, however, that for each given 0-ring assembly the behaviour was consistent
and the data points were lined quite accurately along a straight line on the log - log
scale, obeying the relations (12) and (13). Apparently the stiffness and damping are
sensitive to some factor related to the mode of assembling O-ring in the test rig

- (which could be initial twist, for example).

The effect of 0-ring cross section diameter is the same in both materials.
The smallest diameter provides the highest stiffness and dampina. This is partly attri-
. buted to the higher squeeze which was 31 percent for the 1/16" diameter O-ring compared
s to 20 percent for the 1/8" and 3/16" diameters. However, most of the difference in .
stiffness and damping is due to the chanage in diameter as can be seen from the results
of the two larger diameter O-rings.

The effect of elastomer material is very distinct. In general the Viton 75
has stiffness that is about twice the stiffness of Buna N for the same frequency
(Fig. 5). The damping of Viton 75 is about five times larger than that of Buna N in the
frequency range of the tests (Fig. 6).

Increasing the frequency increases the stiffness in both Viton 75 and Buna N
(Fig. 5). The damping coefficient, however, behaves differently for the two materials
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and while an increase in frequency increases the damping of Buna N (Fig. 6a) it redu-
ces the damping of Viton 75 (Fig. 6b). A reduction in damping coefficient with increa-
sing frequency was also observed in Refs. (4) and (5) for various elastomer materials
when 0-rings were subjected to radial squeeze oscilation. The loss coefficient of the
two materials increases with the frequency (Fig. 7).

Table 1 summarizes the results in terms of the constants A, B, a, and b of
equations (12) and (13). In general, for the range of frequencies tested, the stiffness
coefficient of Viton 75 was between 0.7 MN/m to 4 MN/m and its damping between 0.8 to
5 kN s/m. The stiffness coefficient of the Buna N was between 0.4 to 2 MN/m and its
damping coefficient between 0.25 to 0.8 kN s/m. These values are of the same order of
magnitude that was assessed in Ref. (1). The stiffness and damping coefficients repor-
ted here are also of the same order of magnitude of these reported in Ref. (4) for
Viton 70 and Buna N 0-rings of similar geometry under reciprocating radial squeeze.

5. CONCLUDING REMARKS

A test program for measuring stiffness and dampina coefficients of elastomer
0-rings is described. The O-rings are subjected to a reciprocating twist of their cross
section, similar to the mode of operation of secondary seals in mechanical face seals.
Effects of elastomer material, geometry, frequency and amplitude of vibration were
examined. It was found that in the range of tested frequencies and base amplitudes
(100 to 300 Hz, and 13 to 20 um) the amplitude effect on the dynamic characteristics
is negligible. In practice the amplitude depends on the amount of runout. Hence, it
may be concluded that in practical seals the dynamic properties of the secondary

seals 0-rings are independent of the amount of seal runout. ,'_:?f

Increasing the frequency of vibration results in a higher stiffness coeffici- ifjffu
ent of elastomer O-rings but may either increase or decrease the damping coefficient VS
depending on the elastomer material. Larger cross section diameters provide lower stiff- ; A

ness and damping.

Both stiffness and damping coefficients can be expressed by an exponential
function
K = Aub
and
D=awb

where A, B, a and b are constants related to elastomer material and geometry. In general
the stiffness provided by a secondary seal O-ring may be much higher than that of the
mechanical springs found in the flexible support of mechanical seals. The damping pro-
vided by the 0-ring is the only damping in the support. Hence, dynamic properties of
secondary seals O-rings have to be thoroughly considered in seal analysis and design.

6. ACKNOWLEDGEMENT

The research reported here was supported in parts by the Israel Academy of
Sciences and the U.S. Air-Force under contract F 49620-B3-C-0057.

7. REFERENCES

1. Rowles, R.T. and Nau, B.S., "An Assessment of Factors Affecting the Response of Me-
chanical Face Seals to Shaft Vibration, Proc. 18th Inter. Conf. on Fluid Sealing,
BHRA, 1978, paper A3.

2. Kittmer, C.A. and Metcalfe, R., "An Inside View of Rotary Seal Dynamics", Proc. of
the 5th Symp. on Eng. Applications of Mechanics, Univ. of Ottawa, June, 1980.

3. Darlow, M. and Zorzi, E., "Mechanical Design Handbook of Elastomers", NASA Contrac-
tor Report 3423, June T981.

4, Smaliey, A.J., Darlow, M.S. and Mehta, R.K., "The Dynamic Characteristics of 0-ringg'
ASME Trans., Jour. of Mechanical Design, Vol. 100, No. 1, Jan. 1978, pp. 132-138.

5. Kazimierski, Z., and Jarzecki, K., "Stability Threshold of Flexibly Supported Hybrid
Gas ggurna; Bearings™, EHETrans » Jour. of Lub. Tech., Vol, 101, , Octo. 1979,
pp. 451-45

6. 0-ring Handbook, Parker Hannifin Corp., O-ring Division.

A-7

T P e IO P S N T e N S YR T, Sy '.*-“.-\‘.\_\\-.\“.v\y\-‘_-\\
SN 0 2 AL S, P PRy AT A \-.._\._.- o, - ‘.-{'J“ A '.“._ .-_..\ s ~ NGY T '."M‘




)

Iy Material cross stiffress K=Awb Damping D=au?

~ section

N diameter A B a b

-

[ 1/16" 3.62 x 10° | 0.209 12.45 0.536

< Buna N 1/8 " 4.87 x 10* | 0.342 15.45 0.483

. 3/16" 1.27 x 10° | 0,187 2.76 0.680

¢

> 1/16" 1.78 x 10° | 0.116 4.47 x 10° | -0.707

i Viton 75 1/8" 2.77 x 105 | 0.257 2.06 x 10%| -0.379
_ 3/16" 3.75 x 10* | 0,465 4.25 x 103 | -0.208

Table 1 summary of the results for Buna N and Viton 75 0-rings.
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ABSTRACT

A kinematic model of mechanical face seals is presented. Two basic seal
arrangements are considered: A flexibly mounted stator with antirotation
locks, and a flexibly mounted rotor with positive drive devices. The equation
of kinematic constraint is derived and presented in a simple form for all the
possible types of antirotation or positive drive mechanisms found in practical
seals. This simple form is then used to derive the dynamic moments acting on

the flexibly mounted element of the seal. =~
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N NOMENCLATURE
<
. I transverse moment of inertia
f I, polar moment of inertia
b >
. L relative angular momentum
T transmission law
>
- T dynamic moment
5 B o= ¥
; Y nutation
- -> .
. A absolute angular velocity
: 1] relative precession
Ur absolute rotor precession
- Jg  absolute stator precession
- ) relative spin
b w shaft angular velocity
2 Q relative angular velocity
- we  reference angular velocity
g Subscripts
T rotor
] stator
J
4
4
4
4
J
]
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Seal dynamics has become the subject of many investigations in the last B
i' decade [l]. Much effort is devoted to analyze the time-dependent behavior of f:j{
: the flexibly mounted element of the seal. This element can be either the :f;f
rotating one, as in many low speed applications, or the stationary one as shown v .
in Fig. 1. 1Its motion is affected by factors such as axial runout, shaft ﬂ;ﬁ?
vibration, dynamic properties of both the flexible support and the lubricating fﬁ;z
fluid film, etc. These factors were considered in previous works [1,3,4] and k s
the existing theoretical models are quite close to the realistic seals. There liEZZ
RS
is, however, one aspect which was overlooked so far, but nevertheless plays an BN
important role in seal dynamics. This is the constraint imposed on the b
= flexibly mounted element by the positive drive devices in the case of a Ekéf
- N At
flexibly mounted rotor or by the anti-rotation locks (see Fig. 1) in the case {-fﬁ
of a flexibly mounted stator. Understanding of this constraint is essential L"r1
-"‘-'7:-
for a correct formulation of the seal kinematics. Unfortunately, there are }i}}j
o
numerous different arrangements of positive drive or anti-rotation devices :i;?
A

- [5,6], e.g. dents, keys, pins, slots and ears, and bellows to name just a few. i
-t In addition, the number of units in a particular arrangement may vary in dif- :i;;?

ferent designs, ranging, for example, from one to four pins per seal.
= Manufacturing tolerances regarding these devices are fairly large and there-

fore even in cases where several drives or locks are present, only one of them

‘. 'l .
O

may actually be effective.
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The constraint situation described above complicates any attempt to deal

accurately with the kinematic model of mechanical seals. Such a model is,

however, necessary for the derivation of the equations of motion. The present p s

paper describes a general treatment that offers a fairly accurate solution to ;E;E

this complex problem. Based on the fact that the angular displacements of the ;Eéi

~ flexibly mounted element are very small, it will be shown that a first order o
;j approximation serves as a good general model, with a truncation error of order ) E}EE
: Y* where Yy << 1. Finally, the dynamic moments that act upon the flexibly Eiii
mounted element will be derived for the two basic arrangements where this ele- s

’ ment is either the rotor or the stator. f;i;
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THE KINEMATIC MODEL

Fig. 2 presents schematically a model of a mechanical face seal which
assists in understanding the kinematics of the flexibly mounted seal element.
The figure shows a system of two rings. An outer ring to which a reference XYz
is attached, and an imner ring with two slots to accomodate two pins that are
fixed to the outer ring along the Y axis. The inner ring represents the
flexibly mounted element of the seal and is free to have two orthogonal tilts

about two of its diameters.

Two cases will be considered. 1) The flexibly mounted seal element is sta-
tionary, and 2) the flexibly mounted seal element is rotating. In the first
case the outer ring represents the seal housing (see Fig. 1), the two pins
represent the antirotation locks, and the reference XYZ is inertial. In the
second case the outer ring represents the shaft, the two pins represent the
positive drive mechanism and the reference XYZ, together with the outer ring,

rotates at an angular velocity w about the Z axis.

The resultant of the two tilts of the inner ring can be described by the
two Eulerian angles y and Y (see Fig. 2). The angle y is the nutation of the
inner ring about the axis x of a reference system xyz. This reference system
is free to rotate with respect to the inner ring so that the axis y is always
directed to the point of maximum distance from the XY plan. The angle Y is the
precession of the reference xyz with respect to the reference XYZ. The axis z

of the rotating xyz reference coincides with the principal axis of the inner
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ring. It is this axis about which the inner ring has a spin ¢ with respect to

the xyz reference.

An observer located in the reference xyz sees the reference XYZ and, hence,

the outer ring rotating through an angle -Y about axis Z while the inner ring
- rotates through an angle ¢ about axis z. The kinematic constraint forces the R e
two rings to complete one revolution simultaneously, while any pair of
corresponding points on the circumference of the two rings return to their ori-
ginal relative positions after the completion of each revolution. This kinema- _—
tic quality is characteristic of any universal joint and, hence, the seal model
of Fig. 2 can be represented by a universal joint as shown in Fig. 3. Here, the
rotation 8 = -§ is the input to the joint related to the outer ring, and the
rotation ¢ is the output from the joint related to the inner ring.

The kinematic constraint represented by the two pins in Fig. 2 reduces the
number of rotational degrees of freedom of the system into two, and dictates a
certain relation between the Eulerian angles. This relation, known as the

equation of kinematic constraint, has the general form

b = d(x,¥) (1) L

PURKN
v
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and is typical for universal joints (see for example the case of a Hooke Joint -

s
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in [7] pp. 270-272). o
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{. As stated in the Introduction, numerous different arrangements of antirota-

: tion locks and positive drive mechanisms can be found in mechanical seals. Each E;;ff
one of these arrangements may result in a different particular form of eq. (1)

making it impossible to derive a general kinematic formulation of the problem.

