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Definition (units, SI
Dircct damping. (N s/m)
Cross damping. (N s/m)

Non-dimensional direct damping. [1]

Non-dimensional cross damping. (1]

Nondimensional sealing gap. (1]
Force acting on the rotor in the direction of

instantaneous displacement. (N)
Force acting on rotor in the direction tangent

to the instantancous displacement.(N)
Frictional(viscous) cross force componcent.(N)

Ideal cross force component. (N)
Nondimensional depth of labyrinth knife. (1]

Dcpth of scal gland. (m)
Dcpth of cavity upstrcam of scal. (m)

Normalized cnergy carry-over factor.[1]
Direct stiffness. (N/m)
Cross stiffness. (N/m)

Nondimensional direct stiffness. [1]

Nondimensional cross stiffness. [11]

Nondimensional labyrinth scaling pitch. [1]

Scaling pitch. (m)

Axial gap from the vancs (o seal inlet. (m)
Static pressurc in the labyrinth gland.(Pa)
Total pressure upstream of first knife. (Pa)
Static pressure downstream of seal. (Pa)
Flow rate through first knifc/length(kg/m s)
Flow ratc through sccond knife. (kg/m s)
Gas constant for air. 287.15 (J/ kg K)

Radial displacement of whirling shaft. (m)
Magnitude of radial displacement. (m)

" Nondimensional spin ratc. 1]

Air temperature. (K)
Time. (s)
Swirl velocity inside the scal gland. (m/s)

Nondimensional whirling frequency. [1]
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1. INTRODUCTION
One of the maj

power-density

the glands of lab
scal force tangent to the
direction of this whirl
The possibility of

Nondimensional divergence. (1]
Kinetic energy carry-over coefficient. (1]

Nondimensional swirl gradient parameter. [1]

Nondimensional seal flow rate. [1]

Scaling gaps for the sealing knives. (m)

Nondimensional whirling cccentricity. [1]
Darcy friction factor for the stator. ]
Darcy friction factor for the rotor. [1]

Kinctic cnergy carry-over sensitivity, (1/m)

Flow cocfficients for the scaling knives. [1]
Harmonic pressure perturbation. [1]
Harmonic velocity perturbation. [1]

Fluid density. (kg/m’)
Nondimensional swirl parameter. [1]

Swirl parameter as observed in whirling
reference frame. [1)

Whirling frequency of the shaft. (1/s)

Shaft rotational speed. (1/s)

Steady solution for the case of centered rotor.
Quantities at the first or second knife

respectively.

or sources of rotordynamic instabilities in high
turbomachinery is asymmetric pressurc  distributions in
yrinth seals which gencrate cross forces. If the net

instantancous whirling displacement is in the

, instability will bc promoted.
labyrinth secals creating unstable rotor whirl has

been known since the 1940's as reported by Dcn Hartog [1]. Alford (2]
and Thomas [3] were the first to propose analytical models for the
prediction of labyrinth seal forces, However, ncither of these models is
particularly useful, because the influence of the “inlet swirl, which is

known to dominate in th

both authors.

¢ generation of cross forces, was neglected by
A lumped parameter model that couples the axial flow over

the knives 1o one-dimensional continuity and momentum equations

inside the secal
variation with
stiffness nor direct dam
whirling with a paralle

gland was developed by Kostyuk [4]. The gland-depth
rotor cccentricity was neglected and ‘hence no cross
ping is predicted from this model for a rotor

precession.  Subsequently, Iwatsubo [5] added

the neccessary term to account for this wvariation. Many other authors,
including Gans [6], Kurahasi and Inouc [7], Fujikawa, Kamcoka and Abc
(8], Scharrer and Childs [9], and Martincz and Lee 110}, have used similar
lumped paramecter models 1o predict the cross forces for a greal variety
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of gcometrics and flow conditions. All of these models have assumed
constant upstream and downstrcam boundary conditions.

Analyses that consider variations within each seal gland, by
using multi-control volumes within each scal gland, have been
conducted [8,11]. However, this approach is cumbersome and the
diffcrent control volumes must be coupled with ad-hoc assumptions or
analysis, No advantages have been clearly shown from such models
over the single control volume models.

Compultational Fluid Dynamics (CFD) methods have also been used,
most notably by Nordmann and Weiser [12], to predict results similar to
those obtained by the lumped parameter models. These codes may be
very useful in modeling some of the detailed flow fields in the glands,
which can be used for the sub-models to predict carry-over coefficient
variation, friction factors, etc. However, it appears that the simple
lumped parameter models contain the dominant fluid physics, which is
asymmetric injection of swirl momentum, necessary to predict
destabilizing forces, at lcast for multi-cavity seals.

All of these analyses have assumed uniform upstream and
downstream boundary conditions. These assumptions may not bc
adequate for the prediction of the rotordynamic forces in short scals,
where the end conditions may greatly affect the perturbations in both
pressure and the swirl component of velocity.

The first experiments to mcasure the sclf-cxciting forces in
isolated labyrinths were thosc of Benckert and Wachter [13,14,15], who
mcasured the static pressure distributions around the casing and
intcgratcd them to find the dircct and cross forces duc to a statically
offsct rotor. Many diffcrent geometrics were tested over a wide range of
flow conditions. They determined the general pressurc/inlet kinctic
cnergy scaling parameters for statically offset scals. Brown and Lcong
[16], Thicleke and Stetter [17], Kanki and Morii [18] and Hisa, Sakakida
and Asatu [19), have all made similar measurements yiclding a good data
base on the displacement dependent rotordynamic coefficients.
Experimental investigations on the dynamic characteristics  of
labyrinths have been conducted by Wright {20], Kanemitsu and Ohsawa
[21], Scharrer [22], Scharrer and Childs [23] and Millsaps and Martincz
[24].

