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A properly designed mechanical face seal must satisfy two requirements: (1) the seal must
be stable, and (2) the seal forced response must be such that the stator tracks the mis-
aligned rotor with the smallest clearance possible, with the smallest relative tilt, and with
Roger M. Barnsbv the largest minimum_ film thic_kne_ss. The stability issue was investigated in a previous
Pratt and Whitney paper. Here a numerical solution is pres_ented for the transient response of a noncontact-
United Technologies Corporation’ ing gas Iubrlcated face seal_that is subj_ecte_d to stator and rotor forcing r_nlsz_allgnments.
East Hartford. CT 06105 The se_al dynamic response is obtaln_ed in axial and angular modes of motion in a cc_)upled
' analysis where the Reynolds equation and the equations of motion are solved simulta-
neously. The steady-state response is first identified for a reference case. Subsequently a
parametric study is performed to gauge the influence of the various seal effects, such as
speeds, inner to outer radii ratios, face coning heights, pressure drops, support stiffness
and damping, and forcing misalignments. The transient responses to static stator mis-
alignment and rotor runout are given, showing that properly designed coned face seals
can operate in a stable mode with the stator tracking dynamically a misaligned rotor.
[DOI: 10.1115/1.1401015

Introduction The work on the dynamics of face seals concerns mostly in-

. . . _compressible fluidgEtsion [1-3]). Leefe[4], and Shapiro and
Mechanical face seal modes of failure are mostly well deﬁne@’olsher[S] used piecewise integration schemes to solve the lubri-

g.g.,face wear, cracking, blistering:thermal and mechanical Wallyion and dynamics problem for specific applications of gas
:cngl' excesdsweble?k?tge, t(:]tc. A Va”tity of relfls?ns cag cause SbEE Is. Zirkelback and San Andrgs obtained static stiffness and
allure modes but often these are the result ot poor dynamic amping coefficients of a spiral groove gas seal limited to axial

havior of the seal. The dynamic behavior has two very distinctivrﬁ | tlv Zirkelbak £ tri
features: stability and the steady-state response. Generally, stagﬁ-de only. Subsequently Zirkelba¢k] performed a parametric

. . “study of these coefficients. The only simultaneous solution for the
ity deals with the natural response of the system where all forcn&g

. - oS upled lubrication and dynamics problem under forced condi-
functions have been removed. Mathematically, stability is the Bons is given by Miller and Greefig]. That work provides a
vestigation of the homogeneous equations of motion, and

S : L ) ifrl"i‘]merical formulation for the transient response of a spiral groove
closed form solution is possible, a characteristic equation iSs seql in both axial and angular modes of motion. However, a
formed and conditions are imposeelg., Routh-Hurwitz determi- narametric analysis for the steady-state response for gas seals is
nantg to guarantee that the eigenvalues contain a diminishi t yet available.

effect upon the natural response. In other words, it is in the nature\wnether the fluid film is compressible or not, the same param-

of a stable system to diminish any disturbance, and restore h@s(see Green and Etsid®]) are expected to govern the dy-
system normal state of operation. Conversely, in an unstable S\igmics of gas seals as well:

tem even the smallest excitation will eventually cause the system
to undergo large dynamic excursions from its designed point. Thel Shaft Rotational Speedon one hand higher speeds tend to
paper by Green and Barnsbyl] deals precisely with this mode enhance the hydrodynamic effect, which generates an aligning
of failure. Nonetheless, just guaranteeing stable operation, albd€iidency between stator and rotsee Green and Etsi¢0]). On
being a prerequisite for a good design, is yet insufficient. The séf other hand, the inertia effect is strongly affected by speed,
must have a favorable behavior also when it is repeatedly beiwgich may head off tracking between stator and rdtee again
forced by the various misalignments present in a practical sedme referenge B . .
The investigation of the steady-state response is, therefore, of ut2 Inner to Outer Radii Ratios-the larger the sealing dam the
most importance and it is the subject of this work. better the sealing, because a larger sealing dam provides addi-
After a seal has been guaranteed to have stabilizing charactibal resistance to leakage. It is yet to be determined whether a
istics, the design must also ensure that the flexibly mounted staf@jiger sealing dam is also favorable from a dynamic point of view.
tracks a misaligned rotor with the smallest relative misalignment 3 Facé Coning-zero coning provides the smallest leakage.
between them. This would minimize the leakage and maximiza?Wever, it has been already determing@reen and Barnsby
the minimum film thickness, which in turn would promote nonl11)) that coning must form a converging gap in the direction of
contacting operation. Noncontacting seals have been preferred®gia! flow to provide positive hydrostatic fluid film stiffness.