This shortcoming can, however, be overcome by noting that the nutation angle y

in any practical seal is very small. Hence, for small y the spin ¢ in a general :
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Joint as shown in Fig. 3 can be expanded in the form
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b= dgt Ayt ar e e

(2)

where ¢i = ¢i(8) are general periodic functions of B, and B = -y. For Yy =0 we

have ¢ = B, hence
¢y = B
Differentiating eq. (2) with respect to time yields

99 -

.= + — + .+
b B a8 By ¢1Y

L7 .
—= 2 + ...
” BY? + 2¢ vy

The transmission law of the joint is thus given by

. a¢ . a¢ .
- - 1 12 .2
T= §‘1+§E‘Y*¢1g+as Y *24’27%"'

For y = O any universal joint results in T = 1. Hence,

¢l=0

and the transmission law can be written as

a 2 v
T=1+—i2-Y +2¢2ﬂ+
a8

(3)

(4)

(5)

For small perturbation, the order of y is the same as that of y, and eq. (5)

takes the form

T=9 =1+0()

8

(6)

Hence, for any practical mechanical seal where 72 << 1 equation (6) gives

the transmission, T, accurately enough, by T = 1.
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In a Constant velocity Joint the result T = 1 is accurate independent of vy.
This special case is characterized by the lack of preference to the order and
& direction of the two perpendicular tilts of the inner ring, and is typical,

therefore, to such cases where the pins of Fig. 2 are either omitted or are not

in effect. The first case corresponds to a flexible support that consists of a ) .
metal bellows. The second case occurs when the friction in the elastomeric
secondary seal is sufficient to prevent rotation of the flexibly supported

element. s

As another example let us examine the case of a Hooke Joint. The equation

of kinematic constraint for this particular joint is (see p. 272 in ref. (7)). NONSA

tan § = tan B cos v (7) .
Differentiating with respect to time and substituting tan¢ from eq. (7), gives RN
after some algebra

. écosY - ;sinxgin cos

b = 1 - sinzséfﬁg?—_g (8)

For small nutation angles, y? << 1, we may use

siny =y

\ S
- cos y=1-3% B
o so that s
. . t:lir
':'.; (1 - sin?Bsin?y)™! = 1 + y2sin?B €. 08
2 N
:.' . :‘:'.;"::
- Substituting these relations in eq. (8) and neglecting terms of order higher i;-:i
v n,

than y%, will finally give
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=1+ (sin?g - %-)yz - 1% sinB cosB (9)

Comparing corresponding terms in eqs. (9) and (4), we have

s

T

2 T

b =5 =0

and

a4 i
~ ——2 = SinZB - i ' ".,“'-:
aB 2 R

which agrees with the fifth term in (4) that is g:ﬁn:

1
¢ = - = sinBcosB NN
2 2 T

The particular form of eq. (2) for a Hooke Joint is therefore

2

N $ = B - — sinB cosB (10)

N =

Recalling that B = -y and hence 8 = - we may conclude that for any prac-

tical mechanical face seal, where vy2<<1, eq. (6) gives the spin ¢, accura-

-i' I.'. .“ -, ","', - A"

tely enough, by

b= -b (11)
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THE DYNAMIC MOMENTS

The term “dynamic moments™ is used to describe the contribution of the

inertia of a body to its behavior in the angular degrees of freedom. The rota-

tional equations of motion of a body are formed by equating the dynamic moments
with the “applied moments®” that are contributed by external forces acting on the ;iii;;
body. The correct formulation of the dynamic moments that act upon the flexibly
mounted element of the seal is, therefore, essential for the two basic arrange-

ments, the kinematics of which was analyzed in the previous section.

The general form of the dynamic moment vector of a rigid body expressed in

a moving reference can be found in several texts, e.g. [7] and is given by

->
Todee ol + T oX M, (12)

where L is the relative angular momentum vector of the rigid body defined as

wy = Il oy (13)

and i is the absolute angular velocity vector of the body. The vector &c is

the rotational velocity of the reference system accelerating at'Eo, and T__ 1is

| go
; the location of the center of mass of the body (in our model"i'go = 0). The
' absolute angular velocity A of the body is given by .
!
X = (;c + ﬁ (14) 2\.'

: where'a is the angular velocity vector of the body relative to the rotating

- reference.
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In the seal model shown in Fig. 2 the body is the inner ring and the
rotating reference is the xyz reference. Hence, due to the kinematic constraint

 is always along the z axis and by definition is

& - bz (15) R
The spin ¢ is related to the precession Y by the equation of the kinematic

constraint, which for small nutation y is given in eq. (11).

Flexibly Mounted Stator: The angular velocity of the rotating reference for

this case is (see Fig. 2)

> . N . . L3 ~N i. - .
= + T h
w, Y X * ws siny y ¢S cosyz (16)

where the subscript s is used to indicate the stator as the flexibly
mounted element. Substituting egs. (16), (15) and (11) in eq. (14) we have for

the angular absolute velocity of the stator

~» -~ ~»
= + i -
Xs Y X ws sinyy + ws(cosYS 1)z (17)

Hence, by eqg. (13) the relative angular momentum vector L is

- ~N » ]
o= Iyx+ I¢331nysy + Izllls(cosys - 1z (18)

where IZ is the polar moment of inertia, and I = Ix = Iy is the transverse

moment of inertia of the flexibly mounted element.
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Using eqs. (18) and (16) in eq. (12), recalling that r o = 0, and that we

g
are dealing with small angles y so that cosyg = 1 and sinys =y, are valid

approximations, we have the dynamic moments in the form

.. 2
Ty = Ilyg - ¢SYS) (19a)
Ty = I(msys + 2¢;s) (15b)
T, = 'Iz(is;sys * NSY;/Y) (19¢)

As can be seen from eq. (19c) the dynamic moment TZ is of order y2 and hence,

can be neglected in any practical seal.

Flexibly Mounted Rotor: In this case the outer ring in Fig. 2 which represents

the shaft has an angular velocity w. This velocity when added to the relative
precession | of the rotating reference xyz gives the absolute precession of the
rotor, wr’ in the form

¢ = @ + w (20)

r

where the subscript r is used to indicate the rotor as the flexibly mounted

element.

From egs. (11) and (20) we have

¢=w-'l.l (21)

T

The angular velocity w, of the reference XYZ is given by eq. (16) where the
subscript s is replaced everywhere by the subscript r. Similarly, the absolute

<>
angular velocity of the inner ring is given by eq. (14) where Q is given in

(15) and ¢ in (21).




Hence,

- . »~ * ~ : _‘
Xr = yx * wrsinyry + Ewr(COSYr - 1) +wlz (22) NN

The relative angular momentum vector L is

N

! > N . N
l L, = Ier + I¢r31nyry + Iz[wr(cosYr - 1) +uwlz (23)

and the dynamic moments have, by (12}, the form

I T = 1y - w;Yr) + Iz“’wryr (24a)
T, Iy + 2y - ey, (24b)
i . .
T, = "Iz(errYr * er;/?) (24c)

Here again T, is of order y? and can be neglected in practical seals.




SUMMARY AND CONCLUSION

i The kinematic model of mechanical face seals was presented. Two basic s=2al

arrangements were considered. These are the flexibly mounted stator and the

flexibly mounted rotor. The kinematic constraint provided by the antiroation

R ‘
N PRy ey ey W )

- locks in the first arrangement or by the positive drive devices in the second
was shown to be similar to that of a universal joint. It was shown that inspite
of the numerous variations of antirotation locks and positive drive mechanisms

found in mechanical seals, it is possible to present the equation of kinematic

K 1

constraint in the simple form

b

- This unified relation is the result of the very small nutation, y, in prac-

1j tical seals, and is accurate to an order y? where y << 1.

ll The simple general form of the equation of kinematic constraint enables to
derive the dynamic moments that act on the flexibly mounted seal element. These
moments are presented in egs. (19) for the case of a flexibly mounted stator,

» and in eqs. (24) for the case of a flexibly mounted rotor. In both cases the
dynamic moment T, which is the axial component of the moment vector was found
negligible. The two other components, namely Ty and Ty depend on the transverse
moment of inertia, I, in the the case of a flexibly mounted stator, and on both
the transverse and polar moments of inertia, I and I, in the case of the
flexibly mounted rotor. The contribution of the polar moment of inertia in

seals with flexibly mounted rotor alters the dynamic moments Tx and Ty as com-
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pared to the flexibly mounted stator case. This is equivalent to altering the

inertia of the flexibly mounted element and may affect the dynamic behavior.

The analysis presented in this paper assumed no more than two pins as a
representation of the constraint provided by the antirotation locks or positive
drive devices. If three or more units are effective, then the inner ring is
actually "locked”™ and is unable to track angular misalignment of the rigidly
mounted element. Such a condition can be avoided by limiting the number of

antirotation locks and positive drive devices in a seal to two units at most.
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STABILITY THRESHOLD AND STEADY-STATE RESPONSE
OF NONCONTACTING CONED-FACED SEALS s
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Stability Threshold and Steady-State Response of
Noncontacting Coned-Face Seals®

I. GREEN and L. ETSTION (Member, ASLE)
Technion, Haifa 32000, Israel
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.
Fhe dynanmc hehavior of a noncontacting coned-face seal i the relative musalignment between the mating faces is given as a
anabvied. Stffuess and daomping properties of the fhad film and Junction of rvotor runoul, assembly misalignment, design parame-
Hexable support pwduding elastomere secondary seal are fully ac- ters, and operation conditions. An expression is provided for the
counded for. Stability threshold and steady-state response - the eritical rotor vunowt above which the seal will fail due to face
presence of 1otor axial yvunowt and asembly misalignment are in- contact. Although the analysis is based on small perturbation as-
vestigated. An expression o provided for the critical speed above sumption, it is shown o be valid in many practical cases.
which the seal becames dynamically unstable. For stalle operation,
INTRODUCTION
Presented as an American Soclety of Lubrication Engineers Evidences of dynamic problems in mechanical face seals
paper at the ASLE/ASME Lubrication Conterence in .y . .
San Diego, California, October 22-24, 1984 exist for more than two decades (). Yet, most of the lit-
Final manuscript approved May 30, 1984 erature on fluid sealing concerns steady-state conditions.
NOMENCT VIURE B* = face coning
4] = dimensionless coning., *r./C,
¢ centerline dearance ¥* = relative misalignment
. = design dearance v = dimensionless misalignment, y*r,/C,-
ne hemping cocthaen Y. = dimensionless relative misalignment caused by rotor tun-
D = dunensionless dumping coethicient; angula DY Se! axial out alone ‘
D80 Y, = dimensionless rotor runowut
F* = toree (v:).» = dimensionless critical rotor runout
F = dimensionless force Fx/Sr2 y. = dimensionless tilt of the stator
H = dimensionless him thickness, A/¢ Yo = dimensionless stator initial misalignment
h = local film thickness yu = dimensionless steady-state stator response due to vy, alone
/* = sator moment of inertia v. = dimensionless steady-state stator response due to ¥y, alone
! = dimensionless moment ol inertia, *w C/Sr} ) = angular coordinate .
K* = stiffness coefficient B = viscosity
K = dimensionless stiffness coefficient; angular K1,C./Sr), axial 3 = dampin.g ratio
K82 L] = precession .
M* = moment ® = shaft angular velocity
M = dimemsionless moment, M*/Sr}
My, = dimensionless moment due to stator initial misalignment Subscripts
My, = dimensionless moment due to rotor runout cr = critical
mE = SEOT s d = dynamic (velacity) effect
m = dnensionless mass, m*w?C 8 ¢ = clastomer
r dunensioniess pressune, p/s f < Ahaid hlm
I prossite [ = e vadias
I3 = dunensiontess tadial coordinae, 1, " = mid radius
' = radial coordinste o = outer radius
5 = seal pavameter, Bpw(, /G (1 R)* r = rotor
t = ume s = stator, or flexible support
/ = axial degree of freedom s = springs
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2 IoGrerN AND T Fasion

Only recently has dyvnamics become the subjear of theoretr-
b investigations and more rigorous expernmeniation. Rel-
eretice (1) covers the lterature unul 1981 while Refs. (2)-
4} present more recent results on the subject,

The basic sead model, as shown in Fig. 1. has one fixed
component that is rigidly mounted either to the shaft or 1o
the housing (in Fig. 1 the rigidly mounted component is the
rotor). ‘The other component is flexibly mounted 1o allow
triacking of various misalignments. These misalignments can
be the tesubt of manutacturing or assembly tolervances. Thus.
m the seal of Fig. 1, for example, the rotor may hine a
certain il runout and the stator too, may be misaligned
to the shatt due 1o imperfecuons in s Hexsble support. In
tact. 1t is very unbiely 1o ave any perbea ahgnment aall
N pracucl seals. Tnoperaton, the ot wobbles because
ob s tunowr and this motion s ansoutted via the fhad
tl to che stator. T he dynaric chiaracteristics of the system
(mamely, stittness and damping of both the fluid hlm and
Hlexible support. as well as the inewtia ot the stator) will
determine the dyvnamic behavior ol the seal. The stator can
become completely unstable or it can nack the rotor runout
in a dvnanmically stable mode. However, even in this stable
mode. the combination of tracking amplitude and phase
st can be such that the relative position between stator
and rotor results in seal failure. Such a tailure can be either
due 1o excessive leakage caused by large gaps, or due to
local tace contact in high-speed noncontacting seals.