Kostyuk-type lumped parameter models are capable of predicting
the cross-stiffness coefficients for long labyrinth seals (more than 6
chambers) to within 25% of the experimentally obtained values [10].
However, the situation with respect to short seals, and with the dynamic
coefficients, especially the direct damping, has been far lcss
satisfactory. The mecasured cross-stiffness coefficients in two and three
gland seals, as mcasurcd by Benckert [12], are morc than 100% larger
than those predicted by thcory in most cascs. Mcasured dynamic
cocfficients for both long and short seals arc not well predicted by
theory. Discrepancics between  the measured and predicted dircct
damping of nearly 500% are shown by Scharrer [21] for some
conditions. While the results from many computations have been
reported using the various lumped parameter models, little physical
understanding on the mechanisms that genecrate dynamic forces has
been obtained from the models. In particular, no analysis has been
presented that clearly delincates the importance of the various
geometric and flow related parameters and explains, in physical terms,
the origin of the damping forces. The general mechanisms that
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gencrate  the  static and dynamic force components in g
spinning/whirling seal has not been adequately explained.

The purposc of this papcr is to introduce a new analytical modcl
which includes the cffcct of upstrcam coupling, which is believed 1o be
responsible for the much higher than cxpected cross stiffness  and
direct damping obtained cxperimentally, and 1o describe the nature and
mechanisms of the damping forces in labyrinth scals.

In Section 2, an analytical model is presented that allows for non-
uniform flow in the volume upstrcam of the whirling seal. Coupled
continuity and momentum cquations arc given for both the whirling,
single gland scal with the added terms due 10 the non-uniform inlet, ang
for the non-whirling, finite volume upstream cavity which has g
leakage path 10 a large ccnter cavity. The addition of the extra leakage
flow significantly complicates the solution of this system because it
introduces an essentjal non-linearity. An approximate solution method
is presented, based on harmonic averaging, to deal with this difficulty.
The parameters that control the augmentation in cross forces are
identificd. Results from this new model are presented that show a large
impact duc to the non-uniform upstream flow field due to the coupling
with the scal perturbations,

In Secction 3 the general nature of cross forces in labyrinth seals
is discussed. The mechanisms  for  the gencration  of rotordynamic
damping will be delincated. All  the physical arguments will be
developed with uniform inlet conditions 1o avoid unnecessary algebraic
complexity. However, all of the arguments 1o be prescnted can be
readily generalized 1o account for the upstream non-uniformitics. These
reduced equations are nondimensionalized, and formulas for the
frequency-depcndcnt direct and cross forces are given. The physical
significance of the various parameters is discussed, and the scaling
behavior provided. The rotordynamically destabilizing cross force will
be shown to be the sum of two distinct componcnts. An "ideal" one duc 1o
an inviscid flow, and g "viscous" part due to frictional shear. The
damping will be shown lo originate entirely from (he idcal component.
From this decomposition, a mcthod  for extracting the damping
cocfficients from purely static mecasurements arc  shown.

In  Scction 4, "(he cxperimental  apparatus and measurcment
mcthods used 10 dctermine these dynamic forces are described. The
instrumentation and data analysis procedures are given,

In Section 35, comparisons of the theory 1o the experimental data
will be provided. Although no precise comparison of (he coupled model
to the experimental data is possible due to the lack of control or
measurement of the axjal gap of the face seal which vents the upstream
préssure perturbations (o (he centecr hub plenum. The expecrimental
data support the use of the ideal/viscous dccomposition for (he
determination of dircct damping cocfficients from purely static
stiffness data. Also the theory is compared 10 the cxperimental results of
Benckert for statically offsct two and three chamber scals.

2. MODEL FOR UPSTREAM COUPLING

The experimental and analytical research proceeded initially on
the assumption that the boundary conditions for the single gland
labyrinth seal were uniform, That is, the whirling eccentric seal is fed
by an upstream reservoir where the pressure and tangential velocity is
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spatially and tcmporally uniform, and discharges to a downstrcam
volume at a constant static pressure.

Indications that substantial upstream non-uniformity may exist
and be of importancc Wwerc provided from time resolved pressure
measurcments in the MIT Labyrinth Seal Test Facility (LSTF) with a
whirling seal, just upstream of the first knife, and from steady pressure
measurements in the MIT Alford Force Test Facility (AFTF) upstream and
downstream of a statically off-set seal, that was attached to a shrouded
turbine rotor.

The experimental values of Ccross stiffness and direct damping
measured in the LSTF were consistently 2 to 4 times the values predicted
by the lumped paramecter model. Several attempts were made 1o
reconcile the simple model with the experiments by parameterically
varying the sub-model cocfficients such as friction factors, discharge
coefficients, kinetic energy carry-over cocfficients, etc. It was found
that, within reasonable ranges of variation, no combination of these
coefficients would yield results in agreement with the experimental
data. Therefore, the basic assumptions of the modcl were investigated.
This rcassessment led to an extended model where variations in the
upstream flow, induccd by the flow perturbations in the gland itself arc
included. This extended theory is capable of predicting the high force
levels that were measurcd. : ,

Before embarking upon algebraic manipulations, it is useful 1o
provide a qualitative description of the coupling mcchanisms involved.
When the shaft is offset and the scaling gap variecs around thc scal
perimeter, a low pressure arca will develop upstream of the scal in the
vicinity of the widest gap. Because of this, the velocity magnitude will
be higher there, and, in particular, the all-important tangential
velocity will have a relative maximum near the widest gap. When the
fluid carrying this excess tangential momenium enters the scal cavity
and mixes with the swirling seal flow, it will preferentially energize it
in this area. The result will be a positive pressure gradient, (oP/96), in
this area, and hence a maximum P in the seal about 90° ahead of this
maximum gap. This will then produce a forward whirling force. For a
concrete formulation of these effects, consider the geometry of Figure
1. This geometry reflects that of the LSTF and most other test section
configurations that have been used to measurec rotordynamic forces.

