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Abstract. Dynamic property of a gas face seal is about an internal ability of the
mass-spring-damper system consisting of the nonlinear gas film, the flexible support, and the
component mass or moment of inertia to handle ambient disturbances. Stability and tracking
properties are important dynamic components, the current research for which mainly focuses on
high-speed and high-pressure conditions in turbomachinery applications. In this paper,
perturbation theory is used to obtain the linearized properties of the gas film in a spiral groove gas
face seal, where the Boltzmann-Reynolds model with Fukui-Kaneko approximation is involved
to account for slip flow under low-parameter conditions. Transmissibility of the step jump method
is introduced into the perturbation method, and a critical ambient-disturbance amplitude is further
proposed to cover the defect of transmissibility in characterizing the tracking property. The effects
of'slip flow on the stability and tracking properties of gas face seals are explored. The results show
that slip flow induces an extra “relaxation region” in the critical transverse moment of inertia,
providing a softer demand for angular stability. With regard to transmissibility, slip flow will
induce an advantageous effect on transmitting the rotor motion to the stator. However, after
considering the space required for tracking motions, the results of critical amplitude indicate that
slip flow will induce an extra “rigorous region”, leading gas face seals to require more
conservative design and more rigorous manufacture and assembly for non-contacting tracking.

Keywords: stability, tracking, spiral groove, gas face seal, slip flow.
1. Introduction

A spiral groove gas face seal (Fig. 1) is a type of non-contacting face seals that prevents sealed
gas from escaping from one compartment to another. A well designed gas face seal should have
an appropriate dynamic property to head off excessive leakage and face contact [1, 2]. As depicted
in Fig. 1, the dynamic system of a gas face seal is a typical mass-spring-damper system which
consists of the nonlinear gas film stiffness and damping, the flexible support, and the mass and
the transverse moment of inertia of the stator. Thus, the dynamic property of a gas face seal is
about a systematic internal ability to handle ambient disturbances, which typically include axial
endplay and angular wobble. The axial endplay of the rotor is caused by the axial endplay of the
shaft, and the angular wobble of the mated rings is a result of manufacturing and assembly
tolerances such as the runouts of both rings and the imperfection in the stator’s flexible support.
When subjected to these disturbances, the stator may become completely unstable. Even in a stable
state, an improper tracking property can still either induce excessive leakage or local face contact
[3, 4]. It is therefore imperative to study the stability and tracking properties of gas face seals
which have played important dynamic roles in other applications [5, 6].

Dynamic research on gas face seals has been performed using both direct numerical methods
[7-11] and semi-analytical methods [12-17]. In such research, the stability and tracking properties
of gas face seals act as important focal points. Green and Barnsby [8] used the state-space-form
method developed by Miller and Green [9] to gauge the influence of sealing parameters on the
stability threshold of coned gas face seals. The tracking property of the stator was also discussed
by a parametric investigation [10]. Zirkelback and San Andres obtained the axial stiffness and
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damping coefficients of the gas film in a spiral groove gas face seal using a perturbation method
[12], and subsequently presented a corresponding stability analysis [13]. Ruan [14] added angular
motions to the dynamics to further develop the perturbation method, and presented a simple
stability analysis. Meanwhile, Miller and Green developed a step jump method [15, 16] to provide
a stability and tracking analysis of spiral groove gas face seals [17]. Because gas face seals are
usually used in high-speed and high-pressure turbomachinery, all of the above works have been
performed under high-parameter conditions.

Stator Spring and Secondary O-ring Seal

Spiral Groove

Rotor

Shaft

‘— Rotor Staton‘(Mass)\— Housing —

Ty
Fig. 1. Schematic of a typical spiral groove face seal and equivalent mass-spring-damper representation

With the continuing development of gas face seals, the applications of these seals are expanding
to devices such as mixers and agitators, where the speed and pressure represent comparatively low-
parameter conditions [18]. Such low-parameter conditions can even exist in high-parameter
turbomachinery in scenarios such as debugging and engine warm up. In such applications, the
continuum-flow assumption of the gas film breaks down and the rarefaction effect becomes
significant. First- [19], second- [20], and 1.5-order [21] slip flow models have been developed to
modify the classical continuum-flow Reynolds equation, accounting for rarefaction effects by
allowing molecular slipping to occur at the gas-wall interface. Fukui and Kaneko developed a
Boltzmann-Reynolds model for an arbitrary Knudsen number K,, based on the linearized Boltzmann
equation and provided a database of values in terms of the inverse Knudsen number D [22].
Subsequently, they published a set of polynomials for the curve fitting of the above database [23].
These slip flow models have been used in the analysis of gas face seals. Pecht and Netzel [24] and
Ruan [18] gauged the effect of slip flow on the steady-state performance of gas face seals including
lift-off speed, leakage rate, frequency-independent gas film stiffness and load carrying capacity.
Ruan [25] also considered slip flow in a study on the transient performance of spiral groove gas face
seals during the startup and shutdown operations. However, few previous works have researched the
stability and tracking properties of gas face seals under low-parameter conditions.