In previous works on seal dynamics, e.g. (5), (6), some
simplitving assumptions were made which restricted the
results but nevertheless gave good insight of the problem.
Fhe restricting assumptions include neglect of various fluid
tlm ettects, neglecr of rotor and stator misahigniments, and
neglect or incomplete mformation on the dviamic prop-
crties of the Hexible support. 1o this paper, a dynamic anal-
vais of coned-face seals is presented which takes into account

PRIMARY SEAL RING

SECONDARY SEAL

Lhe fnst assumption seeins at fost to be very restrictive,
However ot will be shown by a numerical example that this
is the case In most pracical applications. The second as-
sumption is valid for many practical cases and permits rep-
resentation of elastomeric secondary seals by vrelatively sim-
ple to handle dynamic coefhcients.

Although the present analysis is pertormed for a coned-
face seal with an elastomeric O-ring secondary seal, the
results will be presented in terms of general dynamic coef-
ticients and, hence, are applicable 1o other noncontacting
seal tvpes as well.

SYSTEMS OF COORDINATES AND
GENERALIZED FORCES

1 he seal model and various coordinate svstems are shown
in Fig. 2. The inertial reference XYZ is fixed in space and
its axis Z coincides with the shattaxis of rotation. The system
xyz defines the relative position of the stator with respect to
the inertial reference. This svstem is located in the stator
plane but is free to rotate so that axis ¥ always points to the
point of maximum distance from the plane XY, and axis x
is always parallel 10 the X} plane. The angle ¥. between
axes X and x, is the precession and the angle v* is the
nutation defining the angular tilt of the stator with respect
to the inertial reference. The system x,%.2, is fixed 1o the
rotor and rotates with it at the angular velocity w about the
Z axis. Axis x, is always parallel to the XY plane making an
angle of with the X axis. Axis y, always points to the point
of minimum distance from the XY plane. The angle v}
represents the runout of the rotor. Because the separation

& . . . 7
¥ aany tactors that affect the seal dvnamics. These factors S y
N L o
- are the rotor runout, inital misalignment of the stator be-

b 8
p- tore attachment to the rotor, coning of the stator, stiffness 8 f
b . . . P .

o and damping of the fluid film, and suffness and damping

P L . . ) t// |
ol the flexible support. Two assumptions will be made, how- I [ |
. . . . ‘

. ever. 1o enable dosed-form analvtical solution. It will be 5 , | )
5 assamed that (1) the sealis only slightly pertarbed from the s : '
- position of parallel faces, and (2) that the stator amplitude '

- . . '
N s small enough o prevent slippage of the secondary seal. I Stator f X
b ! :

. '

Fig. 2—Sesl model and coordinate systems
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(. between the stator and rotor s very small (a few micro-
meters in practcal applications) y* and y¥ are also very small
and can be treated as vectors. Hence, the relative misalign-
ment between the stator and rotor is

e h

Figure 3 shows the relative position between the stator
(seal ring) and rotor (seal seat). This velative position is
described by a new coordinate svstem 123, This svstem s
free to rotate within the stator plane so that axis I (about
which the stator relative tlty* takes place) is alwavs parallel

to the rotor plane and axis 2 always points 1o the point of

maximumn film thickness.

I'he various coordinate systems and a vector represen-
tation of the tlis vy, y.. and vy, about the axes 1, a, and x,,
respecnively, ave shown i Fig. £ The angle & is measured
trom the plane 71 10 the plane OO AB in Fig. 2. The angle
8 is measuted i the stator plane fromaxis 2w the line O8.
Hence, the local film thickness measied between points A
and B in Fig. 21

h =€+ y*rcos® + B¥(r—r,) (2]
where
=&~ (3]
and &y 15 the angle between axes X and 1 or alternatively
between axes ¥ oand 2. Equation [2] takes account of stator
coning as shown in Fig. 3 where B* is the coning angle.
The wobbling motion of the rotor due o its runout, and

the relative misalignment, v, between stator and rotor pro-
duce a svstem of Huid film forces and moments which is

A
32 y*
.Y

SEAL RING -

/Yf
A |}
X
:-"%:-—,———;"dfﬂ.
P S
L ]
SECTION: A-A
Fig. 3—Relative position between ses! ring and seal seat
, R o
e VO~ N

applied 10 the stator. The flexible support of the stato
which consists of springs and a secondary seal (usually an
elastomeric ring) produce another svstem of forces und mo-
ments that act on the stator. In linear svstems, the sum of
the applied torces in degree of freedom j due 1o a disturb-
ance in degree of freedom i can be expressed in the general
form

SF = = 2(Kyx + D) (4]

where F, is a generalized force (a force or a moment) and,
K, and D, are stitffness and damping coethicients, respec-
tively. In our case (where tor small perturbations the system
can be considered linear), both the Huid hlm and the Hexible
support contribute stitiness and damping. Hence, the stiff-
ness Ks

K - K, + K, [5a]

where the support stiffuess K, includes the contributions of
the springs and the elastomeric secondary seal. Thus,

K. =K, + K,
The damping D is

D

I

D, + D, (5h]

where in many practical cases the only source for the sup-
port damping D, is the elastomer, in which case D, = D,.
Fluid film stiffness and damping coefficients for a coned-
face seal were analyzed in (7) and are summarized in Ta-
ble 1. These coefficients are conveniently calculated in the

x|
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FaBLE 1 —NONDIMENSIONAL FLUID FILM STHENESS AND DAMPING COFFHCIENTS Ky AND Dy
p =1 ) =2 1=3
. s,
K 2uRAGu| b1~
=1 P, - PYUBR, ~ DE] = v
n 2mR G, 0
=2 KN&D 0 0 0
28
K ni- Py 28 g
by 0 0 R
b 4R (5,
p =R R,
S 24Bd-R)
B ~R)
tn[l +B(1 -K)) - @ ———
- I Bl ! 2+B(1—-R)
N B'1-R)*
G _1=R,
e

coordinate system 123 of Fig. 3 and, tor the small pertur-
bation case. are linear. It should be noted, however, that
the dvnamic coethicients presented in ‘Table 1 were found
valid even hevond the range of small perturbations (7).

i namic properues of elastomeric O-ring secondary seals
were investgated i (8). In the absence of slippage, their
softness and damping cocthicients can be expressed in the
lorm

K, = Aw”

and

D, = aw'

where the coefhaents . Bab depend on factors such as
material composition, temyperature, ring dimension, pre-
load et

In obtaimmyg the system of forces and moments applied
by the flexible support, it is useful to observe the various
stages of seal assembling as shown in Fig. 5. Before any
attachment takes place [Fig. 5(a)], the rotor has its runout
¥, and the stator has a certain initial misalignment y,,. Dur-
g the assembhy, the stator is pressed against the rotor.
Lhis can be described by fiesonilting the sGitor by the amown
Yo [P M) winch requires aomoment My, given by

My o= Koy, {6

where Ayois the angular stitiness ol the Hexible support
tsee Appendin 1), The initial tlt of the stator was selected
arbitrarily 1 the opposite direction ol the inertial axis X
without losng the generality ol the analvsis. Since vy, is
fixed both in magmtude and direction, the moment My, of

Eq. (6] is also fixed i magnitude and direction (which is
along the X axis).

{a)

{»)
- . (=0)
Mui=Kgy Y
My - fixed in space

(c}
My, *Ken' 7t
My'-nmﬁng moment

Fig. S—Description of initial misalignments and sttachment sequence of
the sesl compunents.

Final attachment of the scal mating faces in the assem-
bling process [Fig. 5(¢)] results in an additional moment that
is required o tilt the stator by the amount of the rowr
runout, Hence,

M, =Ky [7}

e e B
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The moment M ,, like the runout v,, has a fixed magnitude
but is rotating at the shaft speed w, and is directed along
the axis x, (Fig. 4).

The moments acting on the stator during opevation and
resulting from the flexible support are given in the system
xyz of Fig. 4 in the form

M, = =Kny. - Dy [Ba]

M, = =Dy, (8b]

Fluid tilm moments expressed in terms of the fluid film
stiffness and damping coethicients (7) are given in the ref-
crence system 123 by

Moy = =Ky - Doy [Ya]
. 1
J",y = _I)“| (b] - ; Y [9|)|

I'he complete svstem of moments acting on the stator is
shown i the vectors diagram of Fig. 6. With the aid ot this
hgure, there is no difficulty in describing the moments in
any convenient reference system like the inertial system X¥YZ
or the rotating system xyz.

The net axial force along the Z axis is given by

F,= — KwZ - D7 (10]

SEAL RING STABILITY

In the following, dimensional parameters will be indi-
cated by an asterisk to distinguish them from their corre-
sponding dimensionless values. Also, the subscript 1T will
be omitted from the angular stitfness and damping coet-
ficients. Hence. whenever K and D will be used without any
index thev will correspond to angular degree of freedom.
Onlv the subscript 33 will be retained tor the axial degree
ot treedom.

/> Msy

i ‘%

~

¢I
kol oY
o rey

\’Px.\ B

£ ) I o My,
! \7, \ -
1
e >\7s

L4
PR \
i "
- ' WMy
. Y
x v
)

[} ‘MYv
My,

Fig. 6—Vector representation of tifts and moments
C-6

The equation of motion in the axial degree of freedom
is by [10] and [68] of Appendix 2:

mZ + DypZ + KaZ = 0 [11]

This equation is linear and uncoupled with the equations
of motion in the angular degrees of freedom. Its solution
is

Z =27z
resulting in the characteristic equation
mAY + Dysh + Kay = 0 [12)

The condition for stable operation in the axial mode re-
quires that all the coefficients of [12] will be positive. The
dimensionless mass m and support damping D, .. are alwavs
positive. The damping D4y is

Diyy = Dys + Dy

and since Dyyy > 0 (see Table 1), Dyy is also always positive.
Hence, in order to satisfy the stability condition, it remains
to require that Kys > 0. Substituting K4y from Table 1 in
[5a}, we have

Py - P f—e‘i EY + Ky > 0 (13)

Condi 1 [13] is satishied whenever B = 0 (corresponding
to a tace seal). With coned face, axial stability is always
obta. ed when the film converges in the direction of pres-
sure drop.