the industry because they minimize the consequences of fadgWeVer. too much coning diminishes the stiffness effect and in-
wear, cracking, excessive leakage, etc creases leakage. Zero coning, on the other hand, induces maxi-

mum damping capacity. Hence, a trade off must be made to de-
termine how much coning is desired.
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tracking of the misaligned rotdiGreen and Etsiof9,10]). How- Z
ever, Greern[12] has determined that outward flow of an inner ‘
pressurized seal has favorable stiffness compared to inward flow Z
of an outer pressurized seal under identical conditions. This in- Y
deed has been confirmed in the stability analysis by Green and
Barnsby[11].

5 Support Stiffness and Dampirgsreen and Barnsbyl1] x//y
have shown that higher stiffness and damping increase the critical
speed. However, higher stiffness and damping may impede the
flexibly mounted stator from effectively tracking the misaligned T Y
rotor.

6 Forcing Misalignments-Intuitively, a larger rotor misalign-
ment will induce a larger steady-state stator response. But in gas
operation the film effects are nonlinear. It remains to be deter-
mined whether the stator response doubles when the rotor mis- X
alignment doubles. In addition, the stator itself may be misaligned Stator v h
prior to assembly because of tolerances or gravity. It is desirable
to determine the relative importance between the two forcing mis- /X'Y
alignments, and establish the condition of synchronous tracking

versus non-synchronous tracking. C <

Because of the nonlinear nature of the gas fluid film, the seal T Y.
dynamic behavior is obtained numerically by integrating the time-
dependent Reynolds equation simultaneously with the equations \A
of motion. To minimize the tedious numerical work, the investi-
gation conducted here adopts an approach by Green and E$ion X
of a single perturbation technique, where a parameter is perturbed
one at a time, and then it is reset after the solution is obtained. ! Y
However, because a closed form solution is not available, the
perturbation here is carried one level deeper, and more parameter
are being investigated to increase the confidence in drawing X
meaningful conclusions. The solution technique here is similar to r
the work by Green and Barnskjyl1]. However, the rotor and wt
stator forcing misalignments add a significant change to the for- Rotor
mulation of the problem. For completeness some definitions are
repeated, but emphasis is given to the steady-state analysis. X

. . . . . Fig. 1 Schematic of noncontacting mechanical face seal
Simultaneous Solution of Lubrication and Dynamics

The kinematics of a mechanical seal having a flexibly mounted
stator configuration is shown in Fig. 1. The rotating seal seat Yo=Ver— Vr - ©)
(roton) is rigidly mounted to the rotating shaft. The flexibly sup- ) ] ]
ported seal ringstatod is attempting to track the misaligned rotor.The equations of motion of the flexibly mounted stator ezee
The rotor misalignment is represented by a 4ilt measured be- Green and Etsiofi9,10)):

tween the out-normal to its plane and the axis of shaft rotation. 1G5 ﬂ'pg )=M 4)
Similarly, the stator may have prior to final attachment to the Vs Vs X
rotor, an initial misalignmentyg;, measured with respect to the I(l'r}/')’s"_ 2%,5):“4 (5)
axis of shaft rotation. At rest, and with zero pressure differential, . Y
the stator is pressed against the rotor by supporting springs. This mZ=F, (6)

