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Rotors in high-performance steam turbines experience a significant axial shifting during starting and stopping processes due to
thermal expansion, for example. This axial shifting could significantly alter the flow pattern and the flow-induced rotordynamic
forces in labyrinth seals, which in turn, can considerably affect the rotor-seal system performance. This paper investigates the in-
fluence of the rotor axial shifting on leakage rate as well as rotordynamic forces in high-low labyrinth seals over a range of seal
clearances and inlet swirl velocities. A well-established CFD-perturbation model was employed to predict the rotordynamic co-
efficients. A surprisingly large effect was detected for rotordynamic characteristics due to rotor shifting. It was also found that
a less destabilizing effect arose from rotor axial shifting in the leakage flow direction, whereas a more destabilizing effect arose
from shifting against the leakage flow direction. Further, a tentative explanation was proposed for the large sensitivities of dynamic
forces to rotor axial shifting.

Copyright © 2006 J. Xi and D. L. Rhode. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
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1. INTRODUCTION

The primary function of labyrinth seals is to either minimize
or control leakage, while a secondary but equally important
purpose is to provide (or at least not to deteriorate) rotor-
dynamic stability. The fluid within the seals generates reac-
tion forces acting on the rotor. For small rotor displacements
about the center position, the reaction forces Fx and Fy can
be modeled as a linearized set of equations:
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In (1), x, x′, x′′ and y, y′, y′′ are rotor displacements, ve-
locities, and accelerations in the x and y directions; K and k
are the direct and cross-coupled stiffness coefficients; C and c
are the direct and cross-coupled damping coefficients; and M
and m are the direct and cross-coupled inertial coefficients,
respectively. Among the above force coefficients, the tangen-
tial components k and C are important in determining ro-
tordynamic stability. The combined effect of these two coef-
ficients forms the effective damping Ceff [= C − k/Ω].

The reaction forces of labyrinth seals were studied exper-
imentally in the past two decades by Iwatsubo [1], Scharrer
and Childs [2, 3], Soto and Childs [4], and Kwanka and Nagel
[5]. Numerical efforts to predict the reaction force date back
to 1965 when Alford reported the initial analysis for labyrinth
seals. Bulk flow models were proposed and refined by Black
and Jensen [6] and Childs [7], among others. The quasi-
three-dimensional CFD-perturbation model was introduced
to improve the accuracy shortcoming of labyrinth bulk flow
models and to reduce the large CPU requirement of full 3D
CFD models. Dietzen and Nordmann [8] developed the first
CFD-perturbation model based on a coordinate transforma-
tion approach. However the coordinate transformation is not
precise for complicated seal geometries. Kim and Rhode [9]
proposed an approach to approximate the boundary condi-
tions on the disturbed rotor surface which avoids the coordi-
nate transformation and is applicable for axisymmetric seals
of any geometry. More recently, Xi and Rhode [10, 11] de-
veloped a new approach that more precisely describes the
inlet boundary conditions for labyrinth seal rotordynamics
models.

Rotors in large steam turbines experience noticeable
thermal axial growth during transient operations such as
the start-up process. The rotor axial shifting caused by the
thermal expansion could significantly alter the performance
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Figure 1: Geomatric and kinematic relationship of circular rotor
whirl about the stator center at t = 0, ω: rotating speed; Ω whirling
speed.

and rotordynamic forces of the sealing labyrinth. The seal
forces could contribute to the rotordynamic instability of
the rotor-bearing-seal system even though the force magni-
tude is smaller than that of the bearing fluid film forces. As
the rotating speed increases or the seal clearance decreases,
the labyrinth-seal-excited problems often become more and
more critical in the system design. It is therefore necessary
to predict these forces accurately for both reliable operations
and the future design of high-performance steam turbines.