To analyze the angular stability, the linear equations [66)
and [67} of Appendix 2 are used. For the transient response,
only the homogeneous part of these equations has 10 be
considered, namely

1
Iyx + Dyx + Kyx + 5Dy = 0 [14a]

1
Iy + Dy + Ky + ED/'Yx =0 [14b]

Using complex notation. the relation between the stator tilt

¥. and its components yx and vy, can be represented in the
form (see Fig. 4)

Yo = yx + fyy [15]
where
r= V-l

Multiplving Eq. [14b] by 1 and adding it to Eq. [14a], noting
that

~..:_..
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viclds

1 .
Iy, + Dy, + Ky, - 1;1),7‘ = U [16]

1 L o
Ihie complex term —i 5 Iy, in Eq. [16], induced by hy-

drodynamic ettects in the Huid film, represents a transverse
moment which leads the displacement vy, by /2 radians.
Fhe soluton of Fq. {16] s of the torm

Yooyt | 16a]
and the complex charactenstic equation is
IN + DN+ K — B < 0 [17]
where
B = D)2

Muluphbying Eq. [17] by its conjugate form gives the char-
acteristic equation {or the angular mode in its real form

50 L orpt TS 20,2
I"AY + 2IDNT + (21K + DA (18]

+ 9DKN + (K2 + BH =0

['he necessary condition for stability requires that all the
cocthoents in [ 18] will be posiive. The dimensionless mao-
ment ab mertia L alwavs positive. From [b]and Table 1,
it can be seen that ) - 00 Henee, angular stability requires
tha

UK + D> 0 [19a]
and
ODK > 0 {19b]

Condinons [19a] and [19b] arve satishied whenever K > 0.
Thus, trom Eq. [5a] and Tuble 1, the necessary condition
for angular stability is

w P, - PYBR, - DE? + K.> 0 [20]

Defining a critical conming angle 8, = 1/R,, it is seen from
[20] that for P, > P, angular stabilitv is assured whenever
B 2> B,,. In Ret. (7), an optimum coning angle for maximum
angular stittness Ky was found in the form B, = 2R(1 ~R).
It is clear that this By, is larger than B, and, hence, an
optimum coning angle assures the fultillment of condition
[20]) whenever P, >~ P,.

Fhe Ronth-Hurwitz stability criterion for Fq. [18] ve-
quites, in addition to fulfilling condition {20], that the four
tollowing conditions are also met:

2D > 0 [21a]

2DK + 20D > 0 (21b]

MDY (KDY IBY - 0 121¢)
4D (KY + B)WKD® — IBY) >0 21d)

Since I and D are positive and tulfillment of condition [20)
means that K is positive too, it remains to require that

KD? - IB®* >0

Hence, the angular stabiluy threshold corresponds 1o the
case

KD? - IB® = 0 (22)

Substituting B = /2 and rearranging Eq. [22] gives the
dimensionless critical moment of inertia in the form

2
D,
1, = K, + I\'\)(I + —) (23a)
by

In Ref. (6), an empirical stability threshold was found for
the case D, = 0 from a vast number of numerical solutions
without the restriction of small perturbations. The critical
moment of inertia in (6) has the form

I, = 4K, + RXK) (23b]

where K; has the value of the fluid film coefficient Ky, of
Table 1. As can be seen, /,, of [23b] is very similar to that
ol [23a] when ), = 0, especially for narrow seals where R,
is close to unity.

Replacing the dimensionless parameters in Eq. [23a] with
their corresponding dimensional parameters (see nomen-
clature) yields a dimensional critical speed w,, in the form

2
\ K + K¥ D*
2 _ s s
w;, = 4 T (l + D_f) [24)]

For angular stability, the operation speed w should be smaller
than w,,. As can be seen from [24), an increase of the stift-
ness and reduction of the inertia increases the critical speed
as expected. However, increasing the fluid film damping
l)/* reduces w,,. This is due to the hydrodynamic effect (rep-
resented by D) which results in a transverse moment lead-
ing the stator tilt by n/2 (see Eq. [16]). Since K/ is directly
proportional to the pressure differential p, — p,. and D/ is
directly proportional to the viscosity p, it can be seen from
24] that high-pressure/low-viscosity conditions improve the
seal stability.

1t should be noted that K* and D¥ in Eq. [24) may include
elastomeric stiffness and damping components which are
frequency dependent. In such cases, an iterative process is
required in solving Eq. (24} {or w,,.

1t is of interest to obtain the preseccion § of the stator at
the stability threshold. The general form of the exponent
A in Eq.[16a] is A = @ + ik hut at the stability threshold
a = 0 andd hence,
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Subsututing o bg (I8 and equating separateds veal and Addimg the squares of the right- and leti-hand sides of
INARIRTY PATls 10 2610 ves, respectively Eq. [28], respectively, gives the transmissibility of the system
_ in the form
. soiw = ,
- FY' - Q2K+ DO+ (KT« B =0

anek (h) _ 4 (2]
Y -

. I
H* = K (K=1)* + (D\"‘)”r)

T

¢

[

t g

{rom which 1t can be easily found thot

l ‘The steady-state response to an initial stator misalignment .
' v. alone is obtained by substituting y, = 0 in Egs. {66] and
“© . . . .
: b, - L — [25] [67]. Hence, using again the complex form [15], we have
n 1+ DD, .

. . , 1 , .
where the index of indicates stability threshold. Iy, + Dy, + Ky, - '5 Dyy, = Ky [30]

I STEADY-STATE RESPONSE

Since v, is fixed in space and has a constant magnitude, the
response vy, = vy, will also be fixed in space and will have a

Due to their linear nature, the angular equations ot mo- constant magnitude. Thus. §, = % = Oand Eq. [30] vields

non |66} and [67] can be solved separately for the etfects
of the torang tunciions caused by vy, and v, respectively.

Ky,
f he solution of these equations will be presented for each Yo = T3 [31aj

(1\'2 + % 0,2)

one ol the two forang functions in the most appropriate

K aat 93

reference svstem. Hence. tor the torcing function resulting
trom the rotor runout vector y,, which is rotating at the

. shaft speed. the solution will be performed in the rotating and
reference xyz For the forcang tunction resulting from the
inittad misalignment of the stator v, which is fixed in space, tand, = .l_)f_ [31b]
the solution will be performed in the inertial reference XY2. 2K

Strung with the eftect of rotor runout alone requires
where W, is the shift angle of the vector vy,; with respect to
the real axis X in the complex plane XY

My, = 00 Also, at steady state and in the absence of v,,. the
SLATO precesses af a constant rate . s tlt vector vy, caused

by the 1otating vector vy, has a bixed value y, = v, and is
rotatung at the same speed as v, The resubtant relative mis-
alignment vector y (see Fig. 6) has, therefore, a constant
value oo, and s votating at the same speed as y, and v,
namelvoat the shatt speed. Hence. b= by = | where {r and
by are dimensianless parameters normalized by . Using
Eqs. [Bal. {8b] (94}, (9b] and [61). and substituting y, = v,
- constant, as well as ¥ = & = 0, we have

. . 1 . .
Iv. = -~ Ky, = Kyycosp + ;l),ysmp + K.y, cosp’
- (26]
. 1 .
0= -Dy, - K, ysinp — gl),'ycosp — Kysing’

From Fig. 6, we see that

Yeosp Y, Y, uonp’ (27

ysiug oy sing’
Substitunng [27] i {26], using Eqgs. [5a] and [5b] and vear-
ranging. we have:

. N U I .,
(K - Iy, = | Keosp' + 5 Dysing’ |y,
(28]
1 e,
D, + §l), Yo = | —Ksinp’ + EI),(-()sp' Y,

- - a” ,'- a2
ASRVE SRS

In Eqgs. [29] and [31], the stiffness K contains the Hexible
support stiffness K, according to [5a]. When the support
has an elastomeric secondary seal, its stiffness K. depends
on the frequency of the forcing function. It is important,
therefore, to distinguisii between the K, values to be used
in Eq. [29] where the forcing function trequency is w, and
in Eq. [31] where the forcing function frequency is zero.

From Egs. [29] and [31], the complete steadv-state re-
sponse of the stator can now be expressed in the form

Yo= Yo+ Yy (32]

Since ¥ is fixed in space but ¥,, is rotating at the speed w,
the resultant vector ¥, will also rotate at the speed w and
its magnitude will vary cydlically.

‘T'he relative misalignment between stator and rotor, which
is the more important parameter for seal performance, is
obtained from [ 1] and [32] in the form

-

¥

#

Yo + Yu [33]

where

. — —

Yo = Yo — Yy

is the relative misalignment in the case y,, = 0. The vectn
Y. has a tixed value and is rotating at the speed w. Figure 7
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Fig. 7—Vector representation of tilts of the seal components

presents the various tilt vectors in the inertial reference
plane XY, From this hgure, we see that

¥ o= -y?. + y:", + 2v.yuCoswT [34)
where 7 is the ime measured from the instant at which the
vector ., passes over the vector y,.

From Eq. [34), it is clear that the relative misalignment y
is also ime dependent similar to vy,. This is because the
vector v, is rotating while vy, is stationary.

In order to obtain the value of v,. Eq. [27] is used and
y,cosp” along with +y,sinp’ are substituted in Eq. {26] for
Y., = (. This gives:

1

-1y, = (—Kcosp + §D,sinp>'y‘,
.. 1

Dy., = | —Ksinp — §D,cosp Yo

Adding the squares of the left- and right-hand sides of [35],
respectively, gives

z 2 2
(ll) = ..l_iill._ (36]
MK+

Multiplying Eq. [36] by [29] gives the relative transmissibility
()
‘Y’

Fquations [31a], {34], and {37] give the relation between the
relative misalignment vy, the rotor runout vy,, the initial mis-

2 . .
I* + D?

= [37]
(K=I* + (D, + %D,F

alignment of the stator y,.. and the dynamic properties of

the system.

DISCUSSION OF THE RESULTS

The relative misalignment y given in Eq. [34} is a key
tactor of seal performance. This misalignmem determines
the relative position between the stator and rotor. Parallel

e ;-'*;, C _".’

taces, tor example, cortespond to the case vy = 0 which s
the most desirable case. In practice, however, the relative
misalignment s always y > 0 and its exact value is required
in order to enable accurate calculations of leakage, friction
torque, etc. In the presence of both an iniual stator misalign-
ment, v,, and rotor runout, v,. the relative misalignment
becomes time dependent (see Eq. [34]), which, in wrn, re-
sults in torque and leakage variations at the shaft frequency.
While it is difficult to observe rapid leakage variatons, torque
variations were, indeed, measured at shaft frequencies,
e.g. (7).

A wo-high relative misahgnment can cause seal falure
due 1o an excessive leakage or due to local face contact.
Hence, it is useful o investigate the relative misalignment
v as aftected by the operation conditions and design pa-
rameters. From Eq. [34], it is ¢lear that in order 1o reduce
v. both v and v, should be as small as possible. From Egs.
[31a]and [37]), itis clear that this can be achieved by keeping
both the stator initial misalighment vy, and the rotor runout
v, mininum. Increasing the fluid hlm damping, D, and
stiffness, Ky, also helps in reducing both v, and vy,. The
dynamic properties of the flexible support have a smaller
effect on vy and v, but reducing the stiffness K, reduces
vu- Reducing the inertia I reduces v...

Investigating the effect of shaft speed w on v is somewhat
difficult because of the way by which K, and D, depend on
o [see Ref. (8)]. However, the general trend can be obtained
by assuming a flexible support whose stiffness and damping
are independent of the shalt speed, e.g. in 4 metal bellows.
For this case, we can use the natural frequency of the system
in the form

w, = (K*I*)"

and define a frequency ratio

P = ww,
and a damping ratio
D*
= e,

Replacing the dimensionless parameters in [37] with their
corresponding dimensional ones for the case D, = 0, K, =
K, we obtain

2

(,Y") I*Zw‘l
Y.

(K} + K3 - I"0®* + £I)f2m2

which, by using the above detinitions, can be arranged in
the form

Y _ P’
Yoo -t + @)

[38]

Equation [38] is well documented in many text books on
vibration, e.g. kq. [3.2-4] and Fig. 3.2-2 in Ref. (¥), pp 53~
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S can be difterennated with aespea 1o poo give the

nuaninum tansmissibalivy

oo ___ 1 ‘
(y,) 21 -4 9

max

at the trequenay 1ano

(‘T' ‘JE_L'V K

P (0]

From kg [40] 100 dear that the oransnnssibnhity in Fag. [48]

. 1
) . .
has a maximum only for & - 5o mowhich case by [39)

. I L R
Y b For £ Sothe transnissibility in [38] does

notreach an exuemum and is alwas s fess than anity namely,
Y. < vy tor anv p. As p increases indehnitely, the transmis-
sibility 1 [38] approaches unity for anv & For small values
of & the maximum transmussibiliey in [39] can reach very
high values when the seal operates near its resonance
p o L From the above discussion, it can be concluded that
the best chotce of € for keeping . minimum is 1/v2 < §

Lowhere £ = 1 corresponds o critical damping which
resulis in fastest decay of anv disturbance.