forces the stator into the same tilt as that of the rotor. Durin . .
operation, however, the mating faces separate and the stator Q(_areMx and M, are, respectlve_ly, the moments acting on the
taches from the rotor to assume its own tjif,. This tilt is a result stator about "_"X(_% and_y of ‘? coordinate systemyz_wmch wh|r.|s

of the combined effects of both, and yg;. The tilt anglesy;, at @ ratey within an inertial systenXY Z (see Fig. 1 The ftilt
v, , and y, are all very small, typically less than one milliradianVector ys takes place about axis of the rotating system, posi-
and, therefore, they can be treated as vectors. Sigds fixed in tioned by an angley with respect to the inertial axi. The mo-
space andy, is rotating at the shaft speed the resultant vector MmentsM, andM, as well as the axial forc, consist of contri-

¥, will possess a time-varying precessiovhirl) speedys. Green butions from both the flexible support and the fluid film. The
and Etsion10], expressed the vectars as follows: support moments and force are

;,S: ;,S|+ ;’sr , (1) M= Ky(ys COSY—ys) = Dsys (7)

where 75, is the response tgs; alone and it is fixed in space, Msy= —Ksysising—Dgirys (8)

while v, is the response tg, alone and thus is whirling at the :

shaft speed. The relative misalignment between the stator and ro- Fsz=—KszZ=DszZ, ©)

tor, v, is also a rotating vector, given by the vector subtraction anghereK, andD; are, respectively, the axial stiffness and damp-

its magnitude ing coefficients of the support. Note here that the tegnin Egs.
>z _ . a2, 2 _ 112 (7) and (8) is the initial stator misalignment that produces an
Y=¥sm v =Dty 2ysy coym o) IR (2) inertial forcing function. This is the result of manufacturing and

Figure 2 shows the relative position between the seal componemtssembly imperfectiongtolerances or the action of gravity.

The tilt vectorvy, is the relative misalignmentin the special case Without loss of generality, it is arbitrarily assumed that coin-

when y5=0, so using Eqs(1-2) gives cides with the positiveX direction.
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2w 1y
fo:f f pr2sin(6— ¢)drdé (12)
0 ri

27 (rg
M,y:—f f pr2cog 6— y)drde (13)
0 ri

27 (ry
F,= f f prdrdé. (14)
0 ri

Since andZ, ys, and are time dependent thén p, My, , My,
andF; are time dependent as well. The equations of motir

(6) are recast now in a state space form including the support and
fluid film effects,

Y

z (Fszt+Fgz)/m

Z Z
i .73 _ (Mgt M f_x)/l + ‘ﬁz'ys (15)
at Vs Vs .

¥ [(Msy"'Mfy)_/l_?—‘ﬁ;)’s]/Vs

¥ Y

subject to the initial conditionZ(0), Z(0), ys(0), ¥s(0), ¥(0),
#(0). In the present analysis the seal is set into motion having
synchronous whirl and parallel faces.

Note that the lubrication problertEg. (10)) and the dynamics
problem (Eq. (15)) are coupled by the film thickness E(L1).
Therefore, they must be solved simultaneously. Hence, a large
state vectof ¢} is formed having the dimension &fD + 6, where
Fig. 2 Relative position between stator and rotor ND is the number of interior pressure nodes in the sealing dam,
governed by Eq(10). Conveniently these nodes are allocated first
in the vecto¢}. The last six storage elements are reserved for the
degrees of freedom given in state form in E45). This forms an
explicit general system of equations

secfion A-A

The fluid film contribution toM,, M, andF; is obtained by

numerically integrating the pressure distribution in the sealing d
dam over the face area. The gas flow is assumed to be isothermal, Slet={RHS, (16)
isoviscous, and ideal; therefore, it is governed by the compressible
form of the Reynolds equatiofGross[13]) where{RHS is a column vector containing the right-hand-side of
R the relevant equation, i.e., either EG0) or Eq. (15). This set of
op 1[- |ph®Vp 1 > dh ND+ 6 equations is integrated in time by efficient multistep ordi-
o nlV 2 7 @rphiy|—p—-r, (10) ' nary differential equation solveghampine[14]). The solution

R of Eq. (16) gives a simultaneous dynamic simulation for the tran-
where the operatd¥ is presumed here in cylindrical coordinatessient pressure as well as the kinematical variables, yielding the
This equation is subject to the boundary conditigBsC.): seal motion.

