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1 Introduction only. Their analysis employs the narrow groove the@GT),
A schematic for a mechanical face seal is shawot to scalg which assumes that an infinite number of grooves is present and

in Fig. 1. The face seal is designed to obstruct or prevent gas fréift the gas exhibits quasi-incompressible behavior so that the
escaping from one region to another through a gap between giecumferential flne-sc_ale pressure profile across a period of the
stator and rotor mating faces. In general, the sealing performar$@0Ve pattern has a linear zigzag shape. Zirkelback and San An-
depends greatly on the gap geometry. A smaller gap between €i€s [2] use the small perturbation technique without the NGT
faces allows less leakage and yields a better seal, but zero gegfrictions to develop equations that are viable for a seal geom-
(i.e., face contagtis detrimental because either the faces weatry with a finite number of grooves. These equations are then
severely or catastrophic seizure occurs. Also, for the same averaglved directly using numerical techniques to determine the fre-
clearance, seals with more aligned faces generally allow less legkiency dependent stiffness and damping coefficients of spiral
age. To accommodate these criteria, one of the seal elementgrisoved gas face seals in axial motion only. This technique is also
flexibly mounted so that its motion will track any misalignmentgised by Zirkelbac3] to perform a parametric study of these
in the rigidly mounted element. A common seal configuratiorypefficients.
which is shown in Fig. 1, is one where the stator is flexibly | this work, the gas film stiffness and damping properties wil
mounted to the housing with a spring or metal bellows and O-ringe getermined using two new methods. The first is based on the
Mechanical face seals are designed to benefit from the relatg/t%p jump metho@], which characterizes the gas film properties

rotation between the faces allowed by the flexibility in the stat "
mounting. Relative rotation between the faces results in se y step responses. The second computes the gas film frequency

actuating hydrodynamic pressure, which creates a stiff barrier S§g(;n3ﬁ using dlre(‘# nun;tizlcalt tltmeTsrllmulattlont thth.e preisure
tween the seal faces that actively deters face contact. Furtherm 'reé or harmonic motion ot the stator. These two techniques have

the gas film dissipates energy by internal friction and visco _én analytically verified for annular gas squeeze film dampers by
shearing, which helps to reduce vibrations that result from extdYlller and Green[5]. However, mechanical face seals are more
nal disturbances. When designed properly, the gas film dynan§@mplex than squeeze film dampers since cross-coupling effects
stiffness and damping properties can be beneficial, but they d2@fween the tilt modes are present. It is important to note that no
also be detrimental if the seal is designed improperly. An exampiterature has been found that presents the stiffness and damping
of an improperly designed seal is one where the gas film stiffnesgefficients for the two tilting modes of the face seal or the coef-
and damping contribute to a natural resonance close to an opefaients that represent the cross-coupling between the two tilt
ing frequency. It is also imperative to avoid a situation where theodes. These tilting modes and the cross-coupling are significant
gas film damping is negative, which could lead to seal instabilitpecause they play an important role in “half frequency whirl”
Clearly, the stiffness and damping properties of the gas film &jigstability that is common in these sef.
critically important to the successful function and performance of gne advantage of these two techniques is that they employ
the face seal. . ) _ . computer programs similar to the program for the direct numerical
The only technique adopted in the literature for characterizing,e simulation of motion. Therefore, once a computer code has

gas film stiffiness and damping properties in spiral grooved faggop, \yritten to determine the gas film properties, then minimal

seals or thrust bearings is the small perturbation method. M%lc')ding effort is required to simulate the seal motion. On the other

anoski and Pafl] use the technique to study the static and dyz-

. - . . ; : ’hand, the perturbation method would require more time initially in
namic properties of spiral grooved thrust bearings in axial motl(%gde generation. Even though the perturbation method produces

i ) o o linear equations in the perturbation variables, the solution of these
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secondary seal The polar coordinate gradient operator is presumed here because

Spiral Groove of the geometry, and gas rarefaction effects are ignored. The
spring stator . boundary conditions are
N p(ri, 0,t)=p;
housing ~_| ”ﬂ' 5 rotor P(ro,0,1)=p,
\k p(r,0t)=p(r,2m,t).