Fhe anucal speed w,, of Eq. {24 can be expressed in terms
of the natural frequency w, giving

o (1 + I)?-) {41
O LW, " *
D}

Fhos the articl speed s atleast twice the natural frequency

ot the svstem and can be avoided altogether by designing
the seal 1o operate below its natural frequency. This can be
obtamned by seleciing optimunm coning that maximizes the
Hud tlm subiness [see Ret (7).

Aswasshown above the rotor runout, vy, has a direct effect
on the relitve nisalignment y which can cause failure due
to local face contact. Because of manutacturing tolerances,
A certun yunout is inevitable. Thus, an important question
in noncontacing seal design s how much rotor runout can
b alfowed betore face contact occurs, The analysis pre-
scoted Lere was based o sl pevtarhation from the po-
sition ol parallel taces. Face contact represents a large de-
viaton from this case and, hence, may be unsuitable for
handling by the present theorv. Yet, it is worthwhile to
exanmune the condinions for face contiact even by the results
ob the small pertirhation analvsis which provide general
trends. and also hecause when a more elaborate analvsis
becomes avabable. the salichiy of the velatively simple pres-
it one can be evaluated.

Rewnitmg B 12) s dimensionless lorm, noting that
tor sindl pertirbaton oy axial distarbance ol the stator
chies our afier aowhile, thus, at steady state 72 = 0. € =

o

we have
H I+ yRecosd + B (R i) 1-42]

Face contact will tnse occur at 8= @ either at the inside or
outsde tadius ot the seal depending on the amount of con-
ing B. The condinons for tace ontact are then from [42]

-’: [ g

L
o
D

's

-, $"
P PN NP P

1 YKk, -0 {134]
for contact at K = R, and
l -y +B1-R)=20 [13h]

for contact at R=1.

Solving Eqs. {43] tor y gives two different values, the
smaller of which determines the appropriate contact con-
dition. From Eqgs. [43], 1t can be seen that the solution for
v s dentcal in the case B = /R, For B < VR, contact
occurs at the outside radius R = 1, while for g > 1/R., contact
occurs at the mside radius R = R,. From the discussion
following Eq. [20]. it 1s dlear that for the case P, > P, the
optimuun coning B, = 2R (1 = R,) is larger than the critical
one B, = I/R,. Hence. for any reasonable seal design, face
contact may occur according to condition [43a] when y =
I/R,. From Eq. [34]. it is clear that y reaches its maximum
value at T = 0, in which case y = y, + v,. Hence. for g >
B.,, face contact occurs when

|
R T 4
¥ 1y [44]

The relative tilt v, is related to the rotor runout by the
relative transmissibility T = +v./y, given by Eq. [37]. Thus,
Eq. [44] can be written in the form

o i
I'(v), + ya = }T'

Hence, the critical rotor runout causing face contact is

1
~ R, Yo

(v, T

(45]

where vy is given by Eq. [31a] and T by the square root of
Eq. [37]. To avoid face contact, the critical rotor runout (v,),,
should be as large as possible. From [45], it is clear that this
will be achieved by reducing v, and 7. Hence, the same
factors that reduce the relative misalignment vy increase the
critical rotor runout.

In conclusion of the discussion, a numerical example will
now be presented to demonstrate the validity of the small
perturbation assumption in practical cases. A tvpical seal
with the following design parameters and operating con-
ditions was selected as follows:

Seal outev vadius, v, ..o 0.04 m
Radius ratio, R, ... ... .. ... ... ... ... .. ... .. 0.8
Design clearance, €, ... 0 . 10" *m
Face taper (cone height) ... ... ... e 25 X 107
Stator mass, m* o 1 kg
Shaft speed. w ... ... L 107 rad/s
Pressure differential, p,—p, .................5 x 10*Pa
Fluid viscosity, w (water at 60°C) ... ... 0.5 mPas
Support stiffness, K* ... ... L. 5 x 10°N/m
Supportdamping, D¥ ... L 300 Ns/m

', )
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The support stitfness and damping coethcients corre-
spond to u Buna N secondary seal O-ring at the given shaft
trequency. The corresponding dimensionless parameters

Tor this example are

Coningangle . ... oo 12.5
Mass. m ..o 395 107
Inertia, I ... e 1.63 x 107°
Pressure differenual, PP, — P, ... .. ... .. ........ 0.26
Support axial stiftness, Kogq o000 1.63 x 1073
Support angular stiffness, K. ... 8.14 x 1071
Support axial damping, Dy 0oL 9.76 x 107}
Support angular damping. D, ... 4.88 x 1071
Fluid tiln anguliar suftness, K, ... .. .. 0118 x 10 1
Fluid tilm angular damping. D, ... 0.83 x 10 2

For this example, the calculated critical speed is w,, = 5.9w.
I'he ratio vy, vy, = .06, and the relative transmissibility is
vy, = 14 Hence, for a rotor runout of 10 pm at the
outer diameter of the seal, which is a fairly large runout
corresponding to y, = 1, and for an initial tilt of the stator
ot the same order of magnitude, the maximum relative
misahignment vy is only about 0.20. {t should be noted that,
in the present example, several parameters were selected
with the intention to make the transnussibility of order 0.1,
In many pracucal cases, the design clearance and shafi speed
will be smuller and the fluid viscosity, pressure differential,
support and fluid film stiffness and damping will be larger.
In these cases, the relative transmissibility will be even less
than 0.1 and the assumption of small perturbation more
realistic. From the above example, it can be seen that the
critical speed w,, is very high. Hence, seal stability should
uot be a problem in conventional applications. The small
perturbation analyvsis predicts the stability threshold quite
accurately as can be seen trom Egs. [23a] and [23b]. Hence,
Fep. [24] for w,, is valid without restriciions and can be used
to examine stable operation of any noncontacting seal.

CONCLUDING REMARKS

I'he dynamic behavior of a noncontacting face seal was
anah zed 1aking into account manufacturing and assembly
tolerances in the torm of rotor runout and stator misalign-
ment. Complete fluid flmas well as Rexible support dy-
namic ctiects were included. The equations of motion in
the three major degrees of freedom of the seal were pre-
sented and solved analytically. The solution provides a sta-
bility threshold in terms of a critical speed below which
stable seal operation is assured. Steady-state response to
rotor runout in the presence of stator initial misalignment
was tound and expressed in terms of relative transmissi-
biliy. Fhis enables caleulation of the relative misalignment
hetween stator and rotor as aflected by the manufacturing
and assembly tolerances, by the design parameters, and by
the seal operation conditions. It was shown that, in the pres-
ence of both rotor runout and stator initial misalignment,
the relative misalignment is time dependent and varies cveli-
cally at shaft rotation frequency. A critical rotor runout was
found related to various design parameters and operating
conditions. This critical value can give the designer and
manufacturer an idea of the magnitude of rotor runout

which can still be tolerated without causing failure by face
contact.

A numerical example was presented 1o demonstrate the
validity ol the small pernabanon assuimption in pracucal
apphcations. Tt was also shown that stability threshold usu-
ally does nor present a problem and its prediction by the
small perturbation analvsis is comparable with this of a more
elaborate numerical one.

It is hoped that the intormation provided here will divect
the attention of scals designers and users to the various
factors atfecting noncontacting seals performance. and that.
based on this information, careful experimentation will be
carried out to evaluate the theorvetical results.
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APPENDIX 1

[

3

5

(6.1

v

Angular Stiffness and Damping Coefficients of the
Flexible Support

Usually the axial stiftness and damping coefficients of the
Aexible support are measurable and known. The angular
coefhicients can be obtained from the axial ones. Figure 8
shows i model of the seal in which the stator has a displace-
ment Z and a tilt y, about axis x. The axial displacement of
a point B located at a radius r, is

Zy = Z+ rycost 146]

where ris a general radial location of the Hexible support,
and 0 is given by

b=d -0 (47)
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Fig. 8—A model for caiculating angular stiffness and damping coeffi-
- cients of the secondary seal.
Lhe axial velocity of point 8 is thevefore
- - Zn = 7 + 1 oo + 0 ybsing [48]
_ Due to the motion of point 8 an axial force dF, is generated,
" s value s
-_.: dF, = —ZudKyy — ZudBoys [49]
L4
. where dRvoand Dy are inhnitesimal stiffness and damping
coeflicients, respectively. Assuming uniform circumferen-
. tial distribution of the dvnamic properties of the flexible
Py support. we have
. K yulB
- dK g~ [50]
2
" Dyuilt
) dD gy = —22 (51]
. 2
Ihe moments acting on the stator due to the lexible sup-
port are then:
- about the vaxis
; 2
- M, = j raosgdl, 52}
o and about the y axis
‘:”_ In
_, M, = f rsindF, (53]
J 2
r . . . X
Substitutmg bos [ 6L and ST through |51 and integrating
X 152 and [33) gives
o
o
., My = = S (Rarlys + Dardy) [54]
o -
»t
1 3
My = —~ E“:\:\"TY.‘I‘ {55]
7 T e e o s A0 AT AT

C-12

A B SN Ay A N

By definition, we hind

- M Ky 56
I\|| = f'y = 9 r [.)h]
oM D )
Dy = - _"(_:‘_Y‘I = 2“'\' [37]
dlw'_! l)
Kip = - Pl = % = Db [58] .
APPENDIX 2

The Equations of Motion

In Ref. (10), a kinematic model of a mechanical seal was
presented and the dynamic moments for the case of a flex-
ibly mounted stator with antirotation locks were obtained
in the form:

1,

13, = ¥y [59]

T, = I(by. + 204

It was also shown in (/0) that the moment T, is of order
v% and, hence, can be neglected.

The dynamic moments in the inertial system XYZ are
simply

Ix = Iyx (60)
Ty = Iy

where vy and vy are the components of vy, along the inertial
axes X and ¥, respectively.

‘The angular equations of motion can now be obtained in
the rotating system xyz or in the inertial system XYZ by
simply equating the dynamic moments 7" with their corre-
sponding applied moments M. Hence, with the aid of Fig. 6.
the equations of motion in the xyz system for the angular
degrees of freedom are

I3, — ¥*y) = My + Mjicosp — Mjasinp

+ Mygcosy + M. cosp’ [61]

Iy, + 209) = M, + Mpsinp + Mjacasp

- Mysing — M,,sinp’
1n the inertial XYZ system, these equations are

Iyv = My + My cosdy - Mpssing) + My, + M, coswt

62
Iy = My + M,.sintb. + M/2C05¢| + M.,,sinml ©

where M.x and M.y, which are the Aexible support induced
moments during operation, replace the moments M, and
M,,. These new introduced moments are simply

hs _.-‘\'.'(- 'J.-.‘ '}’_‘-t.- 4..‘? AN \

v

"-'.‘

.
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12 I. GREEN AND L. ETSION
Moy = —Kayx — Dy (63] I4x + Dyyyx + Koyx + §I)III'Y)‘
. . (66}
My - Koy -~ Do 1
. y,(l\'”(-uswl - ;l),..sinwt) + K.1ve
. The fluid tilm induced moments My, and M, are given in -
. Egs. [9a] and [9b] in terms of the relative misalignment v. 1
: ft will be uselul to express them in Eq. {62] in terms of the Iy + Do + Kuwr = 5 Diovx
: angles yx and vy. From Fig. 4, we can see that [67]
: ( 1
= v, Kisinwt + = Dyyjcosw!
’ Yy = yeosd; + yLosw! (64] ‘Y( Lsine 9 M )
& v = ysind; + y,sinw!
N Equations [66) and [67] are coupled but are linear. It can
. Ditterentaung with respect to time, we have also be seen that the rotor runout vy, and the initial mis-
. alignment of the stator v, form forcing functions of the
Jeosd, - y(blsind,, = ¥y + vsinw/ 65 dynamic system.
» . . (65] ‘The equation of motion in the axial degree of freedom
. ysind; + ybjcosdy = ¥y — ycoswl is simply
Hence, by {5a], [5b]. [9a], {9b], [62], and [65] Egs. [62) can B
N be rearranged in the form ms = Fz (68]