Pri, 6. =P, Parametric Investigation
P(ro,0,t)=p, A typical reference case is selectee Table L The analysis
by Green and Barnsbjl1] affirms that the reference case is
p(r,0t)=p(r,2m,t), stable. The same radial and circumferential discretizationrof
and to the initial condition of pressure distribution within the sea= 11, and nth=313 is used here as well. Hend¢D=(nr
ing dam —2)*nth=2817, resulting in2823 equations that are simulta-
neously being integrated in time. The forcing misalignments for
p(r,0,00=pc(r, ), the reference case afg;=y,=0.15mrad. A single perturbation
L . technique is adopted. First the motion for the reference case is
where P\c(r, ) is given by Green and BarnstjjL1] assuming gqed. Then six parameters are perturbed each one at dvithe
perfect alignment between stator and rotot-aD. The local film o exceptions that will be discussed latethe motion is ob-
thickness is expressed in an inertial frame, for the present a”aﬁ\é,(vl'ned, and then each parameter is reset. Each of the six param-
sis, however, the effect of rotor misalignment is added. Hencgyers is perturbed four times. This gives a total of 24 cases that are
using Figs. 1 and 2 leads to referenced byj, wherei refers to the cluster number, apcefers
: : to the variation within the cluster. Each case is solved and the
h=CotZ+ B(r=ri) = sl SiN(y=0)F yi sin(wt=0), (11) solutions are plotted side-by-side within their cluster to allow vi-
sual inspection and comparison between the responses. In each of
whereC, is the designed centerline clearangeis the face con- the six figuregFigs. 3—8, the nondimensional values of the rela-
ing, andy, is the rotor misalignment. The stator degrees of fregive misalignment,y-r,/C, (Eq. (2)), and the minimum film
dom are the axial displacemei, the nutation,ys, and the pre- thickness,h,/C, (Eq. (11)), are plotted as a function of shaft
cession,iy. At every instant of time the fluid film moments andrevolution. (The axial displacemenf/C,, behaves throughout
force M, My, , andF; are obtained by numerically integratingvery similarly toy-r,/C,, and is therefore not plotted. It is taken
the pressure over the sealing dam area into account, though, whelm,;,/C, is calculated. The case num-
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Table 1 Seal runs

Parameter to vary | # A # 1i/To # 8/C, # Pis Po # K, Ds # Yei» Yr
(r,=0.06m) (Co=6pm)

Base Case 11 0=12,000 pm 21 Ir/r,=0.7  P1[8/Co=0 4lp=1(10)°Pa  [S1 K0 61 ys =0
w=20,000 rpm w=1256.6rad/s| = 0.042m 5, =0 o= 5(10)° Pa - ~
(0=2094.4 rad/s) IA=135.7 D=0 [y, =0.15 mrad
p=1.8 (10)* Pa's 12 }0=16,000 tpm P2 [rifr,=0.75 B2 [8,/C, =1 U2ip;=1(10)°Pa 52 [K=5(10)°' Nim 162 Jy; =0.15 mrad
Co=6 pm w=1675.5 rad/s . =0.045 _ =10 (10)° P
b= 1(10)° Pa A-1810 B ™| Pu=tum po=1010) P2 1 g =0

