Higher Harmonic Oscillations in a
Noncontacting FMR Mechanical
Face Seal Test Rig

In order to investigate experimentally the dynarmic behavior of ¢ noncontacting
Slexibly mounted rotor {FMR) mechanical face seal « test rig was designed and
built. Test results showed that the FMR seal was vulnerable to higher harmonic
oscillations with frequencies that are integer muitiples of the shaft speed. Because
system nonlinearities can cause higher harmonic oscillations, the dynamic momenis
acting on the rotor are derived to include ihe effects of imbalance and axial offset
of the rotor. The analysis reveals that the nonlinear terms involved are of second
order and generally can be neglecred. Tnvestigation is then directed to analyze the
possibility of rubbing contact between the rotor and the stator. Rubbing contact
can occur as a result of a high relative angular misalignment between the rotor and
the stator. A contact kinematics model is proposed and a Fourier series analysis is
performed on the resulting rotor response. The analysis shows that the proposed
response conteins higher harmonics. Fourier series expansion and numerical filtering
of a sempled rotor response from the test riy yield resembling signals which contain
kigher harmonics. This suggests that rubbing contact is the source of higher harmonic
oscifiations, Design modification to the rotor flexible support system resulted in a
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Introduction

Mechanical face seals are commonly used in applications
that demand tightly controlied leakage rates. High speeds,
pressures, and temperatures in high performance rotating ma-
chinery mandate the utiiization of noncontacting seals for long
lasting and relable operation. In a poncontacting seal a thin
fluid fitm lubricates the seal faces, consequentiy reducing fric-
tion loses and wear, A good understanding of the seal dynamics
is essential for designing reliable poncontacting opevation with
minimum leakage.
 Seal dynamics has been an active area of research (Hision,
1982, 1985, and 1991; and Allaire, 1984). Eision and Burton
{1979 tested a face seal model consisting of a rigidly mounted
rotor and a flexibly mounted stator (FMS) under eccentric
foading, i.e., initial stator misalignment. Self-excited oscilia-
tions in the form of combined precession and nutation of the
stator were observed. Hision and Constantinescu {1984) ex-
perimentally observed the dynamic behavior of a noncontact-
ing FMS mechanical face seal. They showed that the stator
misalignment and its phase shift are time dependent. Green
and Etsion (1985, 1986) analyzed the dynamic behavior of a
noncontacting FMS mechanical face seal and the analysis was
shown to be valid in many ptactical cases.

Theoretical work on the dynamics of a noncontacting flex-
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virtual elimination of kigher harmonic oscillations.

" of this work s {o identify and investigate the source of higher

ibly mounted rotor (FMR) mechanical face seal was performed
by Green {1989, 1990). That work showed that the FMR seal
is inherently statde regardless of operating speed, provided that
the inertia ratio, I./F, (iransverse moment of inertia over polar
morment of inertia), is less than one, which is & practical ratio
inmost mechanical face seals, Further, the FMR seal was found
to be a better design than the FMS seal in terms of various
seal performance criferia, b.e., the total relative misalignment,
critical stator misalignment, and threshold speed of instability
in the case where the inertia ratic is greater than one. Analytical
steady-state solution was given in terms of transmissibilities
(amplitade ratie of response over forcing input). However, 1o
experimental investigation of a noncontacting FMR mechan-
ical sea} has been reported. In order to investigate experimen-
tally the dynamic behavioy of the FMR seal a test rig was
designed and built.

In the test rig the rotor was expected to have a sinusoidat
response with a frequency equal to the shaft rotating frequency.
This is because the rotor is responding o a sinusoidal forcing
function in the form of the initial rotor misalignment (Green,
1989). However, the experimental results as obtained from the
test rig showed that the FMR seal was vulnerable to higher
harmonic oscillations, where superitnposed signals of integer
multiples of the shalt rotating frequency were observed. Such
osciflations in triboelements in general, and mechanical face
seals in particular, may indicate imminent faikure, The purpose

harmonic oscillations and to offer a remedy to the problem.
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Fig. 1 Noncontacting FMR mechanical face seal test rig

One source of higher harmonic osciiations is nonlinear ex-
citation. When a nonlinear system is excited by a sinusoidal
input, its steady state output is often periodic with a distorted
shape due fo sub or higher harmonic oscillatons (Crandail,
1974). To investigate the possibility of a nonlinear response
the dynamic moments acting on the rotor are derived to include
the effects that produce nonlinear terms, namely, imbalance
and axial offset.