The swirl vanes, which arc located | upstream from the first knife, have
an cffective radial gap ol g . There is some reduction of the cffective
flow area duc thc vane metal and boundary layer blockage. Thesc vanes
deliver air into the first cavity with an cffective swirl angle of 4,
which is the mectal angle minus some small turning dcviation.  The
cavity is p, dgcp and is scaled from a large center volume by an axial
face labyrinth seal with a gap of 5, Since there is no nct flow into this
center cavity, the pressure here is uniform and the same as in the swirl
cavity, namely P’. The one-dimensional continuity equation for the

1

upstrcam cavity (swirl chamber) is

d 19
S(Pli)+ 5 3G (PUnVi) + i~ A+ e i = 0 M
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where VvV, is no longer constant, q, is the flow rate per unit length
issuing from the swirl vanes and the q.'s are the radial flows in and out
of the center cavity, respectively. Incompressiblc rclations are
sufficient for trcating thesc flows since the transfer velocitics are  very
low. These flows can be written as

q. = ucsc Vzpl‘(Pl - Pi.) (2)

This relation is fundamentally different from those for d,. q; and g, in
that there is no flow to or from the center volume when the scal is
centered in the casing because P,=P/. This introduces an essential

nonlinearity into the analysis and hence must be dealt with in a
different manner. Likewise the momentum equation in this cavity is

) 1 9
5 (Pilih; V) +R—5§(Pi'ihivi2)+%v1 -q,V,

at
Lh. oP,
Vi-Qein Ve +1,(2L +h) -1 h, + i i
+qc.oul i qc,m c l( it ') i R. ae (3)

where V. is the swirl velocity inside the center volume. In this cavity
the cross secctional arca, 1 h. and the vanc gap, 8., are constant,

170
However, the inlet swirl component of velocity, V,, is not. The angle of
the fluid leaving the vanes, o, is constant. Thercfore, a drop in the
pressurc at one location in this cavity will induce a greater mass influx
and hence a higher swirl velocity at that location. This is the essence of
thc mechanism that augments the forces.

The wusual 1-D continuity and momentum equations for the seal
gland as presented by many Authors [5,6,8,9,10] are still valid within the
constraints of the model, except that their linearization will yield
additional terms from the upstream pressure and velocity non-
uniformities. The continuity cquation is

prl(g: 81)14’%%["](}""8! )V]+q2 -q,=0 C))

and the momentum equation is

dpkth +8,)V] 1 3 2 Ih oP
———ét“—+R—‘a—e-[pl(h+81)V ]+Q2V‘Q1Vi+T-I—Tr(‘+2h)+R—‘éE—0 (5)

and the q's, other than those to and from the center cavity, arc given by

1 ' 1 1

b b2 023 B8y 2 5203 Ko, 7

= Pf - p*)2 =22 (p? _ p2)2 =¥ —-p.2)2
q R'T( ) 92 ,—~R.T( o) 9y RT (P.-F%) ©)

' The same linear perturbation solution procedure used for the
single gland seal with no upstream coupling can be used when there is
no flow into the center cavity. However, as previously stated the nature
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of the oscillating flow between the two upstrcam volumes requires some
modifications and careful treatment. This is because these oscillating

leakage flows vary as Jﬁ, where B, is the upstream pressure

perturbation, rather than linearly with P, (first order) or P, (zeroth

order) like the others. Thus, their effect can be disproportionally great
at small offset amplitudes.

First the zeroth order solutions are obtained for the centered
rotor. The velocity, pressure and density in the upstream swirl cavity

will be denoted by V;, P’ and p; respectively and similarly in the seal
gland, V', P'and p’. The pressure and velocity in the swirl cavity are
cxpressed as

P, = P;(l-kéici(e_“)) V, = (l+n RICS m)) 7

and in thc scal gland by
P =P'(1+f; e““'“") V = V(147 ) 8)

Where it is understood that the real part of all expressions are to be
used. The perturbation expressions for §,, s & and | are substitutcd

into the continuity and momentum equations for both the upstream
swirl cavity and the seal gland. The nondimensional perturbation
leakage flow into the center cavity is

%’:—:ﬁf— L -[Re{éiem'm}]% ©)

The first harmonic component of this function will bc extracted by
averaging over onc period. The first harmonic of the perturbation
reduces, after somec manipulation, to

[Rc{§ "}] oc? VI < —‘EJ‘ B( ) (10)

Where B is the beta function. From this the first harmonic of ¢ o ~4cin

is found to be
4 _ 1.573775&1,—.5—-;4&!“”2 £ eio-a0 (11)
q wo Yy -P

Similarly the first harmonic of qgouVi—Qc,inVe I8

157377E§§<fr --anr; r‘“;( A (12)
\ 1
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The first harmonic of the pcrlurbauon continuity equation for the
swirl cavity, after dividing by q° is

1
L5137, | B [ p? p”
ﬁ=' ) B D e s e e of B
].118, lg ' - P P.‘ - P R - P

o2
pxlh plvlllhl - P .'= i ¢
{ o (R, ) }"'; +{ R I}Tli {‘Pi.z ~ P.z"}é. {8; }r (13)

and the swirl cavity momentum cquation after dividing by q'V,] is

0.78688u.5, (1 +

c 1
y Vi‘J Rt P + P’ J+
by ‘2 ». ». -
e N S N P
2 * L - . - -
Y. I'B +P—3Pi_ o Raipi (1 +‘hi)Vi LT P AL
Vil p2-p 4w M \R, Viq R
Aapi(i+h)Ve [ . (av, P’ | 1)
LA WIRLUVAS TN P ) == 14
{” 2 +[p‘l‘ (R. Q]”n' {'11_-175 5 o

The nondimensional continuity equation for the
includes the effect of the upstream cavity coupling is

2 o2 2
-P" |; P P p'th(v g
' £+ + + = (‘——QJI £
{Pi.z _p* } P p2 Pi.z 2| W R,
p'V'Ih } K ( 11 J p‘l[v‘ J .
i —H o= |t —-Qli}f (15)
{ qu n= K, 82 81 q Rs

and the coupled momentum cquation for the scal gland is

* .2 - ‘-2 * l2 ‘
o e o () o i o
V' Jp©-p v P”-p2 \V Jp*_p? (8W'V'