= 5
Po =2 (10)" Pa 13 0=24,000 pm 23 r/r, =085 B3 [8,/C, =2 M3 =5 (10)°Pa [53[K=5 (10’ Nim (63 [y, =0.3 mrad
ri=0.048 m w=25133rad/s| I.=0.051m 5, = (1’2 pm Po=1 (10)5 Pa
.= 0.06 m IA=271.4 h 5, = -3 um D= 600 N s/m y.=0.15 mrad
A =226.2
6, = 3 um 14 1»=28,000 rpm 24 r./r, =0.9 34 15,/Co = 3 U4 ip. =10 (10)°Pa 54 K9 (10 N/m 164 |y, =0.15 mrad
54/C, = 0.5 ©=29322radls| ir;=0.054m | Oy=18um po=1(10)’Pa .
n:: 10 " IA=316.7 5, = -3 um ID= 300 N s/m i, =0.3 mrad

= 0.0018 kg'm’
K= 5 (10)° N/m
Dy=300 N s/m

Ysi =Yr=0.15 mrad

ber is given in the figure legend along with the reference case.ppak-to-peak and average values are less than a numerical toler-
each case the simulation continues until two successive revolince of 104). This is considered steady-state, and the simulation
tions reveal identical behavidi.e., the two revolutions have aterminates. Thus, the transient plots provide the number of revo-
relative misalignment response of identical frequency, and th&tions necessary to render steady-state. For example, only 14

Reference +
° Case 21 x
$ ! Case22
N A Referonce  + < sl Cme22
3 oA ) R !
~ N AR AR AR Case12 x ! Case24 o
};Vq'v'!ﬁ\’”g"“ Case13 o
; Case 14 o

25 30 35 40 45

1r x
0.9
09 @ B anRAA 1
AL 08} Reference  + 1
Case 21 x
Case22  *
s 0.8 F/ Reference + K= Case 23 o
g by Case 11 x g Case24 o
= )l Case 12 x T
Case 13 ©®
0.7 Case 14 ©
1)
5"‘
0.6 fi
i
0 5 10 15 20 25 30 35 40 45 15 20 25 30 35 40
Revolution Revolution
Fig. 3 Speed effects upon steady-state response Fig. 4 Radius ratio effects upon steady-state response
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Case 34 ° Reference  +
Case 41 %
Case 42 =
. Case43 @
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. . 0 . .
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. . 1 . .
g Reference + E
= Case 31  x T 07t Reference  +
oA | Case 32  x Case 41 x
\WAVAVA Case33 © Cased2
7 v X Case34 o Cased3 =
0.3 '\.\\ i 06 Case 44 °
02t
0.1} > ] AN 0.5 F
. . , L A . - e W . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Revolution Revolution

Fig. 5 Coning height effects upon steady-state response Fig. 6 Pressure drop effects upon steady-state response

revolutions are needed for the reference case, where 45 revdh® than that of 0.7. Here, the largest sealing dam proves to be the
tions are needed for case 14. Respectively, the execution time i8&St in terms of minimal steady-state response and leakage.
min and 90 min on a 550 MHz PC.

An ideal seal should have/C, and y-r,/C, approach zero, Coning Height. It is evident from Fig. 5 that the coning of

while h—/C. approaches unitv. These values minimize the fIOthe reference case is the best among these cluster cases, yielding
min o aPP Y. e smallest steady-state response and the largest minimum film

rate and likelihood of contact. Thus, the larger the deviation fromic ness. Looking at the two extremes of zero coricase 31
these values the worse is the seal. The mass flow rate, averaged o I.argest coningcase 34 both have poor dynamic re-

over one revolution before steady state, for all cases is given Bonses. Particularly the zero coning case becomes dynamically

Table 2, where positive values '“d'c?‘te radial outward flpw. nstable that ends in face contact in about eight revolutions. This
should be emphasized that the analysis that follows is restricte (0

: stable behavior is consistent with the finding by Green and
t_he reference case and to the perturba_nor_ls,_ performed. Extrap a'rnsby[ll] Hence, it is concluded that there is an optimal con-
tion to other cases should be made judiciously because of § ) '

highly nonlinear nature of the problem E] which seems to be close to the reference value. The reference

) case also has the smallest leakage of all these cluster cases and, as

Speed Effect. From Fig. 3 it can be seen that the relativeexpected, the larger the coning the larger the leakage.