The problem of higher harmonic oscillations in rotating
machinery has been tackled by other researchers. Misalignment
effects of bent shafts and improperly seated bearings, and
mechanical jooseness of mounts and bearings, were docu-
mented by Rao (1983} and Vance (1988). Asymetric shaft
problems were documented by Rao {1983} and Vance (1988),
and investigated by Muszynska (1989). Rotor and stator rub-
bing problems of seals were investigated by Beatty (1985), and
docuamented by Vance {1988).

In the present test rig contact is suspected 1o occur in the
axial direction due to a high relative anguiar misalignment
between the rotor and the stator. A Fourier series expansion
contains {requencies which are integer multiples of the fun-
damesntal frequency. Therefore, a Fourier analysis will be used
to analyze the presence of higher harmonic osciliations, Fi-
nally, an improved rotor response following design modifi-
caticns will be discussed.

Test Rig and Resuits

A schematic of the test rig is shown in Fig. . A sealing dam
is formed between the faces of the stator and the carbon ring
that is attached to the rotor. The rotor inertia properties are
m=0.52kg, ,=2.80x 10" *kg-m*, and I, = 4.16 X 10" “kg-m’.
The carbon ring has an 0.0, of 50.8 mm and an L.D. of 40.64
mra. Separation of the two faces was achieved by utilizing the
hydrostatic effect that prevails in a converging gap between
the flat-face carbon ring and the coned-face stator. The rotor
was flexibly mounted on the shaft by means of an elastomeric
Nitrile (Buna N) O-ring to allow its tracking to the stator

misalignment. The geometric balance ratio was caleniated to
be 0.5, assuming a flat-face seal and that the closing force (at
the back side of the rotor) and the opening force {at the sealing
dam} are equal. This ratio allowed for easy control of the seal
clearance by varying the closing force by supplying air pressure
to the rotor chamber through holes in the shaft and housing.
Thus, varicus seal clearances at the sealing dam could be ob-
tained by varying the air pressure. The pressurized air and the
pressurized water were separated by a contacting mechanical
seal at one end, whereas the pressurized air was sealed by a
Hp seal af the other end. The shaft was screwed into a precision
spindle which was driven by a motor mounted on 2 separate
structure through a wafer spring coupling. The stator misa-
lignment was adjusted by three micrometers, and the dynamic
behavior of the rotor was detected by three eddy current prox-
imity probes whose signals were sampled by a data acquisition
system. The dats acquisition system consisted of a personal
computer equipped with a real-fime data acquisition board aad
software. Leakage was measured by a flow meter placed on
the supply line of the pressurized water.

Tests were performed at a shaft speed of 30 Hz, coning angle
of 7.2 mrad, water pressure of .21 MPa, and a mean seal
clearance of 3.8 pm {coning is a measure of face taper in the
radial direction, Green, 1987). The seal clearance was deter-
mined {rom the leakage equation (Etsion and Constantinescu,
1084), :

=20 W

where (G is the leakage, pis the pressure differential across the
seal face, Cis the seal clearance at the centerline, and @ is the
dimensionless leakage. For & narrow seal () can be expressed
in the form (Etsion and Sharoni, 1980}
2 R
¥ Rm)] (23

Q= te [ 1+25%R,+2 Ba wR,-)(i +
2 2
R; is the seal inper to outer radius ratio, R;=r/r,, and
Ry={1 +R)/2, ¥ is the dimensionless relative misalignment,
¥ =~r,/C, where v is the relative misalignment between the
yotor and the stator. § is the dimensionless coning, 8= 8r,/C,
where 8 is the coning angle on the stator face. Following the
recommendation by Etsion and Constantinescu (1984) it was
assumed that + is negligibie. In such case Q reduces to

o R 3o
Q*m[Hzﬁ{i R;}] 3
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Beeause of the various assumptions @ in Eq. (3) contains some
error, But the ervor in calculating C {using Egs. (1) and 3%
witl be much smaller because a cubic root is taken on Q.