The objective of the present study is to provide an investigation of the effect of slip flow on
the stability and tracking of spiral groove gas face seals under low-parameter conditions. In
addition, the approach used to analyze stability and tracking properties can still be improved. In
direct numerical methods [7-11], the stability and tracking properties are analyzed numerically,
but this approach is inefficient for intensive parametric analyses. In the perturbation method
[12-14], it is convenient to obtain expressions for the critical stability condition because of the
existence of linearized gas film coefficients in the time domain. Yet, the tracking property is still
characterized by axial relative displacement or angular relative tilt angle. In the step jump method
[17], the transmissibility is presented in the form of an expression that can be used to characterize
the tracking property. However, the step response, which acts as the constitutive model of gas film,
is easy to analyze in the frequency domain [16] but difficult to analyze in the time domain.
Therefore, a balanced approach is proposed that introduces the transmissibility into the
perturbation method. Furthermore, because the transmissibility only reflects the tracking ability
while ignores the space required for tracking motions, critical ambient-disturbance amplitude,
above which the seal will achieve face contact, is provided based on the transmissibility to cover
the defect of transmissibility in characterizing the tracking property.
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2. Model
2.1. Gas film lubrication and sealing dynamics

A schematic diagram of a typical gas face seal is shown in Fig. 1. A dynamic schematic of the
mated rings and the rotor geometry are depicted in Fig. 2. A total of N spiral grooves are processed
on the rotor face at a depth of §,. a is the spiral angle and varies from 0 to 180°. The groove width
W, relative to the land width W; is measured by A = W, /(W, + W), and the groove length
relative to the dam length is measured by f = (r; — r;)/(r, — ;). Here, 1,, 7; and 7; are the
dimensionless outer radius, inner radius and boundary of the groove region and dam region,
respectively, where 1, =77/, 1; =1, and 1, = 1 /1. Here, superscript * represents the
dimensional form of a variable in the present study.

The gas pressure distribution p* in the gas face seal is governed by the lubrication equation.
Assuming that the gas flow is ideal and isothermal, the compressible Reynolds equation is then
given by [8-11, 14-17, 25]:

a(ph) _

V- [p*h*3Vp* — 6uwr*p*h*ig] — 12u Froe 0, (1)

where y is the gas viscosity, r* is the radius, ig is the unit vector in the 6 direction, h* is the gas
film thickness, w is the shaft speed, and t* is the time. The dimensionless form of Eq. (1) and its
corresponding boundary conditions are given by:

19 op\ 10 (ph*dp\  omh) . d(ph)

— 0 (rpr2lB) 4 22 (BLIP) _ ) 20 2

~ar (7P 6r>+r69( 20 a0 o (22)
Po

pi(r =1 =1, po(r = ro) = E' (2b)

where r=r*/r’, h=h"/8,, p=p"/p/, t=wt" and the compressibility number
A = 6ur*w/p; 55. Also, p; and p; are the pressures at the inner and outer radii. Here, a flow

factor @, is incorporated into Eq. (2a) to modify the compressible Reynolds equation to account
for the slip flow [18, 22, 23]:

19 apy 10 ph3dp a(ph) a(ph)
var (0rPh5) m( pT%) =A% T (32)
1/6 + 1.0162/D + 1.0653/D% — 2.1354/D3, D >S5,
Q, = 640.13852 + 1.25087/D + 0.15653/D? — 0.00969/D3, 015<D <5, (3b)
—2.22919 + 2.10673/D + 0.01653/D% — 0.0000694/D%, 0.01 <D < 0.15.
p;ﬂé‘g

D = —————ph, (3¢c)
U 2RgasTy

where Ry is the gas constant, and Ty, is the ambient temperature.
The dimensionless rotor tilt angle y,., the stator tilt angle y, and the relative tilt angle y,..; can
be decomposed into components along the X and Y axes:

Yr = (Vr cost,y, sin t), Ys = (yx' yy)' Yret = (Vr COSt — Yy, VrSint — yy)' 4

where v, = v;17 /84, Vs = Y51 /8y and Yye; = Yyei?i /84. The gas film thickness h at any point
(x, ¥) on the stator face is given by:
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h(x,y) = co +z =z, + yyx — Xy — ¥yy cost + y,xsint + (1), %)

where ¢, is the dimensionless central film thickness at equilibrium, z is the dimensionless axial
displacement of the stator from c, z, is the dimensionless axial endplay of the rotor, and (1)
indicates a dimensionless groove depth in the groove region. Here, ¢y = ¢5/8,, z = z* /8, and
z. = z;/8,. By considering the stiffness and damping properties of the springs and the secondary

seal, the dimensionless dynamic equations for the axial and angular modes are given by
[9, 14,17, 25]:

MZ+ CgpZ + kgyz = Eg - Fclosing'
I]./.x + Csy)'/x + ksyyx = ng + MsiJ (6)
Iy + Csy ¥y + ks ¥y = My,

In Eq. (6), m is the dimensionless mass, and [ is the dimensionless transverse moment of
inertia of the stator, where m = m*§,w?/p;r;* and I = I*§;w*/p;1*. ks, is the dimensionless
axial stiffness of the springs and cg, is the dimensionless axial damping of the flexible support,
where kg, = k3,0,/p; 72 and ¢, = 5,040/ D; 172, According to the work of Green and Etsion
[26], the dimensionless angular stiffness k, and the damping cg,, are given by:

1

ksy = E kszrozx Csy = E Cszroz, (7)
assuming that the support forces act at the outer radius. Fgging is the total load of the fluid
pressure and the spring support load at equilibrium, which is applied to the rear of the stator to
balance the gas film load F; caused by the fluid effect. My, and M, are the gas film moments
about the X and Y axes. Mj; is a moment caused by the dimensionless static stator tilt y;, which
is arbitrarily assumed to be oriented about the X axis. The constant moment is given by
Mg = kg, Vsi. Fy, Mg, and Mg, can all be obtained by integrating p over the dimensionless
sealing area A4,,, as follows:

Pé,zf pdA,ngzf pydA,ngz—f px dA. (8)
An An An
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Fig. 2. Dynamic schematic of a spiral groove gas face seal and the geometry of the rotor
2.2. Perturbation method

Malanoski and Pan [27] performed a pioneering work in studying the axial gas film
coefficients in a spiral groove gas thrust bearing by a perturbation method. Zirkelback and San
Andres [12] used the perturbation method to analyze a spiral groove gas face seal. Ruan [14] added
angular modes to further develop the perturbation method. In the present study, the perturbation
method described in Ref. [14] is adopted. Because our dimensionless approach differs from that

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2017, VOL. 19, ISSUE 3. ISSN 1392-8716 2129



2449. STABILITY AND TRACKING ANALYSIS OF GAS FACE SEALS UNDER LOW-PARAMETER CONDITIONS CONSIDERING SLIP FLOW.
SONGTAO Hu, WEIFENG HUANG, XIANGFENG LIU, YUMING WANG

of Ref. [14], and because the flow factor @, is involved, the whole process should be deduced
again. If small oscillatory motions (Az, Ayy, Ay, ) with excitation frequency w, occur near the
equilibrium ¢y, Eq. (5) can then be rewritten as:

h(x,y) = co + Az + yAy, — xy, + (1), (9a)
Az = |Az|e™¥, Ay, = |Ay,|e', Ay, = |Ay, e, (9b)
Az = iQAz, Ay, = iQhy,, Ay, = iQhy,, (9¢)

where, the excitation frequency ratio Q = w,/w is introduced because of the dimensionless

process for ei®et” . These small motions cause a small pressure perturbation Ap about the
equilibrium pressure p,. Using a first-order Taylor series expansion, the new pressure can be
expressed as:

p = po +Ap = po + p,Az + p Ay, + pyAyy + P,AZ + DAYy + Py Ay, (10)

After substituting Egs. (9, 10) into Eq. (3a) and only remaining terms of order O(1), O(Az),
O(Ayx), O(Ay,), O(Az), O(AYy), O(Ayy), the following seven equations can be produced:

10 dpo 10 PoC 0o _ . 0(poco)
Far (@ 3E) + 155 <QP - 90) =" a0 (b
10 5 9(pop;) , 0Po 10 1 36(popz) . 9Po
rar | %" ( o TP )| T o | % T\ @ e T P 5y (122)
a , +
— (COZ;B pO) ZAQZCOE,
10 0(popz) [ 1 6(popz)] d(coPz)
— 3 = 12b
“—|oyres 4203 PBP - \TEPD e, + ), (120)
19 (popx) apo 19 3 9(Popx) . 9Po
;a—[Qp ( ar + 3ypoch o T 738 Q o ] 30 T3YPSo g (138)
a +
—A (cOpge ypo) _, Aﬂzcom
107 a(popx)] [ 1 6(popx)] a(copx)
3 13b
10| 9(pop Ipo)|, 10 8 PoP. , Do
3 Y/ 2_I"Y 4
e <C° PR L | T Q”r 36 SXPoc 5y (142)
6 —
_A (copy — xPo) ZAﬂzcom,
10| 0(popy) 1 6(popy) 9(coPy)
o _Qprco +- ae Qci—p | = A5+ 2A(copy — xPy). (14b)
The corresponding boundary conditions are given by Eq. (2b) and:
pzzmszsz_py py_o (r=1landr =r,). (15)

These seven equations can be classified into four groups. Eq. (11) governs the steady-state
pressure distribution pg at equilibrium cy. Egs. (12-14) are three pairs of perturbation Reynolds
equations that govern three pairs of variables (p,, P;), (Px, Dx) and (p,,, ), respectively. For each
pair, an iterative process is required to produce stable variables.