{—l,(l+2h)(wR, —v‘)2)+[ﬂ£("_'_n]+-—a-p hR TH&
M \R, R

scal gland, which

p.
{“W( 1-2,(1+2h)(V* - 0R )2)+plh(R—.—Q) }n
_Jx 1 pl Yy sl
{M;+52 VS, (R‘ Q)x}r (16)
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This can be writtcn compactly in matrix form as

Z, Ziy Zis Zw)|&] (R
Zyy Zyp Zys Zos||n;| _|R2

Zyy Zy; Zysy Zay || R,
Zyy Zap Zyy Zas)|n R,

-t

a7

This is pot a linear system. The elements Z;; and Z,; contain IE, 72, Of

course if o;;i=ﬁi=0 the system decouples and the original 2x2 system for

the isolated scal with no upsiream coupling is recovered. To solve this
system a simple iteration scheme was employed. Equation (17) is first

solved with 8,=0 then from this solution, ¢!, is uscd on the left hand

side to calculate an updated solution. This iteration procedure continucs
until a predctermined convergence criterion is satisfied

1B _EMicE (18)

Now this model shall be used for predicting the influencc of this
coupling mechanism. In addition to the parameters that control the
generation of rotordynamic forces for an isolated scal, thc parameters
that characterize the influcnce of the upstream coupling arc

1. The ratio of the swirl cavity arca to the seal gland arca, (I;h;)/(1h).

2. The relative size of the axial sealing gap compared to the radial gap,
8./8;.

3. The swirl velocity inside the center cavity, V.. This is strongly
influenced by rotation of the seal disk.

4, The relative whirl cccentricity, 7/8;. This is a purcly non-lincar

effect. For the lincar system all of the forces are directly
proportional to the whirl eccentricity.

The cffects of the cross force augmentation of cach parameter
will now be considered separatcly. According to the modcl, if there is no
lcakage into the center cavity, the effect of the upstream coupling
always acts 1o increase the magnitude of both the cross stiffness and
direct damping, and in the same proportions. Figure 2 shows the ratio
of the direct damping from the coupled model, with § =0, to that of the
uncoupled one for various swirl chamber to scal area ratios. As the
swirl cavity area approaches zero the predicted force augmentation does
not vanish but, approaches a value of 1.62. This residual effect in the
absence of the first cavity is due to the condition imposed at the swirl
vanes. In the simple modcl V; is constant. If instcad the vancs arc closc
coupled a rcduction in the gland pressure will still bring in more flow
and hence will induce a higher swirl component locally. Thc maximum
increcasc in the cross stiffness and dircct damping over the uncoupled
modecl is about 4.42 and occurs at an arca ratio, (Lh;)/(lh) of 1.35. Even at

188



an area ratio of 10 the forces arc incrcased by a factor of two. The force
predicted by the coupled model asymptotically approaches the
uncoupled one as (Lh;)/(lh)y— . The coupled and uncoupled modcls match
to within 1% for an arca ratio of about 80. Well before this valuc the
assumptions of the model probably break down. In particular,
significant variations in the pcriurbation quantities arc likely to occur
in the axial direction within the swirl cavity.

The presence of the axial clearance between the swirl cavity and

LY

the large center volume permits for a venting" that reduces the
magnitude of éi. This effect tends to mitigate the large augmentation of
the forces that the upstream cavity may induce. Figure 3 shows the
direct and cross force vs. the relative leakage area §_ /8.1t is assumed

that V.=V, for simplicity. As 5. goes from 0 to = both force components
go from the fully coupled values to those predicted by the uncoupled
model. However, this does not occur when V,#V, The forces are very

sensitive to small changes in the axial gap when it is less than 3§,

However, when 8_/8/>1, there is a greatly reduced sensitivity to small
changes in axial gap.

The modcl predicts that the swirl velocity inside the center
volume can have a minor impact, on the order of 10-20%. on the seal
pressure perturbations. For cases where there is no scal rotation it is

probably safc to assumc that V.=0. This is because the tangential

momentum feed into the scal is of perturbation order and the shear
stresses acting (o rclard the flow are of order unity. For cases with scal
rotation, it would be very difficult to estimate the swirl velocity inside
the center cavity. Figure 4 shows the effect that changes in the center
cavity swirl velocity have on the forces.

In the absence of the leakage flow non-linearity, the theory
predicts that the forces should scale with whirl eccentricity and hence
the rotordynamic coefficients, and should be independent of the whirl
amplitude. The nonlinearity due to axial leakage is shown in Figure 5,
which shows K, and K,, the relative eccentricity #/8;. The behavior of
C,« is the same as for K. The dircct force is much more sensitive to the

whirl amplitude than is the cross force. At large whirl amplitudes, the
predicted forces approach those obtained for §.=0 (i.c. thc fully coupled

casc). However, as r— 0 the center leakage flow is able to ““kill" the swirl
cavily pressurc perturbation completely.  This effcctively dccouples the
whirling seal from thc upstream cavity.

3. IDEAL - VISCOUS FORCE DECOMPOSITION

It will now be shown that within the constraints of thc lumped
parameter model, the total cross force can be separated into two additive
components. One of these is the ideal part, due to an inviscid inlet flow
with entry swirl, and the other is the viscous part, due to the change in
swirl brought about by frictional shear stresses in the gland.

The following development shall be done without consideration
of upstream coupling. However, all of the arguments can be rcadily
generalized to account for such coupling.

In order to isolate these two contributions it is useful to
nondimensionalize the continuity and momentum equations for the scal
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gland. Equations (15) and (16) can be written in terms of thc following
non-dimensional parameters as

PR YA
{ZI"J'(%,ZJ +[%(1-W)]i}& +{%i}ﬁ={(é—1)+K+GL(1—W)i}é (19)

and

oL _ 2HY . 2} T  joLW L Az
{SYDH(X‘ k,(l+ T )(S 1)] Zf+[—YD +———A20u;2D]1}§

oL 2H oL N P
{I+Z—D—H(;\r. —7»,(1+—-C—)(I—S))+F(l*w)l}ﬂ— I'e (20)

All of thesc non-dimensional paramcters may be categorized as
geometric, kincmatic or flow rclated. The gcometric oncs arc

A L
- r
£=—= o

8

e

D= H= @n

:r|.9”.