A sample of the rotor response as measured by one probe
and its power spectrum are shown in Figs. 2 and 3, respectively,
{n Fig. 2 the zero value line represents the mean value of the
rotor response, L.e., analogous to the elimination of a DC level
offset. Higher harmonics in the form of integer multiples of

Nomenclature
C = seal clearance, or rotor cen-
troid XYZ = rotating reference system - - € = imbalance, the distance be-
d = axial offset, the distance be- xyz = rotor reference system- " - tween G and C paraliel to
tween C and O along z o = reldtive precessios’of ¢ with - the xy plane
{7 = rotor center of mass respecttox - &nd = inertial reference system
Fy I, = transverse and polar mo- o, = ubsGlite précessicn of € with = half of comtact arc
ments of inertia . o€ ¢+ ¥ = relative precession of x with
m = TOLOI mass o ' respect to X
O = origin of the coordinate sys< - ¥, = absolute precession of x with
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Fig. 3 Power spectrum of the rotor response

the shaft speed, 30 Hz, are observed in Fig. 3. Tesis at other
shaft speeds, e.g., 10, 15, 20, and 25 Hz, produced power
spectra similar to that in Fig. 3. While in all test runs the power
spectrum magnitude of the fundamental frequency was always
the largest, the higher harmonics varied in theis power spectrum
magnitudes and occurrences. At fimes their magnitudes reached
up to 40 percent of the fundaments] frequency, where at other
times a certain higher harmonic had no visible magnitude at
al. To exclude the possibiiity of instability as being the source
of nonsynchronous oscillations, it is noted that the whirling
speed of the FMR seal at the trapsition mode from stabie to
unstable operation was found to be approximately half of the
shaft speed {Green, 1990). The absence of a half-frequency
component in the power spectrum indicates that instability is
1ot the cause of the problem. The periodic nature of the re-
sponse indicates that the observed higher harmonic oscillations
originate from the system operation at steady-state rather than
from a random noise source.

Any of the test rig components in relative motion, in par-
ticular the spindie bearings and the contacting seal, could be
the source of the higher harmonic oscillations. Series of tests
were performed in which suspected components were isclated
One at a time, When the water was drained out, iesis were
performed with only the stator removed, and then also with
the contacting seal removed. All these tests produced virtzally
pure single-frequency sinusoida rotor responses, as required.
Therefore, neither the spindle bearings nor the contacting seal
were considered to be the sources of the higher harmonic os-
cillations. This leaves either a nonlinear rotor behavior, or
rubbing contact at the rotor-stator interface {(once the stator
is replaced) as the sources of said osciliations. The subsequent
analysis is aimed at these two sources.
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Analysis

Nonlinearity in the Dynamic Moments. Green (1990} de-
rived the dynamic moments acling on the noncontacting FMR
seal based on the assumptions that there is no imbalance, and
that the rotor center of mass coincides with the centroid. To
investigate the possibility of nonlinear behavior of the rotos,
however, the dynamic moments acting on the rotor need to be
rederived to include the effects that produce nonlinear terms,
namely, the imbalance, ¢, and the axial offset, d (Fig. 4). In
the test rig the rotor anguiar response {yotor nutation), vy,, is
very small (order of 107¢ rad) such that the various tilts can
be treated as piane vectors (Fig. 5). A detailed derivation of
the dynamic moments, ultimately expressed in the inertial Ent
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systers, is given in the Appendix. The final resuit, Eq. {A8),
is
(f;+ mdey, sin ayye + Lwy,

IMo= { (14 mdey, sin a¥y,~ Ly, )

- mde(Yy <08 artyg Sin @) f

where, respectively, [, and I, are the transverse and polar mo-
ments of inertia of the rotor at point € in the xyz system, +;
and v, are the two components of «, in the inertial £4{ system,
« and o, are the relative and absolute precessions of ¢ with
respect 1o x and £, and w is the shaft speed, The nonlinearity
is due 10 vy, and v,7,, which are second order terms. As such
they can generally be neglected. (Note, however, that the non-
iinear terms are multiplied by ¢ and . A good design should
not folerate targe o or e. In the present test rig ridey, /1, is of
order 107 ° assuming generous axial offset and imbalance, d=5
mm and e= 1 mm, respectively.} Since the nonlinear terms
drop out, the dynamic moments about £ and y of Eq. (4}
reduge to