Despite the exigency of this problem, experimental or
numerical data addressing the effect of the rotor axial shift-
ing on the seal rotordynamic characteristics is rare. Baumann
[12] investigated the damping behavior for a high-pressure
radial compressor and mentioned that axial rotor positions
seemed to have insignificant influence on tangential forces
and hence could not be verified as the root cause for the sys-
tem instability. More recently, Wang et al. [13] studied the
flow characteristics in stepped seals when teeth disengage-
ments occur due to axial movement and showed that the air-
flow features are largely dictated by the teeth tip to step dis-
tance. The issue of how the rotordynamic forces respond in
the presence of rotor shifting for labyrinth seals, however, still
remains untouched.

Objectives

This paper was partially motivated by the lack of reported
data on the rotordynamic characteristics under rotor axial
shifting circumstances, and was aimed at gaining an insight
into the rotordynamics of labyrinth seals under these con-
ditions using the CFD-perturbation modeling method. Spe-
cific objectives include the following.

(1) To predict the rotordynamic coefficients in a high-low
labyrinth seal with various rotor axial shifting, and
over a range of seal clearances and inlet swirl veloci-
ties.

(2) To explain the surprisingly large sensitivity variation
of dynamic forces to seal configurations due to rotor
shifting.

(3) To provide useful information for high-low seal de-
signs.

The CFD-perturbation rotordynamics model employed
in this study will be described in Section 2. Its validation
against measurements (Soto and Childs [4]) is briefed in
Section 3. The predicted influence of rotor axial shifting on
both leakage and seal dynamic forces under various oper-
ational conditions will then be presented and discussed in
Section 4, with a summary following in Section 5.

2. CFD-PERTURBATION MODEL

2.1. Perturbed governing equations

The flow field in the eccentric seal clearance, as shown
in Figure 1, is characterized as unsteady, three-dimensional
and turbulent. Thus, the governing equations are the time-
averaged, turbulent Navier-Stokes and continuity equations
in a stationary reference frame:
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The Reynolds stress is given in cylindrical coordinates as:

[
τi j
] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

2μe
∂u

∂x
−Π μe

(
∂u

∂r
+
∂v

∂x

)
μe

(
1
r

∂u

∂θ
+
∂w

∂x

)

μe

(
∂u

∂r
+
∂v

∂x

)
2μe

∂v

∂r
−Π μe

(
r
∂

∂r

(
w

r

)
+

1
r

∂v

∂θ

)

μe

(
1
r

∂u

∂θ
+
∂w

∂x

)
μe

(
r
∂

∂r

(
w

r

)
+

1
r

∂v

∂θ

)
2μe

(
1
r

∂w

∂θ
+
v

r

)
−Π

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (3)

Π = 2
3
ρκ + μe

[
∂u

∂x
+

1
r

∂

∂r
(rv) +

1
r

∂w

∂θ

]
. (4)



J. Xi and D. L. Rhode 3

Assuming high Reynolds number, which has been widely
found in turbomachinery seals, the standard form of the
κ− ε turbulence model (Launder and Spalding [14]) is used.
When the working fluid is compressible, the equation of state
is also employed:

P = γρRT , (5)

where γ is the compressibility factor and R is the universal
gas constant.

Based on the observation that the rotor boundary mo-
tion (i.e., radial clearance) is both temporally and circum-
ferentially periodic, and the assumption that the eccentricity
of the rotor is small compared with the seal radial clearance,
one can approximately decompose the displaced rotor sur-
face as well as the disturbed flow variables into a steady, ax-
isymmetric part, and a small, unsteady, asymmetric part (see
Figure 1) as

Φ(x, r, θ, t)

=Φ0(x, r)+ε
{
Φ1c(x, r) cos(Ωt − θ)−Φ1s(x, r) sin(Ωt − θ)