K:il,ﬁ L=
Hy

(=

1
H Rs

A=

Note that K has been considered along with the gecometric parameters
because it is analogous to a convergent/divergent gap (Alford effect) in
the effect that it has on the direct and cross forces. The kinematic
parameters that specify the motion of the seal are
®R QR

S=—4 W=—3t 22

v v (22)

and thc dynamic parameters that indicate the axial flow rate or pressure
gradicnt, the inlet swirl and the change in swirl respectively are
q P8V

A= [PYTI) ag= . F=1- . (23)
moip YR, T q v

There are two combinations of these parameters, o' and o(1-W), which
will be shown to be very important.

Cramer's rule can be used to write an explicit expression for the
nondimensional pressurc perturbation which, upon integration, yiclds
the forces acting on the rotor. The forces are proportional to P'§. In
general the shear stresses may also contribute to the forces. However,
from the cquation solutions it has been shown that the shear forces due
to velocity perturbations arc small when compared to the forces arising
from pressurc perturbations [24]. For moderate whirl relative inlct
swirl angles, which occurs providing the following condition is
satisficd

*

1+a’p?
A2

oL
—(1-W 24
>>YD( ) (24)
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the full expression may be simplificd to yicld the following real and
imaginary parts for the pressure perturbation normalized by both the
flow and cccentricity

2,2

) o

L S @9)

1+a2p? + ;I;*z
Dy,

ﬁ[r+(1—W)(—D—K+I—l)]i
D o

L2
D2H12

(26)

e
3}

The first of thesc is real and thcrefore is in the direction of the
minimum gap and hcnce is proportional to the direct force. The
imaginary part is proportional to the dcstabilizing cross force. Both

forces are proportional to P°A?. For low inlct-lo-exit pressure ratios, this
reduces approximately to a simple pressure differcnce scaling, P, -P,, as
one would ecxpect for an incompressible flow. For this to hold, all of the
other nondimensional parameters must be kept constant. In particular,
the inlet swirl flow angle as obscrved from the whirling rotor must be
fixed as the pressure difference is changed. As an example, if the axial
pressure difference is increased the inlet swirl velocity and whirl speed
must also be increased to maintain constant, ¢ and W, if this scaling is to
be used. This is a generalization of the relationship used by Benckert
[12] for statically offsct secals.

The dircct force is mainly due to the kinetic energy carry-over
variations and differcnces in the nominal sealing clearances as seen in
Equation (25). These cffects generate a dircct stiffness. The smaller
tcrms, that are proportional to o2(1-W)?, gencrate dircct  incrtia
cocfficients. It is possible that this dircct force may alier the natural
frcquency of the rotor slightly. Thercfore, no further discussion of the
direct force will be given duc to the small impact it has on rotordynamic
stability. B ' '

The cross force can bec scen from Equation (26) to be the
summation of two tcrms, onc proportional to o(1-W) and the other
proportional to ol'. The nature of these two contributions and their
crucial differences arc very important and will lead directly to the cross
force decomposition to be given. The kinetic energy carry-over term, K,
and the "Alford" [2] term due to seal convergence/divergence, (1-1/a),
do not generate cross force in the absence of swirl. But do alter this
force in the presence of swirl. A convergent seal and/or kinetic encrgy
carry-over will tend to incrcase the cross force magnitude. This is
destabilizing when W<l or ecquivalently when the whirl frequency is
less than V*/R,. However, this will enhance stability, in the forward
direction, when Q is grcater than V'/R,.

The total cross force, F;, will now be split into "ideal" and
"viscous" contributions. The idcal or inviscid part, F,, is thc cross force
that would be gencrated in a purcly inviscid fluid with inlet swirl. It is
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proportional to o(1-W). The viscous contribution, Fr, which is
proportional to oTl, is due to the frictional forces changing the swirl
velocity inside the scal gland. The two forces tend to be of the same
magnitude but, the nature of these two contributions is quite different.
The ideal component is dependent on the rotor whirl frequency and
hence will contribute to the direct damping. The viscous component is
independent of the whirl spced and hence can po{ contribute to the
direct damping. The frequency dependent behavior of a seal in an
inviscid fluid can be readily explained by considering a simple change
of reference frame. Let the relative inlet swirl, denoted by V,=V,-QR,,
be the inlet swirl velocity as mecasured by an obscrver rotating in the
whirling frame. The non-dimensional swirl parameter in the whirling
framc will bc similarly dcnoted by @ and is

a=c(1-W)=PZ_,5L @n

The cross force generated by an inviscid flow at an inlet swirl of V, at a
frequency of Q is identically the same as the cross force that would be
generated for a static offset with the associated relative inlet swirl of V..
This equivalence can be seen by noting that the governing continuity
and momentum equations are invariant under Galilean transformation.
As a particular casc of this argument, consider a rotor whirling so that
the minimum gap is traveling at the same speed as the inlet swirl. Then
there is no swirl relative to the rotating frame observer. Thercfore the
inviscid cross force must be zero when Q=V,/R,, or cquivalently when
W=1. This bchavior is very similar to the quasi-static oscillation of an
airfoil. The damping force there is related to the induced angle of attack
due to the vertical motion. For the case of the whirling rotor, it is the
"induced" inlct swirl anglc change, duc to the whirling motion, that
creates the rotordynamic damping. Figure 6 shows the analogy bctwcen
thesc two phenomena.