The film thickness and its time derivative are functions of the

! ) shaﬁ ] ) o stator degrees of freedom and their time derivatives,
h(r,0)=Co+Z+ryxSin(6) —ryy cog 6) +(5,)
ah(r,6)

Fig. 1 Schematic of a noncontacting mechanical gas face seal =Z+r Yy SiN(@) —r yy cog ). (2)

ot
Here, the(8,) term is only added inside a groove. For simplicity,
rotor misalignment is not considered here because it is immaterial

2 Seal Kinematical Model o o : =
) ] ) ) _ . when determining the fluid film rotordynamic coefficients.
A kinematic model of the mechanical seal is shown in Fig. 2.

The inertial framexXYZis fixed in space and oriented so tkend
Y axes are in the plane of the rotor and thexis coincides with 3 Characterization of Gas Film Stiffness and Damping
the direction of shaft rotation. The stator is flexibly mounted to the g erti

: Lo - perties
housing and has three degrees of freedom. Its position is uniquely o ) ) ) ] )
defined by tilts(yx and yy) about theX andY axes, respectively, _The objective of this paper is to characterize the linear reaction
and the axial translatiofZ) of the stator center measured from it<°f the gas film generalized forces to seal motion. These reactions
equilibrium position,C,. There areN, spiral grooves at a depth Will be represented by the gas film stiffnei$s and dampingD),
of &4 on the stator face. The land width to groove width ratiovhich are defined as,

measured byB, and the equation for the groove curvature are of. Of f1 s f2m=Fy My .M
defined as Kij=— L. *Di,:—-l L2 e Y (3)
' IX; Y X1,X2,X3=Z,¥x, Yy
B= Wg o r=re’™e  0< <180 deg, Wherefi_andxj are the generalized gas film force an_d generalized
WgtW, stator displacement, respectively. For the mechanical seal model

where « is the spiral angle and'=90 deg corresponds to radialshown in Fig. 2,_ there are a total of nine terms each for the stiff-

grooves. The radius;;, marks the junction between the spiraln€ss and damping relating the three generalized forces to each of

groove region and the sealing dam region. Spiral grooves are géif three generalized displacements. . .

erally oriented so that the natural pumping action opposes theBecause of compressibility effects, these gas film properties can

hydrostatic flow of gas, which significantly enhances sealing pe?€ Viewed in two different ways depending on the type of motion.

formance by increasing the load bearing capacity, increasing ther small amplitude sinusoidal motion about equilibrium, the gas

gas film stiffness, and reducing leakage. film exhibits frequency dependent stiffness and damping. The
The applied forces and moments affecting the stator motigiiffness and damping together make up the complex frequency

come from the support and the gas film pressure. Specifically, tfRSPONse,

generalized force components from the gas film include the axial . K. ; .

force, F,, and the respective moments about ¥andY axes, Gij(@)=Kij(@)+joDi (w), )

My andMy . They are computed by appropriately integrating thehere j=—1 and “i,j” denotes the appropriate generalized

pressure over the seal face area. The gas film pressure is a fdtee and coordinate. The real part of the frequency response cor-

tion of the film thicknessh) and its time rate of changeli/dt), responds to the storage modulus, which is the equivalent stiffness

and the relationship among these variables is given by the cothat the gas film would exhibit if the stator oscillatedeatn that

pressible Reynolds equati¢f], particular mode. The imaginary part corresponds to the loss
J(ph) modulus, which is equivalent to the product of the damping and
= = 5 P the frequency. The loss modulus is a relative measure of the en-
. 3 —_— = —
V-{ph°Vp—6uQrphé,}=12u at (@) ergy dissipation property of the gas film. When the system oscil-

lates at a frequency where the loss modulus is positiegative,

it implies that energy will be removed frofadded t9 the system.
2 The direct loss modulus has significant implications on stability
Sealing Dam Direetinof Mating - gnd performance since it helps to maintain stability if it is positive