misalignment behaves nonlinearly with speed. The inertia-speedP
effects force the faces to open up and be more misaligned, ﬂlﬂ?’e
causing the leakage to increase dramatic@lyg., the flow in case
14 is greater by a factor of 6.42 compared to the reference.ca
An initial half-frequency transient can be seen, particularly at t
higher speeds, which is consistent with the transient analysis
Green and Barnsby11]. But since all these cluster cases are
stable, the transients diminish in time.

ressure Drop. The magnitude of the pressure drop and its
ction can have dramatic effects upon the dynamics of face
seals. From observing the responses in Fig. 6 it is concluded that
Yfie reference caséhaving the smallest pressure dyopas the
rgest(worsy steady-state response amongst these cluster cases.
He higher the pressure drop the smaller the response. The refer-
nce case and cases 41, and 42 represent inward radial flow. The
flow rate(leakage is proportional td P2— PZ| when the faces are

Radius Ratio. From Fig. 4 it is obvious that the smallest ratioperfectly aligned, and would obviously increase with the relative
of 0.7 has the begsmallest steady-state response, being almosnisalignment and the axial displacement. However, because the
unaffected by the forcing misalignments. Conversely, the largesteady-state response is smaller at higher pressure drops it miti-
ratio of 0.9 has the worst response running at a dangerously snuies the leakage effect compared to lower pressure drop cases.
minimum film thickness. It is concluded that the smaller the rd=or example, the leakage in case 42 is only 22.1 times larger than
dius ratio the higher fluid film stiffness and damping propertieshe reference case when theoretically a factor of 33 would be
Also, the calculated leakage is 53 times larger at the radius ratioexpected.
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Fig. 7 Support stiffness and damping effects upon steady- Fig. 8 Forcing misalignments effects upon steady-state
state response response

s . upport Stiffness and Damping. The first of two cases of
. The best steady-sta_te per_formances in this cluster are obtaug chronous tracking occurs when the stiffness and damping of
in cases 43 and 44, in which the pressure drop is reversed

impose outward flow seals. To comply with stability requirement 2 support vanisficase 51 In which case the forcing function

. Saused by the initial stator misalignment is immate(sde Egs.
(Green and BarnsbjL1]) also the coning has to be reversed t?7—8)), causing the stator to synchronously track the misaligned

Iogg gfi%?]\ilsrgg;? %gp "t]htge rhadi'sallr;giencé'ggtorgg;'n-crgevgagnl'{;c])tor at steady-state. However, case 51 has the largest response in
u id tthgt tg hd fl ug ad . izachre f ue. agnitude in this cluster, and it is not the most favorable case. Not
IS eévident that outward Tlow Sealmside pressurizeare far su- many differences in the responses are recorded between the refer-
perior to the inward flow sea(@utyde pres_surl_ze)dCases_43 and nce case and cases 52 and 53, indicating that the sensitivity to
4? g‘g‘é‘; avgg%gasteady-stt'atel relative m(sja:agggn_gndtz "} ttne Orgﬁﬁport damping is practically insignificant at these values. The
of ©. andu.vsg respectively, compared 1o. AOOTINE “hast case 54 shows that increasing the support stiffness decreases
other cases in this cluster that represent inward flom_/. The peak- Re steady-state responses and thus has a more profound effect
peak values are also an order of magnitude smaller in cases 43 ﬁ‘ﬂﬂw damping. The general trend is that at these stated values the

44, where additionally their nondimensional axial displacements, f .
Z/C, , are both less tha@.01 Such very small relative response;ﬁrgher the support stiffness and damping the better the responses.

approach the ideal value of zero indicating almost perfect tracking

between stator and rotor. The minimum film thicknesses in cases
43 and 44 are smaller because negative tapering creates OD film
thicknesses smaller than ID film thicknesses, but the almost per-
fect dynamic response compensates for that. Also, the transie
diminish rapidly and steady-state is achieved in six revolutions [Parameter |#| A