{SMC}-E:!!;%E‘*I?“’;Y“{ (5}

{EMC}IT mlﬁfi“!ﬁ?w?i

The linear Egs, {5) are the same as those derived by Green
{1990, Hence, 2 Hnearized dynamic analysis of the FMR seal
is justified aven when some ¢ and d are present. It is concluded
that the ponlinearity in the dynamic moments is negligibie and,
therefore, it is not likely to be the source of higher harmonic
oscillations. However, the dynamic torque, {EM),, of Eq.
{4) is of first order, and may cause slip between the rotor and
the shaft if the circumferential friction of the Q-ring is not
sufficient. Since the troubleshooting procedure and the non-
finear analysis rendered a negative prognosis as to the source
of higher harmonic osciliations, it jeaves rubbing contact be-
tween the rotor and the stator as the sole potential source of
the problem.

Rubbing Contact Between Rotor and Stator. Although the
seal was designed to operate in a noncontacting regime, po-
tential contact between the rotor and the stator needs to be
considered. As discussed previously contact is possibie due to
a high relative misalignment between the rotor and the stator,
The relative misalignment between the rotor and the stator, v,
is a rotating vector of varying relative freguency, ¢ (Green,
19893, The magsnitudes of both v and ¢ vary cyclicaily at w.
Similarly, the seal clearance, C, varies cychcally at w. The
leakage as measured by the flow meter is an averaged value,
and thereby, C fwhich is determined from the leakage, Egs.
(1) and {3), while assuming that |y} is negligible}, is aiso an
averaged value. However, when contact ocours between the
rotor and the stator, Iy! is no jonger negligible and C deter-
mined from the leakage cannot be considered credible. For
this reason the seal clearance as calculated frorms the leakage
cannot be used to prove whether contact occurs or not, es-
pecially when contact is suspected.

Often the rotor responses as measured by one or two probes

were like the one in Fig. 2, where the remaining probes ex-
hibited sinusoidai signals. This indicates that contact may have
occurred over some arc section of the stator face, with an are
extent that depends on Iyl. If one or two particular probes
are surrounded by the contact arc section, then the rotor re-
sponses as measured by those probes will be like that in Fig.
2. These responses are analyzed by a contact kinematics modef
and a Fourier series analysis as follows.

A contact kinematics model of the rotor and the stator is
proposed in Fig. 6{¢). In the side view, Fig. 6{5), the contact
arc, 28, represents a contact portion of the stator face. I we
suppose that'a probe is located along the center Bne of:the
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Fig. 7{a} Proposed rolor responss under contact
Fig. 7ty Fourier series axpansion with s summed up o 6

contact are, then a rotor response measured by thai probe
would be like the one in Fig. 7(a). A time iaterval of the
truncated portion is §7/=, where T is a period of the shaft
rotation. The proposed rotor response under contact condi-
tions is expressed as a function of time as follows:

Sity= ~cos § when mT<i<mT+ g";?
of {&1+1)T~g§<:<{m+1)r

i ¢T gr
JFlr = —cos(w;;: x) when mT+§—?;<t< im -i--l)T&E;

for m=90,1,2,3, .., (&

where m =0 represents the first cycle, m=1 represents the
second cycle, and so forth. The fanction f{¢) can be expanded
by a Fourier serics as

o 2en
!ma%-giancos e
Flty=ag pe (T )

9
where g and a, are obtained by
L m T2
| ao %}: L .f (t)dt
sl 7 j f(.{)c?s (~:§r 1) dt &

Substituting Eq. (6) into Eq. (8) results analytically in
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The above postulated analysis contains integer multiples of the
shaft speed, 2an/T (=nw). Figure 7{b) shows an expansion
of the proposed rotor response by Fourier series with n summed
up 0 6 in Eg. (7}, for #=60 deg.

The sampled rotor response from the test rig (Fig. 2) was
expanded by Fourier series using pumerical integration in Eq,
€8). The magnitudes of the coefficients a; represent the weight
of each harmonic. For example, a1 represents the mean value,
e represents the weight of the first harmonic, and so forth.
The numerical values of 4, /=0 to 6, are 0.0269, ~ 2.0578,
0.3848, (0.2338, —0.0686, —0.0750, and - 0.0455, The mag-
nitudes of & relative 1o each other conform to the relative
magnitudes of the power spectrum in Fig. 3. The expansion
of the rotor response is shown in Fig. 8.