Face Rotation

or forces a system into unstable behavior if it is negative.
A second viewpoint of gas film stiffness is rendered by consid-
ering the gas film step response. After a step disturbance in film
thickness, gas films exhibit relaxation characteristics similar to
viscoelastic materialg8]. This relaxation behavior is captured by
the step response(t)) as defined in Eq(5),
of: =
. i'j(t):—ﬁlx—(_t) f:;(,fzx,f3x EZZ,MX,MY: (5)
[} j 1272573 " YX0YY

Groove Land L. -
Stator ﬁ:f:ﬁ where §f(t) and &x are the deviations of the gas film force and
fe stator position from their equilibrium values. From this definition,

Stator

€ Grooves
underneath

e

Rotor

X o ‘:]SCMB_B it is clear that the step response physically represents the transient
gas film stiffness. Again, nine step responses are needed to com-
Fig. 2 Mechanical face seal kinematic model pletely characterize the gas film properties for the face seal. For
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linear, time invariant systems, the complex frequency responsgmnses to axial displacements are identically zerok\so(t)
can be computed from the step responses using the foIIowigg(MY’Z(t)zo_ Also, natural symmetry conditions yield the
integral transformation: following  identities: Ky, () =Ky, 5, () and Ky, (t)
B *. jor =koY,7x(t). Moreover, the axial force response to a sudden
Gi,j(@)=ki;(0)+ 0 ki j(r)e™*"dr. ©) change in tilt is insensitive to the tilt direction if the stator and
rotor faces are initially aligned and if the tilt axis is a diameter of
The stiffness and damping properties are functions of the chéne stator. The tilts/x andy, satisfy these criterion; therefore, the
acteristic compressibility numbén) and the seal geometry, andlocus of points relating the axial force and either stator tilt has an
consequently, they vary with respect to the equilibrium positiomflection point at the equilibrium state. Consequently, the slope at
In this work, these properties will be calculated with respect to thhis inflection point(i.e., the stiffnessis zero for all times after
equilibrium state when the seal faces are perfectly aligned. Thiwe step, i.e.,szyyX(t)zkFNY(t)zo. The remaining step re-

equilibrium state provides a standard reference condition regagqmnses are typically nonzero for the mechanical face seal. As a
less of the presence of rotor or stator misalignments, and it is thesult of these identities, only step jumps &% and Ayy are
“ideal” design goal where no misalignments from manufacturingequired to characterize all the linearized gas film properties.

or assembly errors are present. Even when misalignments do exarranging the nonzero stiffness terms into matrix format, as in
ist, however, a properly designed seal will maintain small motiofg, (9), it is clear that the axial mode is decoupled from both

about this equilibrium state, so the error introduced in the approxpe tilt modes based on this linearized estimation of the gas film
mations of the gas film properties would be small as well. properties,

The step jump method and the direct numerical frequency re-
sponse method are now presented as techniques for computing the sz'Z(t) 0 0

linearized gas film properties. K(t)= 0 kMx,vx(t) kMXvW(t) . )

3.1 Step Jump Method. The step responsé(t)) has been - 0 K t Kk (t)
defined mathematically above in E&). Numerically calculating My 7x My 7y
the step response begins by computing the steady-state pressumghermore, the presence of non-zero cross-coupled tilt stiffness
profile at the equilibrium condition of perfect face alignmentterms indicates that the tilt degrees of freedom are coupled.
Next, a finite step jump away from equilibrium is imposed in a Once the step responses are computed, the corresponding gas
single degree of freedom, which is represented by the generaliZih frequency responses are found by numerically computing the
coordinate, Ax. After the step jump, the film thickness changeintegral in Eq.(6). After this process, a complex frequency re-
according to Eq(2). The instantaneous step jump action is assponse matrix is generated that is populated exactly like the stiff-
sumed to be an isothermal process so that the idergity, ness matrix in Eq(9).
=constant, is valid in the lubrication domaif@xcept at the  The step jump method has just one disadvantage. Using the
boundaries [4,8]. This identity, along with the exception at theidentity, ph=constant, to derive the pressure profile after the step
boundary, leads to an approximation for the pressure profile ifjump leads to a physical impossibility because a pressure discon-
mediately after the step jump. Once the pressure after the step tiagity results at the boundary. This error at low times niead
been established, the transient pressure distribution is computeanifests itself as a small error in the high frequency components
by numerically solving Eq(1) subject to the boundary conditions,of the step responses and the corresponding frequency responses.
allowing the pressure to diffuse to a new steady-state conditiofhis error will be discussed later in more detail.
The step jump formulation is general and can be used with any,