}
,

(6)

where Φ is a generic flow variable, and ε = e/Cr with e� Cr .
Further, Φ0 represents the axisymmetric (zeroth-order, i.e.,
undisturbed) part, while the first-order Φ1C and Φ1S are
the cosine and sine components of the first-order (i.e., dis-
turbed) part varying only in the x − r space. Equation (4)
implies that the rotor small circular whirl motion about the
seal housing center generates a periodic flow disturbance.
Observe that the first-order quantity W1C(x, r), for exam-
ple, represents the cosine swirl velocity disturbance compo-
nent from rotor eccentricity within the θ-plane at the cir-
cumferential position of minimum seal clearance as shown
in Figure 1. Similarly, the first-order quantity W1S(x, r) rep-
resents the sine swirl velocity disturbance component within
the θ-plane at the circumferential position that is 90◦ ahead
of the minimum seal clearance. It is assumed that the turbu-
lent viscosity, turbulent kinetic energy and turbulent energy
dissipation are not significantly influenced by the whirling
rotor motion. Application of (3), (4), and (6) into (2)
yields the perturbed zeroth- and first-order equations. The
Reynolds-averaged Navier-Stokes equations are first solved
to obtain the zeroth-order solution with the rotor in the
centered position within the seal housing. Then the first-
order solution of the perturbed Navier-Stokes equations is
obtained to account for a very small rotor displacement (i.e.,
perturbation) from the centered position. Finally, by inte-
grating the circumferential pressure variation around the cir-
cumference of the rotor within the seal the flow-induced
forces on the rotor are evaluated. Further details are available
in [10] and [15]. The same finite volume grid was utilized for
zeroth- and first- order computations based on the perturba-
tion of boundary conditions. The SIMPLEC algorithm was
used in the present study in combination with the QUICK
differencing scheme for the convection terms to minimize
the numerical diffusion.

2.2. Rotordynamic force coefficients

The reaction forces acting on the whirling rotor can be ob-
tained by integrating the disturbance pressures along the ro-
tor surface as
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The relations between the radial and tangential forces
and the rotordynamic force coefficients are expressed as

−Fr
e
= K + cΩ−MΩ2; −Ft

e
= −k + CΩ + mΩ2. (8)

By using the above relations and a least square cure fitting in
terms of the whirling speed, one can obtain the rotordynamic
force coefficients for different flow conditions. Here k and C
are important for seal rotordynamic stability and represent
cross-coupled stiffness and direct damping, respectively. The
effective damping Ceff(= C − k/Ω) represents the net stabi-
lizing force.

3. VALIDATION AGAINST MEASUREMENT

This CFD-perturbation model was validated by comparing
it with measurements of a gas labyrinth seal with shunt in-
jection (Soto and Childs [4]). This seal is very long with
originally 20 teeth on the stator wall. The fourth tooth from
the high-pressure end was removed through which high-
pressure air was injected against shaft rotation at a 30◦ angle
from the tangent. Complex flow patterns exist inside the seal
due to the presence of many cavities, tight clearances, and
high shaft speeds. In addition, this was a highly challenging
case because of its high inlet swirl against rotation and high
seal exit Mach numbers.

Three whirl-spin ratios (whirl/spin = 0.0, 0.25 and 0.5)
were computed to obtain each rotordynamic force coeffi-
cient. Figure 2 shows the predicted effective damping coef-
ficient at ω = 4680 rpm and ω = 8640 rpm, both of which
give excellent agreement with the measurements (Soto and
Childs [4]). More details can be found in [11].

4. RESULTS AND DISCUSSIONS

4.1. CFD considerations

The schematic diagram of the investigated high-low
labyrinth seal is shown in Figure 3(a). It consists of five ro-
tor blocks and a total of eleven teeth, with six long teeth and
five short ones alternately arranged. Letters “A” to “S” are
points located upon the grooved rotor surface. Section “D-
E” is the high-portion rotor surface on the first rotor block,
while section “F-G” is the low-portion surface immediately
downstream from the first block. The axial rotor position
relative to the teeth is shown in Figure 3(b). In the present
study, the ratio a/b varied in a range of 0 ∼ 1.0 as the rotor
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Figure 2: Validation of the perturbation model against measure-
ments of (Soto and Childs [4]) effective damping coefficient at pres-
sure ratio PR(= PL/PH) = 0.65 and ω = 4680 rpm, 8640 rpm, re-
spectively.