_ The same raw rotor response of Fig. 2 was filtered in the
time domain a: the seventh harmonic using the Batterworth
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Fig. 10 Relalive ampiitudes of higher harmonics versus half of contact
arc

nurmerical fiiter, The filtered response is shows in Fig, 9. it is
apparent that the expanded responses, Figs. 7{b) and B, and
the filtered response, Fig. 9, are alike in shape. Evidence of
contact was found upon disassembiing of the test rig, where
scratches were spread over a section of the stator face similarly
to the one shown in Fig. 6(h).

Absolute relative ampiitudes of higher harmosics, la,/a,]
{n=2106), from Eq. (9) versus § are plotted in Fig. 10. The
magnitudes la,! vary depending on # while g} is always the
largest. It can be seen that la,| are zero at a certain value of
@, and approach la;| as # goes to 180 deg (an impractical valug
for rigid faces). This dependence of a, on # may explain why
the bigher harmonics varied in their power spectrum magni-
tudes and occurrences as observed from one experiment fo
#nother.

Muodifications and Resolts

Analysis of the test rig indicated that rubbing contact be-
fween the rotor and the stator was the source of higher har-
mogic oscillations, H rubbing contact prevails over an ottended
period of time the seal will eventually wear out and fail. Cor-
rective measures (o eliminate rubbing contact had {o be taken
because the FMR seal was intended for noncontacting oper-
ation.

1t was suspected that one O-ring support was not sufficient
to ensure a small rotor angular response, Also, the absence of
a spring in the original design appeared {0 impede the rotor
ability to restore is designed position after a likely occurrence
of an angoiar disturbance. Therefore, a shaft head having the
support system of two O-rings and one spring was built, Fig.
1), The O-rings, having an 1.D. of 37.69 mm and a cross
section diameter of 3.53 mm, were instailed with five percent
stretch and seven percent squeeze. In addition, a stator which
atlows for various coning angles was built, Fig. 11(b). Various
coning angles couid be obtained by adiusting the tightening
torque on the bolts in the stator holder. High coning is desirable
in this case because the hydrostatic effect increases the opening
force between the rotor and the stator, The new coning angle
was increased to 11.2 mrad. A rotor respense obtained after
all three design modifications, and its power spectrum, are
shown in Fig. 12, The rotor response is remarkably improved
where the higher harmonic components have practically been
eliminated, indicating noncontacting operation.

The other two probes measured signals very similar {o the
one shown in Fig. 12. Two probes were placed og 2 diameter
where the third probe was placed on a perpendicular diameter,
The average value of the two probes having 180 deg phase
berween them provides the variation of the seal clearance, C,
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spring

Fig. 11{a) Modified rotor support design

gtator holder

Fig. 1ith  Modified stator dosign

at the seal centerline at a given instant. Figure 13 shows the
variation with time (filtered signal} of € about the mean value _
of 3.8 um [calculated from the jeakage, Eqg. (1}]. The shaft
speed was 30 Hz, the conisg angle was 11.2 mrad, and the
water pressure was .21 MPa. 1t can be seen that the amplitude
of osciliation is about 0.4 pm and that the frequency equals
the shaft frequency. This oscillation is caused by the fixed
stator and initial rotor misalignments. It is important to em-~
phasize that this behavior is the resulf of the coupling between
axial and angular degrees of freedom, since no forcing function
exists in the axial mode. Therefore, the analysis by Green (1989)
is incapable of predictisg this behavior because the linearized
rotordynamic coeflicients, used in that analysis, have no such
coupling. Only an investigation in which the compiete nonlin-
gar equations of motion are solved numericzlly can predict
this behavior. Such an investigation was performed by Green
and Eision (1986b), but for an FMS seal (2 nonlinear inves-
tigation for an FMR seal is not yet available), Indeed, Fig. 13
quaiitatively agrees with Fig. 9 in the aforementioned refer-
ence. While the axial -osciilation amplitude is only about 10
percent of the seal clearance [making the linearized approach
by Green {(1989) reasonable] is effect on the leakage is %27
percent jsee Eq. (1], For this reason, obtaining the seaj clear~
ance from the leakage eguation as ap averaged value, as dis-
cussed following Eq. (3), is well justified,