numerical scheme. However, because the spiral grooved geomefry-2. Direct Numerical Frequency Response Method. In

yields a complex film shape in this application, the numericd€ direct numerical frequency response method, the stator is
ven prescribed harmonic motion at a frequensy;so that the

solution is rendered by a finite element procedure similar to tty ! o L '
one in Miller and Greer{9]. During the diffusion process, the M thickness and its time derivative have the form of either
force and moments are calculated at each instant along with the h(r,0)=heyr,0)+AZ-sin(wt)

corresponding time dependent finite step responses as defined by . (10)
Eq. (7), h(r,0)=wAZ-coq wt),
N (D= foqi  f1.fs,Fs=F7 My, My for computing the gas film reaction t.O pertu-rbatlonsZmr
ki j(t)~— AX; X1,X2,X3=Z, Y, Yy 7 h(r,0)=hey(r,0)+Ayxr sin(6)-sin(wt) (11)
wheref,; is the generalized gas film force at equilibrium. The h(r,8)=wAyxr sin(§)-cog wt),

step amplitudes are chosen to be sm@lZ/Cy,=0.05 and for computing the gas film reaction to perturbationsyip. As
Ayx:-To/Co=0.04 with respect to the corresponding equilibriumwith the step responses, symmetry conditidnamely, Ky, .
values. _ o =Kmo vr Dyovo=Dmo vr Ky o=—Kpm. ., and Dy
Equation(7) gives a low order approximation of the step re-ﬁ_DWY X'éx it Y7y Wxt _xaw it be .
sponse with an error on the order ©{Ax). A higher order ap- ~— Mxﬂv) render it unnecessary 1o consider osciiations abou

steps ofAx, Ax/2, —Ax/2, and— Ax using to be small(AZ/Cy=0.05 andA yyx-r,/Cy=0.04 to be within

the range of small perturbation theory. Note that sthdoes not
1 introduce a step discontinuity imatt=0.
k()= 5 14[Kaw2(D) + Ko aw2(D] = [Kax(D + k- a(D]} - (8) To compute the frequency responses, either @@) or Eq.

(11), depending on which case is considered, is substituted into
where the subscript here denotes the size and direction of the sp (1). The transient pressure solution is then found by direct
jump. The error in this approximation is of the ord@fAx*). The numerical solution of the full nonlinear Reynolds equation using a
““i,j"" indices are omitted here for clarity, but the same process &lution procedure similar to the one presented by Miller and
used for all the step responses. Green[9]. Again, the finite element method is conveniently used

Although the face seal model has three degrees of freedomlsre because of the groove discontinuity, but when circumstances
that nine step responses are theoretically required to charactedftiew, other numerical schemes can be used as well. The time
the gas film properties, some conditions exist that reduce the nusefution is computed for at least four cycles to ensure that any
ber of step response computations needed. First, the momenttransient effects have dissipated. Next, the time history of the gas
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Table 1 Mechanical face seal parameters .
g 087
Seal Type Type I Type I "
] Q=8377.6 rad/s
Outer Radius, r, 60.0 mm 60.0 mm S
T 061"
Dam Radius, 7, 51.6 mm 33.72 mm "
~
Inner Radius, 7, 48.0 mm 24.0 mm g
g | 0=2094 .4 rad/s
Stead-State Clearance, C, 6.0 um 6.0 um g 04
o~
Shaft Angular Velocity, £ see Figs. 3-6 | see Figs. 7and 8 o
&
Viscosit 1.8 (10)* N-s/m? | 1.8 (10)* N-s/m? =027
Gas Viscosity, (4 (10) s/m (10) s/m E“: =523.6 rad/s
Pressure at Inner Radius, p; 0.2 MPa 0.1 MPa 8
Pressure at Outer Radius, p,, 0.1 MPa 0.1 MPa . 0 . ;
Number of Grooves, N, 12 50 0 0.005 0.01 0.015
Time, t-Q/
Spiral Groove Angle, & 160 deg 162.5 deg lm: ) °
a
Land to Groove Width Ratio, 0.5 0.6587
Groove Depth, &, (m) 12.0 um 18.3 pm
g -0.01 1
2 0=523.6 rad/s
b=
: i & 5 0031
film axial force and moments are stored, and the spectra of thesex | =
.. . 2
results are calculated digitally by a Fourier transform. Then, the & 3 0051
gas film frequency responses are found at each excitation fre-Z & ™ 0=2094.4 rad/s
qguency using the relations below, 3 3 i
":‘d (™ 0.07
o flo)—Tfeqi 1,15, f3=Fz,Myx,My S Q=8377.6 rad/s
Gijlw)=- Ax(w); X1,X2,X3=Z,¥x» ¥y (12) g 0097 :
w j 1372373 y /X VY (3
The process above is repeated for multiple oscillation frequencies, -0.11
sweeping the frequency range of interest to approximate a con- : :
tinuous curve for the frequency response. 0 0.005 0.01 0.015