This simple behavior for both the airfoil and the rotor is limited
to the quasi static case. For the rotor, this condition of low reduced
frequency, is satisfied when the fluid residence time in the seal is short
when compared to the period of oscillation of the rotor. This can be
expressed as

% «<1 28)

x

where V, is the axial velocity through the seal. An intcresting  and

usclul consequence of this rclationship between the static and dynamic
forces, is that in the abscnce of viscosity the dircct damping, C,,, can be

calculated from purcly static measurcments of the cross stiffness , K
versus the inlet swirl by

Xy’

dK,, (Vi)
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If the stiffness is a linear function of the inlet swirl, then a single
measurement of the cross stiffness is needed to find the damping
bchavior,

Cu =R K (V) (30)

A similar argument can be used to extract the direct damping
coefficient from the static cocfficient measurements in the presence of
viscosity. However, a discussion of this will be reserved until later.

The viscous contribution, Fr, which is proportional 10 oI and

hence the swirl velocity difference V,-V*, contributes to the cross
stiffness only. The physical reason that this force is independent of the
whirling frequency is that it depends on a velocity difference which is
necessarily independent of any change of reference frame due 1o the
whirl. The mechanism that produces this force is shown Figure 7. The
flow enters the offset seal with a higher swirl velocity than exists inside
the scal. Less excess momentum centers through the narrow gap on the
right than the wider gap to the left. As the flow mixes out, it energizes
the fluid inside the gland increasing the static pressure like an cjector
pump. The place with the highest pressure will be at the bottom
yiclding a positive cross force as shown. A simple analysis of this is
done by using the following simplified momentum cquation

- P
q(v-vi)+1'z—"§9—=o 31

8
this expression can be integrated 10 yield the viscous cross force

F o M RI(V, - V)
r h&;

(32)

From Equation (26) the relative magnitudes of the ideal and viscous
contributions are found. Two limiting cases are possible

ITI=]1- %/'.Ll«l Dl =I%‘I friction is unimportant 33)

II‘I:II—%I%\-I»IDI:I-‘-?]L friétion is dominant (34)

However, in real hardware it is more common to have ITM=IDI=0.05 and
hence, both contributions must bc accuratcly modcled.

Figure 8 shows the cross force vs. thc non-dimensional whirling
frequency, W for an ideal and real flow. Here increasing viscosily
means that the swirl change s bccoming more ncgative through
viscous action cither through higher friction factors or lower
rotational speeds (in the direction of inlet swirl). As stated, the cross
force vanishes for an inviscid flow when W=1, That is, when the gap
travels at the swirl velocity. When the presence of viscosily is
considered the cross force incrcases the same at all whirl frequencies.
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If the swirl spccd decreases through the seal, as is typical, then the
frequency at which the force becomes negative shifts to a higher W, as
shown.

4. EXPERIMENTAL APPARATUS

The Labyrinth Seal Test Facility (LSTF) was designed and built to
measure the dynamic forces in a spinning/whirling labyrinth seal.
Figure 9 shows a cross secction of the hardware. Air from a compressor
enters the first plenum and is turned radially outward through eight 1
and 1/2 inch holes having honeycomb plugs. Next the air turns axially
and accelerates through a sct of replaceable swirl vanes into the swirl
plenum. The air flows through the test seals and discharges to the
atmospherc. The spinning/whirling motion of the scal is produced by
the nested becaring arrangement. Different whirl amplitudes are
obtained by adjusting the inner spindle bearing scat cccentricity. The
spin motion (+6700rpm to -6700 rpm) is driven by an in-line flexible
coupling driven by an electric motor. The speed of the whirling motion,
which can be controlled independently, (+3400 rpm to -3400 rpm) is
driven by a V-belt attachcd to another motor. Four cqually spaced, flush
mounted, high response, Kulitc XCS190 diffcrential pressurc transducers
were placed on the scal land to measure the time rcsolved gland
pressure  oscillations created by the seal whirling motion. Thc back
pressurc ports were rcferenced to the gland average pressure to obtain
higher scnsitivity. Proximcters wcere uscd to precisely mcasurc the
whirling motion. Mcasurements of the swirl angle lcaving thc sccond
knife were made with a hot wire ancmomecter. The data acquisition
system was triggered and clocked with a chopper wheel attached to the
whirl producing spindle. Thirty-two phase locked points were taken for
ecach whirl revolution. Records of 64 revolutions were taken. The
pressures were composite phase-locked ensemble averaged to find the
forces acting on the rotor for each operating condition. A total of five
different seal geometries, shown in Table 1, were tested under various
operating conditions. The inlet pressure, swirl vane angle, spin
velocity, whirl eccentricity and frequency were varied parametrically.
Figure 10 shows a typical output trace from one of the Kulites versus
data point number. Note the periodicity of 32 data points per cycle as
expected. Spectral analysis of these signals showed that virtually all of
the cnergy of the signal is concentrated at the whirl frequency for
cases with no seal rotation [24]. For cases including rotation, a small
harmonic component, with amplitude of about 5% of the primary
component duc to whirl, at the spin frecquency was present. This was
duc to very small deviations from circularity of the scal.

5. COMPARISON OF EXPERIMENTS TO THEORY

A strict comparison of the prcceding theory with coupling to the
LSFT test results is not possiblc bccause of the lack of control over the
axial lcakage gap, 8., thc importance of which was shown in Section 2.
What can be shown, however, is that for the range of likely values of &,
the upstream coupling cffects incrcase the cross forces the required
amount to explain the very large deviations between experimental data
and the simple, uncoupled thcory.
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The gencral character of the comparison can be seen from
Figure 11, which shows thc nondimensional cross stiffncss  versus the
nondimcnsional inlet swirl. The trends and comparisons for C,, arc the
same as for K,, duc (o the rclationships shown in Scction 3. The

theorctical lines were calculated using the cavily parameters for Build
#3. The volume ratio (upstream 1o scal cavity) was in that case 3.01,
whereas it was 4.64 for Build #2. The amplification factors calculated
from the coupled theory (for 8,= 10 mil) are 3.7 for Build #3 and 2.8 for
Build #2.