Based on Eq. (8), the generalized force in response to the perturbation can be expressed as:
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dFZ 1 Dz Dx by Az
dM, } = f { y }Ap dA = J- { Yvz  YPx YDy }dA Ayy
dM, An\—x An\—XDz —XPx XDy Ayy (16)
Pz Px Py Az
+ J Ybz  YPx  YPy ;dA{DVxy.
An \—Xp, —XDPx —XDy Ayy
Therefore, the stiffness and damping matrices are:
ko2 Kz kzy | Px Py
ki, ki kxy‘ = —f { Yvz  YPx YDy }dA,
kyz kyx kyy An\TXPz TXDx T XBy (17a)
Czz  Czx Czy Dz Px py
[sz Cxx ny] = —f Yo, YDx Yby ¢dA.
Cyz Cyx Cyy An\—xp, —XPx —XDy

Because the works of Ruan [14] and Miller and Green [16, 17] indicate that the cross-coupling
coefficients can be ignored and that only three terms are unique, the reduced matrices are
given by:

kzz kzx kzy kzz 0 0 Czz Czx Czy Czz 0 0
kxz kxx kxy =0 kxx kxy f [CXZ Coxx ny] =|0 Cox Cxy |. (17b)
kyr kye kyy 0 —kyy kx| L6z Gz Cyy 0 —Cuy Cax

2.3. Stability and tracking
2.3.1. Stability
The dimensionless form of the linearized dynamics used for the stability research is given by:

mzZ + (Cyp + Cs5)Z + (kyy + ks,)z =0,
Iy, + (Cxx + Csy)]./x + ny]'/y + (kxx + ksy))’x + kxy]/y =0, (18)
I]./.y + (Cxx + Csy))}y - ny)'/x + (kxx + ksy)yy - kxy)/x =0.

After substituting a small axial displacement z = z.e%!/® into the equation of axial motion,
the characteristic equation can then be obtained as:

m c,; t ¢
o7 S T e ke + ey = 0, (19)

where the complex number s, = A, + w,i. For the critical condition of axial stability, the real part
Ae is zero and Eq. (19) can then be reduced to:

—mQZ + i(cyy + €s;) Qe + kyy + kg, = 0. (20)
Here, subscript cr represents the critical condition in the present study. To satisfy Eq. (20),
both the real and imaginary parts should be zero. Therefore, the critical excitation frequency ratio

and the critical mass for axial stability should satisfy:

C2z(Qer) + €5, (Qr) =0, (21a)
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_ kzz('ch) + ks,
R R

21b)

Here, an iterative process is inevitable to calculate Q.. It is because before Q., can be solved
by Eq. (21a), c,, is required. However, c,, is related to Q, in the perturbation method.

The same method is also used to analyze the angular stability. After substituting small angular
displacements ¥, = Y .e%® and Yy = yygeset/ @ into the equations of angular motions, the
dimensionless angular dynamics are transformed into:

I Cxx T C

[
psg - ¥ s + kyy + ks, %se + kyy Vee
Cxy I 5 Cxx T Csy {sz} =0 (22)
—Xse—kxy Ese Tse+kxx+ksy

Because the determinant of the coefficient should be zero, the characteristic equation is then
obtained as:

AOS:_,L + Alsg + Azsez + A3Se + A4 = 0, (233)
1\* I\ 2(cy + C5y)
w=(r) a=(0) =52
I (cax *c )2 + 2
1o =2 () (1) ¢ o) £S5 @3
Cyy + C ky, +ks )+ k,.cC
ay =Gt ol tho) Yhoty ) g,

w

By considering the real part of s, to be zero under the critical condition, the critical excitation
frequency ratio and the critical transverse moment of the inertia for angular stability can be
obtained from Eq. (23), as follows:

kxy (ch)cxy (Qcr) 2 2
<Cxx(ch) + csy(ﬂcr)> ey (der) (24a)
(Cxx(Qer) + Csy (Qer))? + C;%y Q) '
kxy (Qer) Cry (Qer)
Ko (Q0) + kg, + xy ber ) Cxy e
XX( ¢ ) ¥ Cxx(ﬂcr) + Csy (ch) (24b)
2, '

Qe =

Ier =

where an iterative process is also necessary to calculate of ;..
2.3.2. Tracking

When the stator satisfies the stability demand, an appropriate tracking property is expected to
avoid both excessive leakage and local face contact. Because the typical ambient disturbances are
the axial endplay and the angular wobble of the rotor, where Mg; in Eq. (6) is ignored, w, is equal
to w (i.e., = 1) in the tracking study. The dimensionless sealing dynamics for the axial endplay
and the angular wobble can then be expressed as:
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mZ + (€5 + €5.)Z + (kyy + ksy)Z = €107 + kyy 2y,
Iy + (Cxx + Csy))}x + nyyy + (kxx + ksy)yx + kxyyy