Table 2 Mass flow rates, kg /s

I

rifte  |#1 8y/Co [#| PiPo [#| Ko Ds |#| i, Ve

case 43 and in four revolutions in case 44. This superior dynan*ried 1,=0.06m) |(Co=0Hm)
behavior is attributed to elevated fluid film stiffneG@®ee Green |assumed gas ji1 [7.939E-06p1 [5.649E-06 Bl fmstable i1 [6.939E-05 [s1 [1.6215-05 fo1 | 1.183E-05
[l 2]) i density at

Moreover, the flow rategésee Table Rin cases 43 and 44 are 2::3;‘;0‘“5’ 12 |8.912E-06 D2 F7.597E-06 (32 1.841E-05 (42| 2.633E-04 [52 [1.232E-05 62 [7.579E-06
about an order of magnitude smaller than cases 41 and 42, res{p=1.0 kg/m’
tively. Hence, not only that outward flowing seals are superior |
inward flowing seals in their transient responses and stabili
(Green and Barnshjyi 1)), their sealing capability and steady-stat
responses are also superior.

13 12.516E-0523 }3.746E-05 [33 -4.801E-05 {43 (1.238E-05 |53 [-1.187E-05 |63 [ 1.217E-05

14 1-7.642E-05 24 2.989E-04 34 [1.258E-04 W4 |4.909E-05 |54 [1.064E-05 |64 -7.492E-04
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But this has to be carefully examined at values that deviate largely K,
from the reference case, because extremely large support stiff- K
nesses may impede tracking.

. o M i
Forcing Misalignments. The second case of synchronous

tracking occurs when the initial stator misalignment vanishes
(case 6], in which the stator has to track only one forcing func-
tion which is the rotor runoutmisalignment The best case 62
represents a perfectly aligned rotor, and thus the stator steady-state
response is static, where the pressure differential overwhelms the
initial stator misalignment to form almost a perfectly aligned seal
at its designed clearance. Obviously, the most effort in seal design
should be devoted to minimize the imperfections and thus the
forcing misalignments. This, however, is easier said than done,
because practical system would always possess misalignments
caused by manufacturing and assembly imperfections, misalign-
ment of flexible shafts, gravity, machine deterioration, etc. It is
reassuring, however, that the simulation reaffirms intuitive expec-
tations. What is not intuitive is the fact that doubling the rotor
runout alone, launches the system into a dynamic response that is A
about an order of magnitude larger in both, the relative misalign-

p
v

B

(o]
r

Vs

si
Vsl
sr
h

ment and the axial displacement. This has detrimental effects on
the minimum film thickness and leakage, which in case 64 is o

larger by a factor of 62.9 than the reference case. Case 64, when

no=
l/l_

axial stiffness coefficient

angular stiffness coefficient

moment

moment due to stator initial misalignment
stator mass

pressure

radial coordinate

time

axial degree of freedom

face coning angle

relative misalignment

relative misalignment caused by rotor runout alone
rotor runout

stator nutation

stator initial misalignment

steady-state stator response dueyfpalone
steady-state stator response due/t@lone
coning heightB(r,—r;)

= angular coordinate

compressibility number, gwr2/p,C2
viscosity

precession

shaft angular velocity

compared to the reference case, clearly demonstrates the strSngscripts

nonlinear dynamic behavior of the system. a

Conclusions T
The steady-state response of a gas lubricated face seal having a o
flexibly mounted stator configuration has been analyzed by simul- r
taneously solving the Reynolds equation and the equations of mo- ref
tion, which include forcing misalignments. A single perturbation s
investigation about a reference case has revealed the influence of
the various parameters that govern seals dynamic behavior. With
the exception of only one transient respoiisase 3] the refer-
ence and perturbed cases exhibited stable responses. It has been
found that the steady-state responses have very different sensitivit!

ambient

fluid film

inner radius

outer radius

rotor

reference case

stator, or flexible support
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