experienced axial shifting relative to the stator. When a/b =
0.5, the shorter teeth are centered upon the rotor blocks,
which is the position of design without any rotor displace-
ment; a/b increases from 0.5 when the rotor shifts in the
direction of leakage flow (i.e., downstream rotor shifting)
and decreases from 0.5 when shifting against the direction
of leakage flow (i.e., upstream rotor-shifting). The straight-
through labyrinth seal shown in Figure 3(c) is a variant of
the high-low labyrinth seal with the rotor blocks removed
but with all the clearances unchanged.

Steam was used as the working fluid, and the running
speed was 3, 600 rpm. The labyrinth seal geometric details
and operating conditions are listed in Table 1. Seal inlet swirl
velocity as well as pressures upstream and downstream of
the seal were important boundary conditions. On the rotor
and stator walls, no-slip surface conditions were specified via
standard wall-functions. The near wall computational cells
have both y+ and x+ within the range from 15 to 90 on both
the high-portion and the low-portion surfaces along the seal.

Grid independence testing was performed with an up-
stream pressure of 30.4 bar, a downstream pressure of
19.34 bar, and an inlet swirl velocity of 75 m/s. Four grids
were tested as shown in Table 2. Grid independence was
achieved at 656 × 65 lines and was used as the production
grid.

4.2. Leakage

Figure 4 shows the variation of the predicted leakage flow
rate with relative axial rotor positions at three seal clearances.
It was found that a small leakage variation was induced by ro-
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Figure 3: Schematic of labyrinth seals: (a) typical high-low
labyrinth seal configuration; (b) seal dimensions and relative tooth
axial position (0.0 ≤ a/b ≤ 1.0); (c) straight-through labyrinth seal
configuration.

tor shifting. For example, the leakage shows a 9.4% increase
when the rotor shifts against the flow direction from a/b
= 0.5 to a/b = 0.0 (i.e., the most upstream position), and
only a 4.6% decrease when the rotor shifts downstream from
a/b = 0.5 to a/b = 1.0 (i.e., the most downstream posi-
tion). Furthermore, for a given seal pressure difference the
steam leakage is observed to vary approximately proportion-
ally with the seal radial clearance.

The vector plots of Figure 5 show different flow patterns
for a high-low labyrinth seal at three relative axial rotor po-
sitions, that is, a/b = 0.0, 0.5, and 1.0. The fluid approaches
the long-teeth tip nearly horizontally (see the right-hand side
of Figure 5(a)) when a/b = 0.0, although it approaches at a
sharp angle when a/b = 0.5 and 1.0. Figure 5(b) shows that
two large recirculation zones exist upstream of the shorter
teeth for the rotor position a/b = 0.5. The recirculation zone
above the rotor block continuously decreases in size as the ro-
tor shifts downstream from the teeth-centered position. An
abrupt change in flow pattern of this recirculation zone oc-
curs when a/b reaches 1.0, where the recirculation zone van-
ishes. It is consistent with the findings from Figure 4 that at
large clearances the leakage rate recovers slightly when a/b
= 1.0, while the leakage rate decreases continuously as a/b
increases from 0.0 to 0.75. It is speculated that this recovery
around a/b = 1.0 is related to the disappearance of the small
recirculation zone.

Extreme conditions such as when shorter teeth shift off
the rotor block (i.e., a/b < 0 or a/b > 1.0) were also com-
puted. In these situations, the leakage and the induced dy-
namic forces behave quite differently and both increase sig-
nificantly in magnitude. Therefore, the high-low labyrinth
seals should be designed to have enough of a safety margin
in order to avoid operation in such flow regimes.
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Table 1: Dimensions and conditions for typical high-low labyrinth seals in steam turbines.