Conclusions

Experimental results as obtained from the test rig showed
that the FMR seal was vuinerabie to higher harmosic oscil-
lations in the form of integer multiples of the shaft speed. A
derivation of the dynamic moments acting on the rotor revealed
that a linearized dynamic analysis of the FMR seal is valid,
even when some imbalance and axial offset of the rotor are
present, After a process of elimination of the various test rig
components it was determined that rubbing contact between
the rotor and the stator was the source of higher harmonic
oscillations.

A contact kinematics model between the rotor and the stator
in the form of a iruncated rotor response was proposed. A
Fourier series analysis of the rotor response resulied in a con-
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Fig. 13 Seal clearance varfation as a function of tme

tinuous generation of higher harmonics. Furthermore, a Four-
ier series expansion and numerical fitering of a sampled rotor
response were alike in shape and magnitude. It is concluded
that the proposed rotor response under rubbing contact con-
ditions provides a reasonable model for signals contaminated
by higher harmonic osciliations. In order to eliminate rubbing
contact design raodifications were made, and thereafter, higher
harmonic oscillations were negligible.

in order to understand an exciting mechanism of higher
harmonic osciliations in the FMR seal and perform a complete
stability analysis under contact conditions a kinetic study is
required. This study should inciude the effects of rub-induced
parametric forces and inertia.
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APPENDIX

Dynamic Momenis Acting on Rotor
The dynamic moment acting on the rotor about point Cin

Fig. 4{}} is obtained by

mcmrc,cxmac-s_% He (A1)

o
where He is the angular momentum of the sotor, ac is the
acceieration of point C, and rg, represents the imbalance, «.
A detailed discussion of the various coordinate systems is given
by Green {1989, 1990). The coordinate systems that are used
here compietely conform with those defined in the previous
papers. Only three coordinate systems are needed, however,
to derive the dynamic moments that act on the rotor. These
are:

Eni—is an inertial coordinate system such that fand Z coincide,

where both represent the axis of shaft rotation, Fig. 4(9).

XY¥Z—is attached 10 the shaft which rotates about Z at a speed,
w. The angle between X and & is wf, Fig. 5.
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Xyz—is the rotor reference system where the rotor nutation,
¥ takes place about x. Axis xis paralle! to the XY plane.
The xy plane is parzallel to the rotor plane, Fig. 4(5). The
angle between x and {is .= wf + ¢, Fig. 5.
{d/diyH, of Bq. (Al) is given in Eq. (6) in Green (}990)
with the approximations of sin v, =y, and cos vy, =12

J j:;?é + gy,
& o= { = Loty 42
O

3.4

The transformation matrix, (8], from the &uf system to the
Xyz system is defined as

cos ¥, sinyg, @
[R}=| —siny, <cosé, v (AD)
v 8in, —~vy.co8 ¢y 1
Tose 18 obtained as
€ COS & € CO8
torc=[RI  {esina}) ={¢sina (Ad)
¢ e \EYr sin o -

where &« and o, are the relative and absolute precessions of ¢
with respect tox and £, respeciively, Fig. 5. The position vector
of C with respect 1o {2 is obtained as

0 dvy,
reo=[RI7HOY ={~dyn (A5}
d d
xyz it

where vy =y, ¢05 ¥, and v, =+, sin ¥,. Then, &, is obtained as
the second time derivative of Eq, {AS}). Hence,
dy,

A= R | e {A6)

154
Using Fas. (Ad) and (A6}, the first term in RHS of Eq. {(Al)
is obtained as
mdey,yg sin o

Foro X MG s mideyy, sin o (AT)

— mdde(yy COS o+ Y, Sin o) it

Finally, substituting Eas. (A2) and (A7) into Eqgs. {Al) the
dynamic moments acting on the rotor about € are
{1+ mdey, sin o)y + Lusiy,
ZMcﬁ

(I, + mdey, sin ayy, — Lwy; {AB)

— mdely; o5 o+ ¥, sin o) tnt
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