Looking first at the Build #3 data only, we notice a general
grouping about the thcorctical line for 8. between 5 and 10 mil. The

design value of this gap was 10 mil. We also scc that the points appear
in groups, cach of which is alignced with a somcwhat different o, line.
These groups in fact correspond 1o the different swirl vanc asscmblies,
and §; can be cxpected 10 have remained constant within cach of them,
but perhaps not with cxactly the same value from assembly (o asscmbly.

The data for the two outer groups of points for Build #2 arc
roughly on a line with a slope lower by 1/1.3 than thosc for Build #3, in
accordance with the noted difference between the volume ratios of both
cases. The group for the smaller dimensionless infet  swirl is
anomalously high, however. In general, for all builds, the data are
indecd bracketed between the limits of the uncoupled (8, ») thcory
and the fully coupled (§,=0) models.

As a related test of the theory, equations were derived for multi-
cavity seals with upstrcam coupling [9]. This coupled theory for a 2-
gland scal, plus the upstrcam cavity was compared to some 2-gland static
seal data of Benckert and Wachter [5], whose facility had the same
general upstream  configuration as the LSTF. These researchers also
failed 10 keep a carcful control of their face seal, for which no value is
reported.  As notcd before, no theoretical calculation had bcen able to
match the higher than expected cross-forces in these short scals. Using
the coupled modcl, the cross forces obtained in all threc 2 gland scals
that Benckert tested can be maiched by the theory with appropriate
choices of the axial scaling gap, (8.=0) (a slightly diffcrent one for cach
build). Not only can the total forcc be predicted, but the relative
contributions from cach gland can be matched for the onc casc for
which this was rcporied. The model predicts that the effects of the
upstream coupling dic exponentially. After a few glands the upstream
influence cannot be scen. The data of Benckert ‘support this conclusion.

Table 2 gives the data of Benckert along with several cases from
the model. The cross force as predicted with uniform upstrcam
conditions is given, Finally, the value of the axial gap that maiches
Benckert's data is given for cach case. These values are reasonable and
show that the strong upstrcam coupling is the most likely cause for the
high cross forces gencrated in the first gland of a seal.

Figure 12 shows a typical plot of the cross force vs. whirl
frequency for five different pressure ratios from Build #4. There is no
rotation and the nominal inlet swirl angle is 8.6 degrces. The general
frequency dependent  behavior of the experimental data is well
predicted by thc analytical model. In particular, thc cross force is a
linear function of the whirl speed and the frequency at which the foree
changes sign maiches the theorctically predicted  value  within
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experimental uncertainty. Of course the absolute force levels are much
higher as predicted by the coupled theory. Figure 13 shows the cross
force vs. whirl frequency for five different spin rates for the same
build. It can clearly be seen that the data at different spin rates fall on
parallcl lines. Similar results werc found for all builds at all flow
conditions. The narrow implication of this is that changes in rotational
speed do not affecct the damping. More generally, these data strongly
support the general validity of the cross force decomposition into ideal
and viscous contributions as presented above.

The method presented above for predicting the dynamic
cocfflicients from inviscid static values can be readily extended to cases
with "viscosity" if the frictional component is isolated properly.
Probably the best mcthod for removing this frictional "contamination”
is to handle it dircctly in the expcriment. If the inlet and exit swirl
velocitics are measured then for every valuc of the inlet swirl the seal
spin spced should be adjusted to maintain a constant swirl diffcrence,
V,-V'. Hence, the additive frictional component is fixed. For V,=V®, the
viscous component is totally eliminated. For typical designs thc spin
spced needs to be maintained at about 125% of the inlet swirl velocity to
keep I'=0. If this procedure is not followed the measurements of a
statically offset seal can still be used to obtain damping data. If static
data is taken with no rotation, a correlation of the cross stiffness
coefficient, K;,, versus swirl parameter, o, can be obtained. The
problem is that as the inlet swirl velocity is increased the total cross
force increases due to a higher inlet swirl (inviscid contribution) as
well as the frictionally induced change in swirl. The change in the idcal
component with inlet swirl, which is equal to the direct damping must
be scparated. One procedurc is to usc the static corrclation to calculatc a
total force, Fp(Q,R,), at an inlet swirl velocity corresponding to a whirl

frcquency 4. The viscous force, found from thcory or corrclation, is

subtractced form the total force to yicld the ideal component. The
damping is the ratc of change of this forcc with frcquency.

_Fr@R)-F@R) _F@R,)

C
XX Qd Qd

35)

The values of the direct damping, C,, calculated from the static
measurement correlations employing this method agree with the
values that were directly measured in the dynamic mode to within 13%,
8% and 15% for builds 2,3 and 4 respectively as shown in Table 3. This
demonstrates that it is possible to predict the dynamic coefficients with
the use of static mcasurcments only. Another method for extracting the
dynamic cocfficicnts from static data, based on cxtrapolation, is
presented by Millsaps and Martinez-Sanchez  [26].

6. CONCLUSIONS

A ncw thcory was developed that contains the cffect of flow
coupling. It was shown that this thcory is capablc of predicting the
larger than cxpected forces found cxperimentally.

This finding has scveral important implications for design and
analysis of short labyrinth scals, and, by cxicnsion, probably for other
scal types as wcll. Data on cross forces from such scals should be
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supplemented by a description of the upstream (and also the
downstream) configuration of the test device, unless it can be
ascertained by auxiliary tests that no coupling cxists. As an example of
the latter situation, it was vcrificd that the rotordynamic force data
were insensitive lo the downstirecam configuration. This was found by
blocking parts of the exhaust holes from the downstrcam chamber. The
remaining holes wcre large cnough to equilibrate this chamber with
the atmosphere, hence making coupling negligible. ' '

Calculation of seal rotordynamic coefficients, either for design or
for rotordynamic diagnostic purposes, should always account for these
possible coupling to the ecxternal flowfield. Ignoring them may make
other refinements, such as more precise 2 or 3-D cavity flow modeling
or CFD calculations irrelevant by comparison. Including the upstream
and downstream coupling is relatively straightforward for simple
geometrics, such as the LSTF rig, but no theory currently exists that can
be used to predict the non-uniformitics ahcad of, for example, the seal
on a turbinc tip shroud, where the tip arca intcracts strongly with the
main turbinc through flow. Decvclopment of such a theory would secem
important. Similar considcrations should apply for other scal
environments.