! ¥ :\:
: 23

2

4
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Nonlinear Dynamic Analysis of Noncontacting
Coned-Face Mechanical Seals®

[. GREEN and . ETSION (Member, ASLE)
Techuion, Haifa 32000, Israel

The complete nondinear equations of motion of « flexibly mounted
sator ina noncontacting coned-face mechanical seal are solved
namerically. The solution utilizes a transient dynamic analysis and
tekes ivdo aceount votor axial runout and assembly tolerances in
the form of itial stator msalignment. Cavitation of the fluid film
s also accounted for. A parametric investigation is performed and
the effect of vaviins design parameters and operation conditions
on the seal dynanies i presented and discussed. A evitical shaft
speed 1s found abuve which the seal becomes dynamically unstable.
A erttieal votor vunout ts found which, of exceeded, will cause seal

Jatlure due to local face rubbing contact. A comparison is made
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NOMENCLALURF

¢ = centerline dearance

(... = design clearance

D* = damping coctheient

D = dimensionless damping

F, = dimensiondess axial torce

H = dimensioniess blm thickness, A/¢;
H. = face taper

h = local film thickness

I = dimensionless moment of inertia
K* = stitfness coefficient

K = dimensionless stif fness

M = dimensionless moment

m = dimensionless mass

P dimensionless pressare, s

p = pressure

R = dimensionless radial coordinate, ofr,
v = radial comdinate

S = seal parameter, Gpo rJC): (1 - R)?
i = time

7* = axial displacement

/= dimensionless displacement Z*/(,

A ai " Ak A MATC A/EAE A SOV AEAICL A A Mgt R S A
(
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between the numerical vesults and those of a simpler analytical
solution. 1t is found that the analytical solution is valid for most
practical applications of mechanical seals.
INTRODUCTION

In a previous paper (1), a dynamic analysis based on small
perturbation was performed for a noncontacting coned-face
mechanical seal. The analysis took into account rotor axial
rupout and assembly tolerances in the form of initial stator
misalignment. Both stability threshold and steady-state re-
sponse of the seal system were investigated. A critical speed
was found above which the seal becomes unstable. In the
stable mode of operation, the flexibly mounted stator tracks
the rotor with a certain relative misalignment which de-
pends, among other factors, on the amount of rotor runout
and assembly tolerances. For large runouts, this relative
misalignment can become dangerously high and cause seal
B* = face coning
B = dimensionless coning, B*r/C,
v* = relative misalignment
vy = dimensionless misalignment, y*r,/C.,
Y. = dimensionless relative misalignment caused by rotor runout )

alone '

vy, = dimensionless rotor runout
v. = dimensionless tih of stator (nutation)
Y. = stator dimensionless initial misalignment 4
Y4 = stator response due to vy, alone
Yo = stator response due to vy, alone
0 = angular coordinate
B = viscosity
¢ = precession
w = shaft angular velocity
Submaripts
=
[ = lid film
¢ = inner radius
m = mid radius
o = outer radius 3
v = stator, or flexible support -




2 I. GrREEN AND L EOSION

failure due to excessive leakage or local face contact. A
critical runout was tound in (/) which, if exceeded, will
result in local face contact.

I'he assumption of small perturbation from the position
ot paraltel Faces, on which the analysis in (/) is based, leads
10 a linearization of the equations of motion of the seal ring.
I'his enables closed-torm analvtical solution and yields very
uselul analvtical expressions tor seal dvnamic performance.
However. the small perturbanon assumption may be re-
strictive in cases where the taces are Far from being parallel.
['he case of crincal rotor runour, for example, may be in-
approprate tor handling by the small perturbation analvsis
sinee 1t corresponds to high relative misalignment between
the seal Laces. Another restriction of the small perturbation
asstunpuion is the neglect of cavitation and nonlinear effects
on the dyvnamic properties of the fluid film. Hence, high-
speed low-pressure cases may be ill treated by the simple
analvsis. In order to cover the full range of seal operation
conditions, and to obtain a complete picture of its dynamic
behavior, the small perturbation restriction has to be re-
laxed. and all the nonhinear effects have to be accounted
tor. This requives o numerical transient solution of the com-
plete dyvnamic equations of the seal. Tnis the purpose of this
1eport to present the results of such an etfore. In addition,
a4 comparison will be made with the results obtained by the
small perturbation analysis of Ref. (7). This will determine
the range of validity of the simpler and more convenient
1o use analysis of (/).

BACKGROUND AND METHOD OF SOLUTION

The seal model is shown in Fig. 1. It consists of a seal
seat (rotor) that s rigidly mounted to the rotating rigid
shadt, and a flexibly supported seal ring (stator). The rotor
has an axial runout that can be represented by a tilt y* of
is plane with respect to the axis of shaft rotation. Similarly,
the stator mav have, prior to final attachment to the rotor
[see ()], an initial misalignment v* with respect to the axis
of shaft rotation. At rest, and with zero pressure differ-
ential. the stator is pressed against the rotor by the sup-
porting springs alone. This forces the stator into the same
ult, y*. as that of the rotor. During operation, the mating
Laces separate and the stator assumes a new tilt y*. This tile
i a result of the combined effects of both y# and y%. The
tlt angles y*, v*, and . are all very small, of the order ol

L

a few milliradians, and, hence, can be treated as vectors.
Since Y is fixed in space and ¥ is rotating at the shaft speed
w, the resultant vector y¥ will possess a time-varving speed,
¥. In Rel. ({). it was found that the vector y* can be ex-
pressed in the dimensionless form (see Nomenclature for
v* and y):

TY.\ = _Y.tl + _V’\V “)

where ¥, is fixed and is the response o Y. alone, and ¥,
is rotating and is the response to ¥, alone. As will be shown
later, a similar presentation of ¥, is possible in the nonlinear
case, 100. The relative misalignment, v, between the stator
and rotor is also a rotating vector given by the vector sub-
traction

—

V=3 -7 [2)

Figure 2 shows the relative position between the seal com-
ponents and Fig. 3 gives a vector representation of the var-
ious tilts of the seal system. The veclor v, in Fig. 3 is the
relative misalignment vy in the special case vy, = 0 and is
simply:

— —

Yo = Yo = Yo {31

The equations of motion of the flexibly mounted stator
are [see Ref. (1)]:

I3, - ¥%y) = M, (4]
Iy, + 209) = M, (5]
mZ = F, (6]

where M, and M, are the moments acting on the stator about
axes x and y, respectively, of a reference system xyz which
rotates at a rate { in an inertial system XYZ [see Figs. 2(a)
and 3]. 'The axis x of the rotating system coincides with the
vector ¥, and is at an angle ¥ with respect to the inertial
axis X,

The momems M, and M, as well as the axial force £,
consist of contributions from both the flexible support and
the Huid hilm. The support contribution to the moments
and forces is (1):

My = K, [ywcosb + yeos(y — of) — y) = Dy, (7]

M, = —K[y.sinb + ysin@b — w)] - Dy, (8]

Fo= -KZ7Z-D2Z (9)

where K. and D, are axial stiffness and damping coefficients,
respectively, of the support. These coefficients include the
dynamic properties of the supporting springs and the sec-
ondary seal which can be a metal or elastomer bellows or
elastomer ring. The dynamic properties of an elastomer

Moy v i S EAA R S AT AT AN AR IR e A
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>
= y
2 h v
Al Ys
A
~ wt
~, n \
X L3
- Fig. 3—Vaector representation of tilts of the seal components
secondary seal can be obtained experimenually, e.g. (2). From
. \ the known coefficients K and 1)), one can calculate the
. angular stiffness and damping coefficients K, and D, (1).
- The terms v, and vy, in Egs. [7] and [8] are due to the
4 assembly tolerances (y,, is arbitrarily assumed to coincide
" with the negative X direction).
- The fuid film contribution 10 M,, M,, and F; is obtained
by first calculating the pressure distribution in the sealing
gap and then integrating numerically over the face area.
Expressions for the various fluid film pressure components
were given elsewhere, e.g. (3), and are not repeated here.
. It should be noted, however, that cavitation is accounted
- for in the present analysis by deleting any negative pressure
- before integration. In addition, curvature effect due to the
change in r is also accounted for in the numerical integra-
z tion.
The dimensionless local film thickness is given by
- H =1 + eRcos® + B(R — R) [10]
s .
N where
' e = L
1+Z
. and U
2 5= b
- l +Z -
" . . . . ,'\ ‘ |‘A
- Since ¥ and Z are time dependent, H is time dependent, ot
;:_' - 100. o::: 4
1 The relationship between the various tilt angles is (see :‘\i‘ t
: o - Y
::' Fig. 3) NI
Y D |l2
=3 v = ¥ + ¥~ 2vycos(d — wi)] ny -:,
- AL
: _ . - A
; Hence, starting with some arbitrary values for the initial Wi
* conditions v.. ¥, Z and their corresponding time derivatives, Qe
v [ ] . . > Ay
> SECTION. AR the film thickness # can be calculated by Eys. {10} and [11]. ¥ ;,\;F A
) ’ Next, the pressure ficlkl and the resuliing moments M,, M, , i
Fig. 2(b)—Relstive position between 9ol ring and see! sest andl the force F, arve calculated. The time second derivatives e
“ : (:\:
. e Vs
N D-4 NS
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4 I. GRFEN AND L. E1s10N

of the stator degrees of treedom: 4., 4. and 7 are then found
trom kqgs. {4} to [6] 0 the torm:

.. “’\ o
Yo=Y (12]
M, .
b= T 2y, | /v, [13]
it [14]
mn

These values are integrated with respect to time and new
values are tound tor ¥, y.. &, ¥, Z and Z. The minimum
film thickness is checked at each time step and the proce-
dure repeats itselt until local face contact occurs, or until
the minimum hlm thickness shows sieady-state behavior over
4 few successive shalt revolutions, The computer program
used ts basically simular 1o that described in (+F) with a few
modificanions. The tdme integration mentioned above was
performed by the MILNE integration method of the CSMP
(5) on an IBM 370/168 computer. The average computer
tme required was about 1 s per cach revolution of the rotor,
and it took at least six revolutions 1o determine the stability
status of the seal svstem for a given set of operation con-
ditions and design parameters.

RESULTS AND DISCUSSION

I'he computer program enables one to describe the com-
plete dynamic behavior of the seal. This includes both stator
wacking of rotor runout in the stable mode of operation
and dvnamic stabilits threshold of the seal. As was shown
in (1), the axial runout y, and the initial misalignment of
the stator, y.,, torm forcing functions and, hence, affect only
the dynamic response at stable operation but not the dy-
namic stability. Yet, it is interesting to compare the stability
threshold obtained from the numerical analysis with that
obtained from the approxinmate analytical solution of Ref’. (7).