3.3 Gas Film Properties. Representative results for the gas Time, (Yo

film step responses and frequency responses are presented for tw. (b)
mechanical face sealype | and 1) as a function of shaft speed.
The shaft speeds are indicated in the figures, and the other o
ating conditions and geometrical properties are detailed in Tati?é
1. See nomenclature for normalizationldf and G*. My7x
The direct axial step responsdz;ak,z(t), for the Type | seal are
plotted in Fig. 3. In this figure, the relaxation nature of the gas
film is clear. After the step in axial displacement occurs, a presame Type | seal, the cross-coupled tilt step respoh@exsw(t)
sure differential i_s created_ t_h_at acts as a res_toring force on thgd kMY’VX(t)’ are characteristically differenfsee Fig. 4b)).
stator. The restoring force initially starts at a high value and the, o0 sten responses start at zero because the initial pressure pro-
decays(or reIaxe?s to a lower steady-state. vglug. This partICUIafiles immediately after the step are symmetric about a diameter
relaxation behavior of gases marks the distinction between Cogb'rpendicular to the tilt axis. Over time, the shape of the pressure

;fé‘? 4 (a) Direct tilt step responses, kMx:Vx(t) and kMY,yy(t),
Seal Type I; and (b) cross-coupled tilt step responses,
(t) and —ky, , (1), for Seal Type |

pressible and incompressible ﬂ.UidS: The direct tilt step respons rofile rotates in response to the new film thickness forcing the
Kny, 7, (1) @andky, . (t), shown in Fig. 4a) have the same gen- ¢, s coupled moment to increase, after which the step response
eral character as the direct axial step responses; however, for gh@ntually levels off to an asymptotic value.

In general, as the shaft spe@hd compressibility numbery)
increases, the amplitudes of the direct step responses tend to in-
crease. However, no general correlation can be drawn between the
2 ‘ amplitude of the cross-coupled tilt step responses and the shaft

speed.
\\ Q=8377.6 For large shaft speeds, an anomaly is visible in the shape of the
= .6 rad/s . R
1.5 ] step response curves. Instead of decaying monotonically, a small

hump forms in the step response cufsee Figs. 3, @) and 4b)).
The amplitude of the anomaly tends to increase as the shaft speed
Q=2094.4 rad/s (i.e., A) increases. This anomaly is also visible in the gas film
frequency response, which will be discussed later in more detail.
The frequency dependent nature of the gas film stiffness and
damping is evident in the frequency responses plotted in Figs.
5-8. These figures qualitatively display the agreement between
the direct numerical frequency response method and the step jump
method. Note in Figs. 5 and & that the step jump method tends