In future designs of rotordynamic tcsting devices, consideration
should be given to cither minimizing the coupling mcchanisms or
matching the expected coupling levels that may occur in a rcal
turbomachine. In any casc mecasurcments of the flow ficld upstream and
downstrcam should be done to asses the degree of non-uniformity
induced from the offset scal.

The following conclusions on the nature of rotordynamic
damping have been drawn from consideration of the analytical model
and the supporting cxperimental data.

1. The total cross force acting on a labyrinth seal at a given whirl
frequency can bec dccomposed into "ideal" and "viscous" components.

2. The ideal component, which is due to an inviscid swirling flow, is a
unique function of the inlet swirl rclalive to the gap variation phase
speed. This forcc componcnt vanishcs when the velocity of the
traveling gap is cqual 1o the swirl velocity inside the gland. This
componcnt is solcly responsible for damping.

3. The viscous component docs not create nor alter the dircct damping.
It adds to (if the swirl velocity decrcases in the gland) or subtracts from
(if the swirl increascs) the cross stiffness only.

4. The direct damping can be calculated from measurements of cross
stiffness. The importance of this is that difficult and cxpensive dynamic
measurements are  not necessary in  order to obtain damping
coefficicents.
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Figure 1. Schematic of Labyrinth Seal Test Facility test section showing
upstream swirl cavity and the flows into and out of the center hub
plenum.
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Figure 2. Ratio of rotordynamic damping with upstream coupling 10
that with no coupling versus swirl cavity to seal gland area ratio.
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Figure 3. Predicted direct and cross force at Q=0 for the coupled model
versus the relative axial clearance. The geometry is the same as for
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Figure 4. Direct and cross force predicted by the coupled model versus
the center cavity swirl velocity. These are for the same conditions as
Figure 3.
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Figure 5. Effect of relative whirl amplitude on the direct and cross
stiffness as predicted by the coupled model with hub leakage. Build #3

geometry and O/ 8; =0.19.
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Figure 6. Analogy between quasi-static damping of a translational
airfoil generating an induced angle of attack and a whirling seal

inducing a inlet swirl component.
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Figure 8.  General frequency dependent behavior of the cross force,
showing both the ideal and viscous contributions.
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Figure 10. Typical output trace from one of the flush mount pressure
transducers. There are 32 data points per whirl revolution.
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Figure 11. Nondimensional cross stiffness, Ky versus  the  swirl

parameter, ©, for the experimental data and theory, with the axial gap
used as a parameter. All experimental values fall between the
theoretical predictions with 0.004" (0.0001m)<d.<0.017" (0.0004m). The
top thick line is the fully coupled case (i.e. no center leakage) and the

bottom on is for uniform inlet conditions (i.e. no coupling). Calculations
are for build #3 geometry.
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Figure 12. Experimentally obtained cross force versus whirl frequency
for five different pressure ratios. These data are from build#4 with 8.6
degrees of inlet swirl and no shaft rotation,
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Figure 13. Experimentally obtaine
for five different seal spin rates.
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degrees of inlet swirl and the pressure ratio is 1.47.

d cross force versus whirl
These data are from build#4 with 8.6

frequency

Table 1. Geometry for the five scal builds.
S,
SEAL DIMENSTONS [rotar) “LAND DIMENZIONS (stetor) |
BUILD cm em
in. in.
Materisl R, 1 hy d a, Material (B hy 1, 8
4140 15.166 | 1.018 | 0.508 0 s 18.240 ) [ 0.0737
#1t steel 5.871 0.400 | 0.700 0 20° steel 6.000 0 0 0.029
4140 15.146 | 1016 | 0508 | © 1117 1%.248 [} [ 0.0787
#2 steel 5.971 | 0.400 | 0.200 0 20* steel 6.002 o 0 0.031
04 SS | 16.177 | 1.727 | 0.508 | 0.043 1117 18.348 0 0 0.0686
#3 5.978 | 0.680 | 0.200 | 0.017 | 17° steel 6.003 0 0 0.027
304 55 | 18.177 | 1.727 | 0.508 | 0.043 304 SS 15.245 | 0.483 | 1.905 | 0.06a8
#4 5.975 | 0.680 | 0.200 | 0.017 | 17° | HastollyX | 6.002 | 0.180 | 0.780 | 0.027
4140 15.166 | 1.018 | 0.508 0 304 §S 16.348 | 0.483 | 1.006 | 0.787
#85 steel 5.970 | 0.400 | 0.200 0 17° || HestollyX | 6.002 | 0.160 | 0.760 | 0.031
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Table 2. Comparison of the static data of and Wachter to the coupled
model. The first column shows the experimental value. The second
column gives the value predicted with full coupling. The third gives
predictions for constant upstream conditions (i.e. no coupling). The last
column gives the value of the axial sealing gap needed for the model to
match the experimentally obtained value.

Matched
CONFIG. || Pr(meas) | Fr(s: =0) | Fr(&2=o0)| &
1 10.21(N) | 16.28(N) | 4.99(N) | o0.008"

2 828(N) | 16.15(N) | 4.25(N) | oon” |

3 1oi(N) | 15.51(N) | 4.09(N) | o.010" l‘

Table 3. The first column gives the cross stiffness correlation
coefficient obtained from static measurements. The next two columns
give the total, and frictional force, respectively calculated at a whirl
speed of 300 (rads/sec). The last two columns give the calculated and
measured direct damping coefficients.

From Static | Measured I

BUILD# || 255 | frfa | Frc{ld) | cp: Cgrre&::i;n é)ire(ctll.y

2 0.372] 7763 953 0.289 22.70 19.95
3 0.416 | 27821 3162 0371 82.19 75.80
4 0.283 | 20001 3162 | 0.247 56.13 48.54
5 0.338 | 7053 953 0.231 20.33 15.81
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