A onttical speed w,, was found in Ref. (/) above which the
seal becomes unstable (stability threshold). The analytical
expression tor w,, in (1) is

2
AK* K* D*
2 —L LAl 5
Wi = (1 + K‘*) (1 + n,*) [15]

In Eq. [15] K* and D¥ are the angular stiffness and damp-
ing coefticients, respectively, of the support related to the
axial coefficients, KY' and D¥' by (see (1)]:

2

s, Iy
Kr = K2
K 2
and
2
r;
Dr =pr =
b 2

where r, is the radial location of the flexible supporting

element. The expression for K¥ and DF are (6):

r .
K} = m(po — p) & BR, — 1) El
o .
Df = 12mp 5 (1 = RY'RWG,
where
E = I - Rlz
T 4+ 981 - R
and
, B(1—R)
— _) —_—
€n[1+B(1-R)] 2 BU-R)

G, = B;g(l —R,)2

The precession, by, ol the stator at the stahility threshold
was Tound in (1) wn the torm

0.5
+ E
*
D/

-
|

(16]

A stability threshold search was performed, using the pres-
ent computer program for 60 different cases to evaluate
the accuracy of the small perturbation analysis in predicting
seal stability. The range of radius ratios covered was be-
wween R, = 0.7 to R, = 0.98. At each radius ratio, several
combinations of K¥/K[ and D}/D} values were tested. These
combinations consisted of the values 0.2, 0.4, 0.6, and 0.8
for K¥/K}, and the values 0, 0.2, and 0.4 for DY/Df. A
relatively low pressure differential, having the dimension-
less value P,— P, = 0.25, was selected 1o facilitate unstable
operation. ‘The face coning B a1 each radius ratio was the
optimal one for maximum K,*. and is given by [see (6)}:

2

B"P’ - Ri(l'R,) [17]
The numerical analysis gave critical speed values that were
always slightly less than those given by Eq. [15). The dif-
ferences ranged from 4 percent at R, = 0.7 to only | per-
cent at R, = 0.98. The results for ¢, were identical to those
of Eq. [16). Hence, it can be concluded that the small per-
turbation analysis of Ref. (/) predicts quite accurately the
stability threshold of the seal and Eq. [15) can be used safely
to calculate the critical speed.

The effect of rotor axial runout and stator initial mis-
alignment on the dynamic behavior is fully expressed in the
stable mode of seal operation. The computer program was
used to calculate the minimum film thickness (A/C,)p.. the
relative misalignment v, (and, hence the transmissibility
¥o/v,). and the axial displacement Z of the flexibly mounted
stator. ‘This was done for various values of rotor axial run-
o, vy,, and for y, = 0. A very important result of these
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< calcubattons is the cnical rotor ranout (y,),, which Grases designed sealing gap s 8 pne Fhe stitiness and damping
local tace contact namely, (h/C,),,,., ~— 0. Knowledge of the ol the support e typical tor Buna N O-ring (2). An op-
) )

N artical rotor runout is very helptul in seting reasonable timum coning with 20-wm taper was selected. Table 1 pre-
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manutacturing tolerances and in avoiding seal failure. Fi-
nallv, the etfect of assembly misalignment, vy, on the dy-
namic behavior was also examined. ‘This misalignment pre-
vents tracking with uniform nutation and precession. Hence,
the relative misalignment between stator and rotor as well
as the axial clearance become time dependent and vary
oveheally at the shaft frequency.

sents the reference case and the perturbations in the more
important parameters. The stifiness and damping of the
flexible support were increased or decreased simuliane-
ously. The high values corvespond to Viton 75 O-ring while
the low values represent a metal-bellows secondary seal.
The results for the case y,, = 0 are shown in Figs. 4 through
8. Parts (a), (b), and (¢) of each figure present the minimum

Altogether there are ten different parameters which af- film thickness (&(.,)m.., the relative misalignment vy,, and !
fect the seal dyvnamics. These are: the seal outer and inner the axial displacement Z, vespectively, as funcions of the
. radii, stator mass, Buid viscosity, pressure differential across rotor runout v,. A comparison is made between the present
- the seal. designed axial dearance. Lice coning, shafUspeed, numerical solution and the analytical solution of Ref. (7).
and stiffness and damping of the lexible support. A para- From the part (a) of each of the Figs. 4 through 8, the critical
. metric investigation which takes into account variations in rotor runout (vy,),, can be obtained trom the intersection of
l all these parameters would require an enormous computer the curves with the line (A/C,),, = 0. Itis quite difficult 1o
time. Heunce, to overcome this problem without losing too obtain exactly this intersection from the numerical solution
much information, a “single perturbation™ method was uti- due to the very large computer time required in cases of
lized. By this method, a reference case s set up for the ten large runouts. However, the intersection can be obtained
parameters. Each of the more important parameters is per- from the available numerical results by extrapolation. h
turbed one at a ume and then regains its reterence value. should also be noted that as the rotor runout approaches
Solutions are obtained for each single perturbation result- its critical value, the axial displacement Z becomes very large
ing in reasonable amount of information trom a relatively [see part (¢) of the figures]. Hence. in many cases, the seal
small number ot variations. Many cases were examined by may lail because of an excessive leakage much before local
the analysis of (/) prior to selecting the reterence case. In face contact occurs. It is also more practical to set a limit
most practical cases, the ransmissibility was found to be for the permissible minimum film thickness at, say, (&/
v./y, <€ 1. Hence, most practical cases comply with the def- C.) = .25, and define the critical rotor runout as the value
mition of small perturbation for which the results of Ref. (1) of vy, corresponding to that limit. This will prevent the pos-
should be valid. This was, indeed, verihed by solving some sibility of local face contact and will provide a factor of safety
of these cases numerically and comparing the vesults with and a more practical value for the critical rotor runout.
those of Ref. (/). The conrelation was always within a few There were no difficulties in obtaining numerical solutions
percent. for cases ol (A/C,) . = 0.25.
In ovder 1o determine the range of validity of the small Figure 4 presents the effect of the design clearance €.,
pertrbation analyvsis of (1), cases which were clearly out of From Fig. 4(a), it can be seen that the critical rotor runout
the range of small perturbation were singled out and se- obtained from the numerical solution is always larger than
lected tor the reterence seal. These cases are characterized that predicted analytically. This is true for all the other cases
by refatively large mass, large axial clearance, very high shaft as well {see part (a) of Figs. 5-8]. Hence, the analytical
speed, Jow pressure differential, and low Huid viscosity. The prediction may serve as an upper limit for the critical runout
seal seledted tor the reference case of the parametric in- which, if not exceeded, assures noncontacting operation. ] Y
vestiganion is o medium size seal with 30 mm outer diameter, The analytical (y,),, values predicted for design clearances b*‘""tq
and 4 0% vadius vatio, sealing water at temperature of 60°C C,ol 12 um, 8 pm, and 4 pm are: 1.745, 3.319, and 8.290, -
R and pressare of 0.3 MPa. The sttor mass is T kg and the respectively [Fig. 4(a)]. The axial runout at the outer radius \
J
TABLE |: PARAMETER VALUES FOR THE SINGLE PERTURBATION SOLUTION SCHEME
SENAN)
Low HIGH RARCL
PARAME 1ER VALUE REFERENCE VALUE -:-'\-}\::
)
Outer radhins. 1, m — 0.040 — ’:‘:,\::“:
toner radius, 7, m - 0.032 — b ";\?
Mass, m*, kg . 1 _ >
Viscosity, p, mbPics - 0.5 _ oLy
Design clearance, C,, pm 4 ] 12 :,'&‘.
Shatt speed, w, rad/s 1000 2000 3000 ,"- "}
Pressure diftevential, p, — p, Pa e $x10° 10° 1P
Support miffness. K*', N/m 10° 5% 107 2x 108 'l'i; S
Support damping, D*'. N¢m ] 300 2000 , ’n -
Face taper, H,, pm 10 20 40 : .
:.'!"A W ld
D-6 \
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.o due to rolor 1unout vy, s
ryr = Cy,

Hence, the conesponding values of critical axial runout for
C, values of 12 pm, 8 pan, and 4 pm are: 21 pm, 27 pm,
and 3% um, respectively. That means that the critical axial
runout increases as the design clearance decreases. In other
words, from the standpoint of preventing local face contact,
it is better 10 design the seal with a small clearance. This is
probably due to the fact that smaller C, increases the fluid
film stiffness and reduces the transmissibility v,/y,. From
Fig. 4(a), we can also see that for smaller design dearance
Cathe analvitical prediction becomes closer to the numerical
solution. AU (WC, ), = 0.20 tor example, the analytical pre-
diction requires runout vilues that are 19 percent, 29 per-
cent, and 40 percent less than the corresponding numerical
results for C, values of 4 pm, 8 wm, and 12 um, respecuvely.
Figure 4(b) shows the effect of €, on the variation of v, vs
¥, and. hence. on the transmissibility v./v,. It is clear that
reducing €, reduces the transmissibility and thus the danger
of local face contact. The differences between the analytical
and numerical solutions for the transmissibility at rotor run-
outs, v,, corresponding to (A/C)mn = 0.25 are between 1.4
and 12.4 percent depending on the design clearance. Here
the largest percent error corresponds to the smallest design
clearance. Figure 5(c) presents the eftect of C, on the axial
displacement Z. The analytical solution assumes Z = 0 at
all times but from the numerical results it can be seen that,
in reality, the rotor runout causes positive axial displace-
ment; hence, the sealing gap opens up. This opening in-
creases as y, increases. At y, values corresponding o (A/
Chun = 025 the axial displacements are 2.95 pm, 1.96 wm,
and 088 pum for clearances €, of 12 pm, 8 pm, and 4 pm,
respectively. Hence, the smaller the design clearance, the
staller the axial displacement. It can be concluded, there-
tore, that a small design clearance is a preferable choice
since it reduces the transmissibility, increases the minimum
film thickness and reduces the axial displacement. Thus, it
reduces both the danger of local face contact and the leak-
age across the seal.

Figure 5 presents the effect of shaft speed on the mini-
mum film thicknes:, transmissibility, and axial displace-
ment. From Fig. 5(a), we see that at a given runout, v,, a
lower speed, w, results in a higher minimum flm thickness,
(WC.o)mn. Lower speed also reduces the transmissibility [Fig.
5(b)] and the axial displacement [Fig. 5(c)].

Pressure differential effects are shown in Fig. 6. From
Fig. 6(a), we see that for the two smaller pressure differen-
tal. namely, 0.1 MPa and 0.3 MPa, the analytical solutions
for (W) are identical. This is also true for the numerical
results at y, < 2. However, as vy, increases the numerical
results part and in the case of p, = p, = 0.1 MPa, there
seems even 1o be an increase in (W) for y, > 4. This is
probably due to the sharp increase in the axial displacement
7 [see Fig. 6(c)). Although a large minimum film thickness
prevents local face contact, one should also check whether
this is not a result of large axial displacement which even.
tually causes seal failure because of high leakage. At
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(hCYmn = 0.23, the analytical results for the corresponding
¥, are from 20 10 30 percent smaller than the numerical
results depending on the value of p, — p,. The better ac-
curiey corresponds to the higher pressure. From Fig. 6(b),
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it can be seen that increasing the pressure differenual re-
duces the transmissibility, and hence, reduces the danger
of local face contact. Figure 6(c) shows that higher pressure
differential reduces the axial displacement Z. This is prob-
ably due o the suppression ol cavitation effect which in-
duces hydrodynamic axial lorce tending 1o open the sealing
gap.

Figure 7 presents the effect of various flexible supports.
Case 1 corresponds to a metal bellows, case I to a Buna N
O-ring secondary seal, and case III to a Viton 75 O-ring
secondary seal. From Fig. 7(a), it can be seen that the Buna
N which provides the medium stiffness and damping is the
best choice at the operating speed of the reference case.
The Viton 75 gives the best correlation between the ana-
lytical and numerical results (about 18 percent at
(WC ) = 0.25). From Fig. 7(b), we see that the transmis-
sibility y,/y, is almost unaffected by the variations in the
flexible support. A similar conclusion can be drawn from
Fig. 7(c) regarding the effect on the axial displacement.

Figure 8 presents the effect of face waper, H,. The taper
is related o the face coning by

H, = B*(ru ~r) [IS]

Hence, by Egs. [18] and [17], the optimum face taper is

H\ _ 2
((Tn),,pp - R: “9]

and in our reference case for R, = 0.8 and C, = 8 pm (see
Table 1) the optimum taper is H, = 20pm.