*
Fzz

0.5 7

Direct Axial Step Response, k

0=523.6 rad/s

0 0.002 0.004 0.006 to underestimate the direct frequency responses at high frequen-
Time, tQ/c cies. This relatively small error at high frequencies is inherent in
the step jump method, resulting from the assumed non-physical
Fig. 3 Direct axial step responses, kg, (1), for Seal Type | gas pressure discontinuity at the boundaries=aQ. For the direct
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¢ Frequency Response Method *  Malanoski and Pan [1]
N w— Step Jump Method Storage Modulus = »  Direct Frequency Response Method
*o"' 21 - ,O“' 8 = Transformation of Step Response
Q =8377.6 rad/s 3 =
5 £ 5}
2 ] & ©=926.0 rad/s (A=100)
% _;.q.: % 61 * * * *
§ 1.5 7 S g PR S S S S S R P ;:
B Q =2094.4 rad/s 2 & N
5} B » 4] .
=] & E o
g 1 = 3 .
= [
e Q =523.6 rad/s g" & 24 Q=185.2 rad/s (A=20) e ¥ o
<>):< & 3 H *, S Xy X Xg Xa . oX a
»
3 051 < o
5]
A Loss Modulus Q=18.5 rads (A=2)
: TTT T T T T T T T
0 R —— 10° 10! 102 10°

102 10° 10 10° 108

o Excitation Frequency, o-c/Q2
Excitation Frequency, ©-o/Q2

Fig. 7 Comparison of storage Moduli for the direct axial fre-

Fig. 5 Direct axial frequency responses, Gr,.z, for Seal Type | quency responses, GFZ,z, for Seal Type I

axial frequency response shown in Fig. 5, the gas film stiffness. . . .
(storageqmoda/h)sggnerally tends to igncrease ?/vith increasin uite different in character than the direct frequency responses.

: ; ecause the pressure profile rotates aboutZtexis with rotor

ihgztlos)ae?:é 'IA(‘)I::’ at frequenmes above approximaiely/{} rq&ation, the storage modulus f@&, ,. and the loss modulus for
, properties are constant regardless of the sha i v YX

speed. The direct tilt frequency responses shown in Rig. &re  Cwm,.y, &T€ negative.
similar in nature to the direct axial frequency response. However,The anomaly evident in the gas film step responses for seals
the cross-coupled tilt frequency responses shown in Rly. &re Wwith large compressibility numbers is also visible in the direct
frequency responsdsee Figs. 5 and(é)). An explanation of this
phenomenon can be found from a dimensional analysis of the
Reynolds equatiof10]. As the spacing decreases and the shaft

sl g’eq‘;eﬂcy f{esiﬁse Method |  Storage Modulus speed increasdse., A gets larger, the termph3Vp in the Rey-
tep Jump Metho : nolds equation, Eq(1), becomes progressively insignificant and
g Q= 8377.6 rad/s tends toward zero. In the steady-state case, this leads to a limiting
é . 061 solution of ph=constan{7]. However, for the transient case, the
g = unsteady term remains and the Reynolds equation simplifies to
S
) Q = 2094 .4 rad/s
£3 F{ph}=0, (13)
3 & 0.4 .
g & whereF is an operator of the form
= Og Q=5236radls p p
=
% 02 | F=Q—+2—. 14
g 90 " <t (14)
A . ) . . .
Consider first a dimensional analysis for a flat fa¢edgrooved
o7 Loss Modulus seal. In this case, logical characteristic valuesf#@ndt are the
- P full circumferential angle, 2, and the reciprocal of the excitation
102 10? 10° 108 f_requency, 1b, respectively. In this case, the following substitu-
Excitation Frequency, o-6/Q tions can be maded/96—1/(27) and &/&tﬂ_f wl/(27). Here,
(@) the F operator becomes zero wher+ ()/2, which corresponds to
| e Frequency Response Method
4 0.1 —— Step Jump Method -
g *  Malanoski and Pan [1]
§ iR »  Direct Frequency Response Method
pg = 0051 Loss Modulus *Quj 17 == Transformation of Step Response
- o0
gbﬁ g E Q=18.5 rad/s (A=2)
g2 o S ¢
- =
g % £ 2 of
9,2 Q=8377.6 rad/s 9 &
T © 005 ER
8 Q =2094.4 rad/s 2 g
% = 2
° Q =523.6 rad/s g2 =
[8) 0.1 , S =
: Storage Modulus .5
T T - T T <
102 10° 10* 10° 27 0=926.0 rad/s (A=100)
Excitation Frequency, o-6/Q ‘0 T ”‘1 T "””2 T ””3
(b) 10 10 10 10
Excitation Frequency, ©-6/Q
Fig. 6 (a) Direct tilt frequency responses, Gy, ,, and Gy, , . ‘
for Seal Type I; and (b) cross-coupled tilt frequency responses, Fig. 8 Comparison of loss Moduli for the direct axial fre-
GMY"VX and _GMXY'YY’ for Seal Type | quency responses, GFZ,Zv for Seal Type Il
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gas film instabilities at half the shaft speed. Therefore, accordirigble 2 Comparison of relative CPU times for the step jump
to this dimensional analysis, gas film instabilities develop a “halfethod and the direct numerical frequency response method
frequency whirl” at operating conditions when the compressibilit