= CxxVrx T ny)}ry + KxVrx + kxyyryr (25)
Ijjy + (Cxx + Csy))}y - nyyx + (kxx + ksy))/y - kxy]/x

= Cxxy;"y - ny%.’x + kxxyry - kxyyrx-

A Laplace transform approach [14, 17] is then used to solve Eq. (25). The axial and angular
motions in the Laplace domain are given by:

m[SZ(O) + Z(O)] + (sz + Csz)Z(O) + (szs + ksz)ZT(S) - CZZZT(O)
ms2 + (¢, + Csp)s + kyy + kg ’
Az2b1 — ayi;b, \

[an ‘112] {Fx(s)} _ bl] {Fx(s)} _ { A1102 — Q12071 }’ (26b)

Z(s) =

(26a)

az1  azl(T,(s)) ~ byl L, (s) —ay.by + a1b,
A11032 — Q1202
A1 = Ay =152+ (Coy + €5y )S + ko + ksyy @1z = =gy = CoyS + ki,
bl = (Cxxs + kxx)rrx(s) + (nys + kxy)rry(s) - Cxxyrx(o)
~CyVry(0) + 17,:(0) + (Is + €z + €5 )12 (0) + Cy ¥ (0), (26¢)

b2 = _(CXJ/S + kxy)FTX(S) + (Cxxs + kxx)rry(s) + nyyrx(o)
_nyyry(o) + I]/y(O) - nyyx(o) + (IS T+ Cyx + Csy)yy(o);

where s is the Laplace variable. Z(s) and Z,.(s) are the Laplace transforms of z(t) and z,(t),
respectively. I, (s), [, (s), I}, (s) and I.,,(s) are the Laplace transforms of y,.(t), ¥y (£), ¥, (t) and
Yry (1), respectively. The variables with zero in parentheses are the initial values at t = 0. If the axial
relative displacement or the angular relative tile angle is used to characterize the tracking property
[14], the inverse Laplace transform of Eq. (26) can be used to obtain z(t), y,(t) and y,(t)
numerically or analytically. Here, the transmissibility in the step jump method [17] is introduced into
the perturbation method to derive expressions for the characterization of the tracking property.

In the axial mode, the dimensional axial endplay and the corresponding response are assumed
to be z:(t*) = At and z*(t*) = ALe!@"=¥2) and their dimensionless forms are
z,.(t) = A,,e' and z(t) = A,e't=¥2) respectively, where W, is the axial phase difference,
Ay, = A;,/64and A, = A;/5,. By substituting z,.(t) and z(t) into the axial motion of Eq. (25),
one can obtain:

7= Az — k%z + szz (27a)
Arz (_m + ksz + kzz)z + (Csz + sz)z'

tanW, = mcy, + kzzcsz B kszczz . (27b)
kzz(_m + ksz + kzz) + sz(csz + sz)

Zog = Z—:l = % = J1+22-2zcos W, 27¢)

where Z is the axial transmissibility, and Z,.; is the axial relative transmissibility that is demanded
to be less than 0.3 in a proper tracking design [28].

In the angular modes, the dimensional angular wobble and the corresponding response are
assumed to be Yi(t*) = A;,e'®t" and yi(t") = Ay, €' @ ¥ = g A1 e @) | and their
dimensionless forms are y,.(t) = Aryeit and y,(t) = ?SAryei(t_wy) respectively, where ¥ is the
angular transmissibility, ¥, is the angular phase difference, and 4,, = A},71;/8,. A relation
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similar to Eq. (27) is more difficult to be obtained in the angular modes. The steady-state response
to the harmonic angular wobble takes the form of harmonic functions, as follows:

Yx(t) = Apy Ay cost + Ay Ay s sint,

Yy(t) = AyAyccost + A Ay sint, (28)

where Ay, Axs, Ay and A, 5 are the angular amplitude coefficients. By transforming Eq. (28)
into the Laplace domain and then substituting the results into Eq. (26b-26c), these angular
amplitude coefficients are gathered as:

1
Ax,c = Z (azz(CxxS + kxx) + alz(nyS + kxy))f
1
Ax,s = Z (azz(cxys + kxy) —ay2(CxxS + kxx)): 29)
1
Ay,c = Z (_a21(cxx5 + ko) — all(cxys + kxy))'

1
s T A\T :
A S A( aZl(nyS + kxy) + all(cxxs + kxx))

The real part of ¥, corresponds to the tilt angle about the X axis, and the imaginary part of y,
corresponds to the tilt angle about the Y axis. Likewise, the real part of y,, corresponds to the tilt
angle about the Y axis, and the imaginary part of y,, corresponds to the negative tilt angle about
the X axis. Therefore, y, and y,, satisfy the following:

Ve(t) = Re[y,(©)] = Im[y, (©)], ¥, (£) = Re[y, (1] + Im[y, (D). (30)
If y, and y,, are expressed as:

Vx(t) = ]7xAry COS(t - ‘Pyx)' yy(t) = ]7yAry Sin(t - l'pyy)t (31)

the angular transmissibility y, and the phase difference ¥, in the X mode can be given by:

Vx = \/(Re[Ax,c] - Im[Ay_C])2 + (Re[Ays] - Im[Ay_s])z, (32a)
Re[A,] — Im[A,, ]
Re[Ay| - Im[4, ]

tan'¥,, = (32b)

Because the transverse moments of inertia and the support properties are symmetrical about
the X and Y axes, y, = ¥, = ¥s and W), = ¥, = ¥,.. The angular relative tilt angle y,,; and the
relative transmissibility ¥,,; can then be given by:

Yra(t) = Apye't(1—ye™™¥7), (33a)
Yrel — |1 _ )7Se—i‘{’y|. (33b)

r

Yret =

The transmissibility can be used to characterize the tracking property. However, it is a ratio to
only convey the information about the amplitude rather than the datum line. It is possible to obtain
the tracking ability in detail from the transmissibility but it is impossible to see how much space
is reserved for the tracking motions. A feasible approach to observe the tracking property
including both “amplitude” and “datum line” is to investigate how much the amplitude of axial
endplay and angular wobble can be allowed before face contact occurs. Therefore, the critical
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ambient-disturbance amplitude is provided based on the transmissibility to cover the defect of
transmissibility in characterizing the tracking property. Because the linearized coefficients of the
gas film are based on small perturbations from the parallel face position, the following results may
be not extremely accurate when subject to large deviations. Yet, the validity of this method can
be acceptable before a more elaborate analysis becomes available [26]. Even if a more elaborate
analysis can be applied, the time cost should be considered. Therefore, the critical condition for
face contact is given by:
TolYrell = o = Zyers (34)
where the surface texture is not considered. The equation then can be reduced to an expression
that contains the transmissibility:

roAryfrel =Co = ArzZrer (35)

3. Results and discussion

Table 1 lists the parameters of a spiral groove gas face seal. The subsequent simulations under
the slip flow and non-slip flow conditions are both performed based on the data in this table. Note
that the value of c;, is not measured but selected from Refs. [14, 25] (1 kN-s/m). It is not a
significant factor because the present study focuses on the simulations and is not related to any
experimental work. Compressibility number A ranging from 2.5233 to 5.8878 (i.e., shaft speed w
ranges from 300 to 700 r/min) is selected as the representative low-parameter conditions in the
simulation. The calculation is performed by using a finite element method. Numerical accuracy
and stability are important for a complex dynamic system. A very fine mesh would result in
excessive computation time. Therefore, a balance between accuracy and economical computing
must be maintained. After the experiments, it is determined that a 3160-finite element mesh is
adopted. The calculation is carried out on a 2.3 GHz workstation.

Table 1. Parameters of a spiral groove gas face seal

Parameter Value
Outer radius 1, 61.7 mm
Inner radius 7}’ 51.6 mm
Balance radius r; 53.1 mm
Spiral angle a 15°
Number of grooves N 12
Groove to land width ratio 4 0.5
Groove to dam length ratio 8 0.6
Groove depth 8, 6 um
Stator mass m” 0.13 kg
Transverse moment of inertia [* | 2.5%10* kg'm?
Pressure at outer radius p; 0.2 MPa
Pressure at inner radius p; 0.1 MPa
Support axial stiffness k;, 16.4 kN/m
Support axial damping c;, 1 kN's/m
Gas constant Ry, 300-K
Ambient temperature T, 287 J/(kg'K)

3.1. Fundamental sealing performance

The effect of slip flow on the fundamental seal-performance variables, including the central
film thickness at equilibrium, the lift-off speed and the stiffness and damping of the gas film, are
analyzed to form the foundation of the following discussion on stability and tracking. Fig. 3 shows
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the central film thicknesses at equilibrium at different shaft speeds. It can be seen that the central
film thickness at equilibrium increases as the shaft speed increases. It is because the closing force
Feiosing 18 constant in these cases and the hydrodynamic effect is enhanced by the increased shaft
speed. A greater central film thickness at equilibrium helps to weaken the hydrodynamic effect to
balance the constant closing force. A significant deviation between the two flow approaches is
apparent. The central film thickness at equilibrium is smaller under the slip flow condition than
under the non-slip flow condition. The relative error decreases as the shaft speed increases because
the slip flow is diminishing, which can be visualized from the variation of the minimum inverse
Knudsen number D,,;,, from 11.985 at 300 r/min to 22.767 at 700 r/min. A decreased central film
thickness at equilibrium caused by the slip flow means that the slip flow will induce a reduced
load carrying capacity because of the loss of viscous pumping due to the slippage at the solid
boundary. Fig. 4 displays the lift-off speeds at different lift-off thicknesses of 0.6, 0.7, 0.8, 0.9 and
1.0 pm. The lift-off speed increases with the increased lift-off thickness because of the decreased
hydrodynamic effect. The lift-off speed is higher under the slip flow condition, and the relative
error decreases with the increased lift-off thickness. A higher lift-off speed under the slip flow
condition means that if a gas face seal were to start up from rest, its corresponding lift-off would
be delayed, and the face of the seal would suffer more severe wear. Therefore, the slip flow should
be noted during the startup and shutdown operations accounting for the service life of seals.