Dimensions Conditions
Stator Rotor

w p h1 h2 b hstep Rsh Cr W0 Pup/Pdn ω T

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (m/s) (bar) (rpm) (K)

0.254 7.366 3.175 6.350 5.334 3.175 152.4
0.254

8 ∼ 208 30.34/19.72 3, 600 749∼ 0.762

Table 2: Grid independence testing results.

NI ×NJ
k

(kc − k f )

k f
C

(Cc − Cf )

Cf

(MN/m) (%) (KNs/m) (%)
546× 48 0.555 — 2.56 —
656× 65 0.610 8.9 2.79 8.67
766× 78 0.616 1.03 2.81 0.73
892× 86 0.620 0.61 2.82 0.52

f represents the next finer grid.
c represents the coarse grid.
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Figure 4: Predicted mass flow rate versus relative axial rotor posi-
tion a/b for high-low seals.

4.3. Rotordynamic forces

The seal rotordynamic behavior subject to rotor shifting
is important and must be predicted accurately. Various
operating conditions were investigated which cover a wide
range of seal clearances and inlet swirl velocities as shown in
Figures 6 through 10. One important finding from the above
figures is that the rotor axial shifting produces a surprisingly
large effect on rotordynamic forces, which will be explained
in detail below.

(a)

(b)

(c)

Figure 5: Flow patterns within a high-low seal for different relative
axial rotor positions, Cr = 0.254 mm: (a) a/b = 0.0; (b) a/b = 0.5;
(c) a/b = 1.0.
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Figure 6: Predicted tangential force coefficients versus relative axial rotor position a/b for high-low seals: (a) cross-coupled stiffness; (b)
direct damping.

Figure 6 shows the variation of the cross-coupled stiff-
ness k and direct damping coefficient C with relative axial
rotor position a/b at three different seal clearances with the
same operating conditions as in Figure 4. For all the three
clearances considered, downstream rotor shifting steadily de-
creases the magnitude of both cross-coupled stiffness and di-
rect damping. Furthermore, seal rotordynamics is found to
be sensitive to axial rotor position. For a given seal clearance
Cr = 0.254 mm, for example, the cross-coupled stiffness k
reduces 39.8% from a/b = 0.0 to a/b = 0.25, and 42.3% from
a/b = 0.25 to a/b = 0.5. In addition, almost no discernible
variation of direct damping was found for the seal clearances
considered.

The effective damping (Ceff = C−K/Ω), which incorpo-
rates the typically destabilizing force coefficient k and the sta-
bilizing force C, represents the net tangential force acting on
the rotor. Subsynchronous vibration (e.g., Ω = 0.5ω) was as-
sumed in evaluating the net force coefficient Ceff. When pos-
itive, the net damping force acts in the direction opposite to
the rotor whirl and therefore it represents the net stabilizing
force. From Figure 7, it is evident that the seal with an axial
rotor position a/b = 0.0 is the most destabilizing. The sta-
bility characteristics are improved steadily as the rotor shifts
downstream from a/b = 0.0 to a/b = 1.0.

Seal inlet swirl is well recognized as a major effect that
contributes to turbomachinery seal instability. A better un-
derstanding of the influence of rotor shifting can be acquired
by examining the seal rotordynamics variation with inlet
swirl W0 as well as with various rotor axial shift positions.

Figure 8 shows the variation of k and C with seal inlet
swirl velocity W0 for a high-low seal with three different ax-
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Figure 7: Predicted effective damping coefficient versus relative ax-
ial rotor position a/b for high-low seals.

ial rotor positions as well as a straight-through “ST TH” seal
whose geometry is shown in Figure 3(c). The running speed
and other conditions are the same as in Figures 4 through 7.
From Figure 8 it is found that both k and C exhibit a nearly
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Figure 8: Plot of cross-coupled stiffness k and direct damping C versus inlet swirl velocity W0 for different seal configurations: (a) cross-
coupled stiffness; (b) direct damping.

linear dependence on W0 for the high-low seal as well as for
the straight-through seal. Another important finding from
Figure 8 is that both k and C show surprisingly large sensitiv-
ities to axial rotor position, especially when W0 is large. Fur-
ther, very similar to data shown by Childs [16] for straight-
through labyrinth, the high-low labyrinth at a/b = 0.5 shows
that k exhibits an important sensitivity to seal inlet swirl,
whereas the direct damping coefficient has only a slight sen-
sitivity.