number is lar ge Step Response Direct Numerical Frequency
The dimensional analysis above is specifically valid for flg g.¢ speed Relative CPU Time’ Response Relative CPU Time"

faced seals, in which case the anomalies manifest as sharp pq by o Guseyo Gopym

. ” vo Ko, o G,

in the frequency responses at exactly half the shaft speed as (rad’s) Koy (Fig.3) | Koy 806 s | Grog (it 5) | Gunyo and -Gige

dimensional analysis predicts. However, in this case with spir (Fig. 4n and 4b) (Fig, 62 and 6b)

grooves, the anomalies manifest as small humps with a larg £ £

frequency content not necessarily limited to a small range close| $=523.6 10 L0 26 20

half the shaft speed. The discrepancy results because the prev| Q=20944 12 12 3.0 23

dimensional analysis does not account for the pattern of fil| g-g3776 12 12 3.0 23

thickness discontinuities at the boundaries of the spiral groove
These discontinuities disrupt the flow and alter the characteris  *Normalized by 485 minutes, the CPU time for &, ,@ £2=523.6 rad/s on a workstation with
values, which tend to increase the average frequency content v PARISC 8200 processor at 200 MHz.
the anomaly and smear it over a larger frequency range.

Recall previously that the coupled axial-forcettilt step responses
(szﬂ/x(t) andkFZ’yY(t)) were zero; consequently, the correspondtrelevant here. Therefore, that solution is bypassed. Also, since

ing frequency respons andG computed from these Uit m_odes are included by th_is analysis, axisymmetric_or antisym-
gtreq yresp é@':z”x FZ’W) P %I]I'IC conditions do not exist so the pressure solution must be

. . m
step responses are also identically zero. However, when compu ) puted over the full seal circumference, which requires many
by the direct frequency response method, these cross-coupled i o o es than the axisymmetric case. According to Table 2, the
(r]:senocr%lsgefr?:tﬂzzs cecl)rr?] nu(iteszet[% Tgs ﬁl';?(}trenuun;re]gcarlefsregﬁgg? Pjump method is approximately two to three times faster than
>SP . P g quency PONS§L8! direct numerical frequency response method. However, a
discrete frequencies over the freque_n(_:y range of interest. For 8deoff exists because the step responses inherently contain a
ample, when the cross-coupled coefficieig: ,x is computed at a small error at high frequencies. Choosing the best method for a

girrlle jg]rglr?agﬁgrl:iing)sl’c itlr;ti os;ata?nr dtdt?(]els ggvfﬁ?ni: grnessé:ri'sbi?) iven application requires balancing the computing time and the
9 9 P egree of accuracy desired.

puted by a full numerical solution of the unsteady, nonlinear Rey-
nolds equation. Even though the film thickness profile is antjs Conclusions

symmetric with respect to th& axis at all times during this

process, the nonlinear pressure solution does not yield a correTwo new methods have been developed for characterizing the
sponding anti-symmetric pressure field. Therefore, a nonzepooperties of gas lubricated mechanical face seals. One technique
value for the net axial force response at the driving frequendy based on the step jump method, which characterizes the prop-
results because of the nonlinearities in the Reynolds equati@mties in the time domain using the step responses. To get the
Although the cross-coupled axial force responsgs, , and corresponding frequency responses, a numerical integral transfor-