-
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Fig. 3. Comparison of central film thicknesses at Fig. 4. Comparison of lift-off speeds at different
equilibrium ¢, at different shaft speeds w from 300 to lift-off film thicknesses from 0.6 to 1.0 pm
700 r/min (A from 2.5233 to 5.8878) (dimensionless values from 0.1000 to 0.1667)
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Fig. 5. Comparison of frequency dependent stiffness and damping coefficients of gas film.
a) A varies from 2.5233 to 5.8878 (w from 300 to 700 r/min) where Q0 = 1;
b) Q varies from 0.5 to 50 where A = 2.5233 (w = 300 r/min)
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Fig. 5 shows the linearized stiffness and damping coefficients of the gas film by using the
perturbation method. In Fig. 5(a), A is varied from 2.5233 to 5.8878 (i.e., w ranges from 300 to
700 r/min) while () is maintained at 1, thus showing the linearized gas film coefficients as a
function of A (i.e., w). In Fig. 5(b), A is maintained at 2.5233 (i.e., w = 300 r/min) while Q is
varied from 0.5 to 50, thus showing the linearized gas film coefficients as a function of (). For
each figure, the upper component corresponds to the stiffness, while the lower corresponds to the
damping. In contrast with the frequency-independent stiffness of Ref. [18], the stiffness presented
here is frequency dependent. For the stiffness, the direct terms, i.e., k,, and k., increase with the
increased A or (1, but the cross terms, i.e., ky,, decrease with the increased A or Q. The tendency
of the stiffness is opposite to that of the damping. The tendency of linearized gas film coefficients
is in line with Ref. [14]. With respect to the effect of the slip flow, it can be drawn that the
linearized stiffness and damping coefficients of the gas film are both larger under the slip flow
condition because of the smaller central film thickness at equilibrium under the slip flow
condition, as shown in Fig. 3. These linearized gas film coefficients serve as the basis of the
research with regard to stability and tracking.

3.2. Stability

Fig. 6 displays a stability example where the stator has an axial initial deviation (i.e.,
z*(0) = 10 um) and an angular deviation (i.e., y; (0)= 10 prad) when w = 300 r/min (i.e.,
A =2.5233). Note that in the case, the slip flow is considered and the face contact is ignored. It
can be seen that the oscillations of the stator in the axial and angular modes both rapidly relax to
stable state because of the nonlinear gas film and the flexible support. As the seal-system
parameters have been properly designed here, the stator does not exhibit under-damping vibrations.
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Fig. 6. Stability example where the stator Fig. 7. Comparison of critical transverse moment of
has axial and angular initial deviations inertia at different shaft speeds w from 300 to
(i.e., z"(0) = 10 um, y;(0) = 10 prad) 700 r/min (A from 2.5233 to 5.8878), and
when w = 300 r/min (i.e., A = 2.5233) “relaxation region” offers a softer demand of

angular stability when considering the slip flow

In the axial mode, it is clear that the axial damping coefficient c,, shown in Fig. 5 never
becomes negative over the range of A from 2.5233 to 5.8878 or over the excessively wide range
of Q from 0.5 to 50. Therefore, the stability of the gas face seal in the axial mode is not a significant
factor to be focused on. However, the gas film coefficients shown in Fig. 5 can satisfy Eq. (24),
and thus the angular stability of the gas face seal should be analyzed. Fig. 7 displays the
dimensionless critical transverse moment of inertia I, as w increases from 300 to 700 r/min. It
can be seen that the critical transverse moment of inertia is greater under the slip flow condition,
and that the relative error decreases as w increases. Here, the deviation is marked in yellow and is
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called “relaxation region”. When the ratio of the real transverse moment of inertia to the critical
transverse moment of inertia is larger than 1, the face seal is known to exceed its critical speed,
indicating that an instability appears in the angular modes. Therefore, for a specific safety
threshold (i.e., less than 1), the engineers are provided with an extra relaxation region for the stator
design (in terms of the mass, the transverse moment of inertia and the geometry) to satisfy the
demand for angular stability when considering the slip flow under low-parameter conditions. This
advantageous effect under the slip flow condition is caused by the relative large linearized stiffness
and damping coefficients of the gas film under the slip flow condition, which are related to the
reduced central film thickness at equilibrium under the slip flow condition. Therefore, these
successional phenomena essentially occur because of the loss of the viscous pumping due to the
slippage at the solid boundary.