From Fig. 8(a), we see that as the taper decreases the
minimum film thickness increases; also. the correlation be-
tween the analytical and numerical solutions improves. Fig-
ure 8(b) shows that reducing the taper reduces the trans-
missibility, and Fig. 8(c) shows that the smallest axial
displacement corresponds to the smallest taper. These re-
sults can be attributed to the increase in the fluid film damp-
ing. 1, as the face coning decreases (6). From Fig. 8, it seems
as il the smallest taper ol 10 pm is a better choice than the
optimum coning which in our case is 20wm. This, however,
is misleading because of the effect of the coning on the
stahility threshold and on the transition period before steadv
state is reached. As was stated before, small coning results
in high Auid tilm damping and. hence, reduces the critical
speed w,, (see Eq. [15]). For the reference case of Table 1,
the ratio of critical speed (0 operating speed, w,,/w, is 2.5
for H, = 40 pm, 2.51 for H, = 20 pm, and 2.29 for
H, = 10 pm. Reducing the taper to H, = $ pm, for ex-
ample, results in ,,/w = 1.26 and the seal approaches its
stability threshold. Further reduction of the taper would
cause seal failure due to dynamic instability.

Another disadvantage of small taper, which in practical
seals, is associated with high fluid film damping exceeding
the critical value, is the slow decay of any disturbance of
the dynamic system. In order to obtain the steady-state re-
sponse shown in Fig. 8 at y, = 1.5, for example, 16 shaft
revolutions were required for the case H, = 10 um com-
pared 10 only 8 and 5 revolutions for the 20-pm and
40-pm tapers, respectively. Increasing the rotor runout 1o
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¥, = 5.6, for examiple, required 11 shaft revolutions to reach
steady state at H, = 20 pm, whereas at H, = 10 um, even
50 revolutions were not enough. Hence, it can be concluded
that the optimum coning would be a beuer choice.

In general, Figs. 4 1o 8 show that reducing the rotor
runout vy, increases the minimum film thickness and reduces
both the transmissibility and the axial displacement. This
results in a seal that operates with its faces closer to parallel

-
L

Foston

positon and reduces the danger of failure due to local face
contact or excessive leakage. As the rotor runout increases,
the axial displacement increases, too. Since the leakage de-
pends on C*oand C = C(1+27), an increase in Z has a very
strong effect on the leakage. 1t seems that many seals may
fail due o high leakage much before face rubbing as a result
of critical rotor runout occurs.

Another mportant finding from Figs. 4 to 8 is the fact
that the analvtical predicion for the minimuam fibm thick-
ness (B0 ) 15 alwass below the numenrical result and, hence,
is on the sate side. This also means that the critical rotor
vunout found i (7) in the fonm

1
o Yu

(Yo (20}

(where Tis the transmissibility v,/v,) is a safe limit {or design
l)lll‘l)()ﬁ(‘\.

In order to examine the effect of assembly wolerances on
the dynamic behavior of the seal. an inital stator misalign-
ment of vy, = 3 was selected. This misalignment corre-
sponds o 0.6 mrad in the reference case of Table 1. With
this misalignment added to the reference case, solutions
were obtained at rotor runout values, v,, of: 0.3, 0.75, and
1.5 (corresponding to 0.06, (.15, and 0.3 mrad. respec-
tivelv). The analvsis of Ref. (/) was used to calculate the
stator response vy and it was found as vy, = 0.129 corre-
sponding to 0.026 mrad in our reference seal. The critical
rotor runout (vy,), in the presence of the stator initial mis-
alignment was calculated [using (/)] and found 10 be 10
percent less than the critical value at y,, = 0. Hence, inital
stator misalignment reduces the critical rotor runout as can,
indeed, be seen from Eq. [20].

Figures 9 through 11 presemt the steady-state response
of the Hexibly mounted stator in the presence of both rotor
runout vy, and initial stator misalignment, vy,.. In Fig. 9, the
axial motion Z is shown, while Fig. 10 presents stator nu-
tation v,, and Fig. 11 shows the variation in the phase angle
s —wt (see Fig. 3) between the tilt vector of the stator v,, and
the tilt vector of the rotor, v,. The time base in these figures
is expressed in shaft revolutions. From the three figures, it
can be seen that the stator response consists of cyclic vari-
ations in Z, y,, and the phase angle, and that the frequency
of these variations is equal to the frequency of the shaft
rotation. Such behavior was already predicied in (/) and
also observed experimentally (7), (8). It should be noted
here that while the small perturbation analysis (1) can pre-
dict the variations in vy, and the phase angle between v, and
Y, the time variation in Z, which is due to the coupling
between the axial and angular degrees of freedom, can be
predicted only by the numerical solution which takes ac-
count of the nonlinear effects.

From Fig. 9, we see that the amplitude of the axial motion
increases with an increase of the rotor runout. In all three
runout cases, the axial motion takes place about an average
value of Z which is always positive. Hence, the average seal-
ing gap is always larger than the design clearance C,.
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From Fig. 10, it can be seen that the amplitude of v, is
almostindependent of the runout y, while the average vatue
of v, is strongly affected by vy,. Referring to Fig. 3, we can
assume that, similar to the small perturbation analysis (1),

D-1

o : s N LAY

.

the vecton ¥ can be combimed of a ixed vectar v which
depends an y, alonesand o rotating vector ¥ o which de-
peads any, alones Tnodins case. the maxumum vatue of yois
the sum y, + vy and the minimum value of yo sy, — vy
Lhis vields an average value that s equal o vy, and an
amplitude that s equal to y,. The ampliudes of yoin Fig.
10 corresponding 1oy, 0.3 075 and 1.5 are: 0,166, 0,166,
and U163 vespectivels. The analvical value of v, found
by ousing (/) 1y vy - 0129 which as abour 20 percent less
than the manernical amplitude. The average values ol y,
and 1.0 are: 0312,

0771 and 1540, respeciively. The analviical values ol vy,

i 10 corvesponding to y, 0.3, 0.75,

caleulated by the small perturbation analvsis toy the three
v values are:s 0321, 0803 and 1606, vespectively. Hence.
the ana’ dical vy, values are only about 4 percent higher than
the numerictl average values of y..

We can condhude. thevetore, that Eq. 1] is vahd in both
the linear and nonlinear analvses and that theve s a good
correlation between the two cases,

The phase angle between the vectors ¥, and ¥, (see Fig. 3)
isshownan Fig. T asa funcion of ume. For the large runout
vilues (y, = 0.75 and y, = 1.3) the phase angle is negative
throughout the period. that is, the stator ult vector, v, al-
ways lags the rotor ult veaor, y,. For the small runout,
v, = 0.3, the phase angle is negative over most of the period
but here. alternately, the tilt of the rotor and that of the
stator is in the lead. This behavior was observed experi-
mentally and reported in (8).

CONCLUSION

A computer program was used 10 solve the complete set
of the nonlinear equations of motion of the flexibly mounted
stator in a noncomtacting coned-face mechanical seal. Rotor
runout as well as assembly tolerances in the form of nitial
stator misalignment were accounted for. Cavitation in the
fluid film between the mating faces was also taken into ac-
count. The computer program enables transient analvsis of
the seal dynamics and provides simulation of the seal be-
havior. Both stability threshold and steady-state response
of the Hlexibly mounted stator were investigated.

In general, it was found that the critical shaft speed cor-
responding to stability threshold is quite high. Hence, the
dynamic stability should not be a problem in the majority
of noncontacting seals. A more practical problem in non-
contacting seals is the steady-state dynamic response of the
stator resulting from rotor runout and assembly tolerances.
The stator steady-state response is a nonsynchronous track-
ing of the rotor runout with cyclic variations in the seal
clearance, the relative misalignment between its mating faces,
and in the phase angle between stator and rotor tilts. A
parametric investigation was performed to explore the ef-
fect of various design parameters and operation conditions
on the seal behavior. A critical runout was found thar, if
exceeded, results in seal failure due to local face contact. It
ive
leakage rvesulting from an increase in the seal clearance
much before the eritical runoutis reached. This can happen
in seals with low stifiness of the fluid film and the flexible
support. Small design clearance, high pressure diflerential,

Wi

«also found that seals may fail because of an exces:
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and opumum coning provide high stiffuess of the Huid film

and reduce the danger of a 100 high operating clearance.
The results of the numerical analysis were compared with

the results of a small perturbation analysis that provides

o
much simpler closed form analytical solution. Very good o
correlation was found between the two analyses for most wg
cases of practical applications. Fair correlation was found g 9]
even in cases which are clearly out of the range of small . o
perturbation. In these cases, the small perturbation analysis g 2

vields results that are on the safe side with regard to the
critical rotor runout. If a practical limit is set for the per-
missible minimum film thickness at, say, 25 percent of the
design dearance. then the analvtical results ol the small
perturbanon anabyvsis can probably be valid over the full
range of design parameters and operation conditions.

ACKNOWLEDGMENT

The research reported here was supported in parts by
the Israel Academy of Sciences and the US Air Force Wright
Aeronautical Labs/ AFWAL/POSL under contract F49620-
83-C-0057.

REFERENCES

(1) Green, L and Esion, 1., “Stability Threshold and Steady State Response
ot Noncontacting Coned Face Seals,” ASLE Preprint No. 84-1.C-5A-2,

Fig. 10—Time variation of the nutation, v,, at an initial stator misalign-
ment, vy, = 3, and various rotor runouts, v,.

20

0

-3 60

-2.99

ol 90

-00 0. 40 0 R0 1.20 1.60 2-90
REVOLUTION

Fig. 11—Time varistion of the phase angle at an initial stator misalign-
ment, yu = 3, and various rotor runouts, v,.

(1) Auer, B. M. and Eision, |, “Computer Program Documentation For

the Dynamic Analysis ol @ Noncontacting Mechanical Face Seal” NASA

TM-H1636, Nov. 1980,

Speckhan, H. F.and Green, L. W., A Guide to Using CSMP—The Contin-

uows System Modreling Program, Prentice-Hall Inc., New Jersey (1976).

(6) Green, . and Eusion, 1., “Fluid Film Dynamic Coefficients in Mechanical
Face Scals,” Trans. ASME [. Lub. Tech., 105, 2, pp 297-302 (1983),

(5

Oce, 1984, (7) Schnal, ., Sedy, }.. Zobens, A., and Etsion, I., “Performance of the
{2) Green, 1. and Eision, 1., *Stiffness and Damping Characeristics of Elas- Coned-Face End Seal with Regard to Energy Conservation,” ASLE Truns.,

tomer O)-rings Secondary Scals Subjected 1o Reciprocating ‘Fwist,” Pror, 26, 4. pp 415-429 (1983).

10th Intl. Conf. on Fluid Sealing, BHRA, pp 221~2249, April (1984). (#) Etsion, 1. and Constantinescu, 1., "Experimental Observation of the Dy-

(3) Etsion, 1. "Dynamic Analysis of Noncontacting Face Seals.” Trans. ASME
] Lub. fech 104, 1, pp 460-468 (1982),

namic Behavior of Noncontacting Coned-Face Mechanical Scals.” ASLE
Trams.. 27, 3, pp 263-270 (1984).

Lo Sl el L ta e b Bl A S T

Presented st the 40th ASLE Annual Meeting In Las Vegas, Nevada, May 8-9, 1985: This paper is the literary property of the American Society of Lubrication
Engineers. The Press may summarize freely from this manuscript after presentation, citing source; however, publication of material constituting more than 20
percent of the manuscript shall be construed as a violation of the Society’s rights and subject to appropriate legal action. Manuscripts not 10 be published by the
Society will be released in writing for publication by other sources. Statements and opinions advanced in papers are undersiood 10 be individual expressions of
the suthor(s) and not those of the American Society of Lubrication Engineers.

“U.8.Government Printing Office: 1986 — 646-067/40689

T A LA L T A T
RGN0 0 5 1S 5 e W A, :

i it




X,

e

1

g

o

¥ ‘!
.?P‘S:““e

RN

e

AP i

ey

——
g

N O e RN T R R R R T R AT

W

T -

X\

T

A STk Y A
AR Y

A——
Y

i

¢
4

.

B, SR AN

.
-

adh Tt T J
iV S ¥

. -
0 LTI IS
AR T

\ ‘ , A . ‘, <|. a:t . \,I-AJJ.Q
ioe e, LV I N R VERNR AT PP TARRL i ..}-a.oon-a--a ..- NN TN e o Ny st i Sl de
MRS ARPRPA: SIS ERRRNON . TARINE COOCCAR SRy .

[ 2 g ’ . C

.
-
%it