G, are present in this case, their amplitudes are relativ ation is performed on the step responses. The other method is a

small compared to the direct moment responses and the dir jrect numerical technique based on a full nonlinear numerical
axial response, so they can be neglected. This result confirms ulation of motion. The results from both methods agree well

conclusion that, based on a linearized gas film analysis, the t o .fﬁg%ﬁttgerrofr.‘g t\ﬁgh t%ubh:hegnreesgltt% H?mzve;éxiﬁgse of
tilt modes are coupled to each other and decoupled from the a inher fror 1 step respons wWlmes '

mode step jump method tends to underestimate the frequency responses
Al At t large frequencies. On the other hand, the step jump method
For validation purposes, results from the two new methods das ) '

tailed here are compared to previously published data in Figsogers an advantage of being wo to three times faster in compu-

and 8. The geometry and operating conditions for comparison i?élon than the direct numerical frequency response method. The

indicated in Table 1 as Seal Il. Note that Seal Il is effectively me savings may vary depending on the application and how

thrust bearing since no pressure differential exists. This particufglany data points are needed for the direct numerical methqd. The
bearing has been analyzed previously using the Narrow Grogya antages and disadvantages of each method must be weighed to
Theory by Malanoski and Pdil], who give only the direct axial etermine the appropriate technique to use for a given situation.

force responseGe. 5. The results from all three methods are in _B525€d on a linear approximation of the gas film properties, the
L z . ) as film stiffness and damping matrix for mechanical face seals is

qualitative agreement, and the differences can be attributed to 0y giagonal. This diagonalization indicates that the two tilt

assumptions made in the Narrow Groove Theory. Zierkelback apthqes are coupled together and decoupled from the axial mode

San Andrs [2] also present results for this case from a smaliiiy regard to the gas film effects. This represents a powerful
perturbation analysis without the Narrow Groove Theory assUmMpinciion of linearized techniques to offer new insights into the

tions, and their results match the results given here very well. 4ynamic characteristics of gas lubricated triboelements.
It is important to note that no data has been found in the litera-

ture regarding the properties of the tilt modes for mechanical gas

face seals. They are given here for the first time. Acknowledgment
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needed to compute the results from the step jump method and
direct numerical frequency response method. The values repre Btmenclature

the times needed to compute all the responses required to fully

characterize the gas film properties, including the time needed to C = clearance between the rotor and sta€y;+Z
compute the steady-state pressure profile. These numerical solu- C, = design clearance between rotor and stator at
tions were computed with a code employing the finite element equilibrium

method solution procedure described in Miller and Grégh Di; = gas film damping

However, in[9], the equations of motion are solved, but they are €, = unit vector alongd direction
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F = differential operatorQ)d/ 96+ 24/ it B = groove width ratiowg/(wg+w;)
F, = gas film axial force 6y = groove depth
f; = generalized forceF,, My, or My vx, yy = stator tilt aboutX andY axes
S6f; = transient change in a generalized force from the Ayy = amplitude of step jump inyy
equilibrium value 6 = circumferential coordinate
feq = generalized force at equilibrium _ A = compressibility number, 6Qr2/(P,C3)
G;; = gas film frequency responsg; ;=K; ;+jwD; ; 4 = gas viscosity
Gi*jj = nondimensional frequency response; axial, o = squeeze number, ;uZ)rﬁ/(PaCS)
G*=G-Co/(Pard); tilt, G*=G-Co/(Pare) Q) = shaft rotational speed
h = film thickness separating stator and rotor o = excitation frequency
Neq = _fllm t_hlckness at equilibrium Subscripts
J = imaginary numbery/—1 i ] )
Ki; = gas f!|m stiffness i = corresponding to the generalized forcEs:, My,
ki, = gas film step response ) or My ] ) )
o ; ; C Ay = corresponding to the generalized coordinai&s:
ki’fj = nondimensional step response; axial, J co or
k*=k-Co/(Pard); tilt, k* =k-Co/(Parg) x0Ty
k = step response matrix
My, My = gas film moments about andY axes References
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