3.3. Tracking

Fig. 8 displays a tracking example where the rotor has a periodic vibration with Ay, = 100 um,
Ay, =100 prad and @ = 300 r/min (i.e., A = 2.5233). In the case, the slip flow is considered.
The stator tracks the rotor in the axial and angular modes. In the close look of Fig. 8(a), the
vibration amplitude of the stator is reduced, and a phase difference occurs between the mated
rings. These phenomena also exist in the angular modes in Fig. 8(b).
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Fig. 8. Tracking example where 4y, = 100 um, A7, = 100 prad, @ = 300 r/min (i.e., A = 2.5233)
and the slip flow is considered: a) axial motion; b) angular motions

Angular motion of the rotor and the stator (urad)

Fig. 9 shows the axial and angular relative transmissibility at different shaft speeds w ranging
from 300 to 700 r/min (i.e., A ranges from 2.5233 to 5.8878). The relative transmissibility
increases with an increase in shaft speed, indicating that the tracking property worsens as w
increases. Moreover, it is obvious that the relative transmissibility is smaller under the slip flow
condition. A reasonable explanation is that the slippage phenomenon will induce relative large
linearized gas film coefficients which help to transmit the rotor motion to the stator. As the red
curves show, this acceleration decreases as the slip flow diminishes. However, this advantageous
effect of the slip flow on the tracking property should be doubted because the transmissibility is a
ratio that used to only reflect the message about the amplitude rather than about the datum line.
Namely, the improved tracking property under the slip flow condition is caused by the relative
large linearized gas film coefficients under the slip flow condition, which are related to the
decreased central film thickness at equilibrium under the slip flow condition. Although the
tracking ability is better under the slip flow condition, the space for tracking motions has been
compressed because of the decreased central film thickness at equilibrium. Therefore, an index
including both “amplitude” and “datum line” is required. The critical ambient-disturbance
amplitude, above which the seal will have face contact, are provided based on the transmissibility
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to cover the defect of transmissibility in characterizing the tracking property.

In engineering projects, the axial endplay and the angular wobble occur simultaneously. In
Fig. 10, single axial-endplay and single angular-wobble situations are discussed respectively. The
critical amplitude is smaller under the slip flow condition. It means that if an engineer ignored the
slip flow and then selected a value in the “rigorous region” marked in yellow as a design criterion,
face contact would occur. Therefore, the slip flow makes gas face seals require more conservative
design and more rigorous manufacture and assembly for a non-contacting tracking. This
disadvantageous conclusion drawn from the critical amplitude is in contrast with the advantageous
conclusion obtained by the transmissibility, because the former considers the tracking property
more comprehensively by adding the space for tracking motions. In addition, with the increase of
W, Ayzer and Ay, ¢ vary non-monotonously. It is because the critical amplitude is a function of the
central film thickness at equilibrium (Fig. 3) and the relative transmissibility (Fig. 9).
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Fig. 9. Comparison of relative transmissibility at ~ Fig. 10. Comparison of critical amplitudes of axial
different shaft speeds w from 300 to 700 r/min endplay and angular wobble for face contact at
(A from 2.5233 to 5.8878) different shaft speeds w from 300 to 700 r/min

(A from 2.5233 to 5.8878), and “rigorous region”
requires more rigorous working conditions when
considering the slip flow

4. Conclusions

The dynamics of a spiral groove gas face seal are established and the Boltzmann-Reynolds
model with Fukui-Kaneko approximation is used to account for slip flow. Transmissibility in the
step jump method is introduced into the perturbation method to characterize the tracking property.
Based on the transmissibility, the critical amplitudes of axial endplay and angular wobble, above
which the seal will have face contact, are provided to cover the defect of transmissibility in
characterizing the tracking property.

The effect of slip flow on the stability and tracking properties of a spiral groove gas face seal
under low-parameter conditions is researched. The results show that slip flow will induce a
decreased central film thickness at equilibrium, a reduced load carrying capacity and a higher
lift-off speed (i.e., a longer startup operation and more severe face wear). The decreased central
film thickness induces to relative large linearized gas film characteristics that affect the stability
and tracking. Unlike the axial stability, the angular stability should be focused on. Slip flow will
induce an extra “relaxation region” in the critical transverse moment of inertia to provide a softer
demand for angular stability. With regard to the transmissibility, slip flow will induce an
advantageous effect on transmitting the rotor motion to the stator. However, after introducing the
space for tracking motions, the results of the critical amplitudes of the axial endplay and the
angular wobble show that slip flow will induce an extra “rigorous region” to make gas face seals
require more conservative design and more rigorous manufacture and assembly for a

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAY 2017, VOL. 19, ISSUE 3. ISSN 1392-8716 2139



2449. STABILITY AND TRACKING ANALYSIS OF GAS FACE SEALS UNDER LOW-PARAMETER CONDITIONS CONSIDERING SLIP FLOW.
SONGTAO Hu, WEIFENG HUANG, XIANGFENG LIU, YUMING WANG

non-contacting tracking. The proposition of “relaxation region” and “rigorous region”
demonstrates the necessity of considering slip-flow under the low-parameter applications of gas
face seals.
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