It was further found from Figure 8(a) that, for both
straight-through and high-low labyrinths with various val-
ues of axial shift, the curves of k versus W0 all intersect at one
particular point. The seal-inlet swirl velocity W0 at this in-
tersection point is approximately 60 percent of the rotor pe-
ripheral speed, which coincidently is approximately the seal
asymptotic swirl velocity (i.e., the seal exit swirl velocity for
an extremely long seal). This implies that rotor axial shifting
has a negligible effect on k (seal rotordynamic driving force)
when the seal inlet swirl is approximately the seal asymptotic
swirl (i.e., W0 ≈ 0.6 ωRsh). Specifically, when the swirl ve-
locity remains fairly constant along the seal length, k is inde-
pendent of high-low seal axial shifting.

Figure 9 shows that rotor axial shifting has a negligi-
ble effect on Ceff (net rotordynamic damping force) when
W0 ≈ 1.2 ωRsh. Because C is not very sensitive to the seal
inlet swirl as shown in Figure 8(b), the Ceff combination of
k and C gives a different inlet swirl value for which shift-
independent behavior occurs.

Figure 10 illustrates the variation of direct stiffness K
with rotor axial shift seal configuration and inlet swirl ve-
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Figure 9: Plot of effective damping Ceff versus inlet swirl velocity
W0 for different seal configurations.

locity. For all three clearances, K decreases as the rotor shifts
downstream from a/b= 0.0 to a/b= 1.0. Additionally, a large
sensitivity of K to labyrinth seal configuration is observed
from Figure 10(b). It is obvious that the straight-through seal
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Figure 10: Predicted direct stiffness K : (a) effect of rotor axial shift; (b) effect of inlet swirl velocity.

gives the lowest K of all the seal configurations considered.
Perhaps this can be attributed to the fact that there is no ra-
dial impingement of the leakage through-flow jet on the ro-
tor for straight-through seals.

Figure 11 shows the Ceff distribution along the rotor sur-
face for the high-low seal, with the thick line denoting the
high portion (i.e., rotor block) and the thin line denoting
the low portion (i.e., groove). By comparing the Ceff mag-
nitude at the three axial rotor positions, it can be observed
that the first several cavities, especially the first and the sec-
ond, are more important in determining seal stability than
the others. Observe that for these cases where the seal-inlet
swirl is greater than the rotor peripheral speed, a large desta-
bilizing effect is produced in the first two labyrinth cavities,
which then gradually decreases for the subsequent cavities
and even becomes stabilizing for the last cavities. Specifically,
the low portion immediately downstream of the first rotor
block dominates the rotordynamic stability characteristics of
the high-low labyrinth. This is compatible with the recent ex-
perimental results of Iwatsubo and Iwasaki [17] who found
that adding swirl brakes at the inlet, particularly inside the
first and second cavities, was effective in dramatically reduc-
ing the net destabilizing force as well as the circumferential
swirl velocity.

Interestingly, for the two extreme positions a/b= 0.0 and
a/b = 1.0, the rotordynamic influence from the first sev-
eral cavities is much larger in magnitude than that from the
last several cavities. However, for the teeth-centered position
(a/b = 0.5), the rotordynamic influence from the last sev-
eral cavities is comparable to that from the first several cavi-
ties.

It is hypothesized that the near-rotor swirl velocity vari-
ation along the leakage direction in the seal has a substantial
effect on seal stability characteristics, thereby explaining the
apparently large difference in the rotordynamic sensitivities
to rotor axial position. Figure 12 shows the axial distribu-
tion of near-rotor swirl inside the first and second cavities
for the operational conditions of Figures 6 and 7. (The seal
clearance is 0.254 mm and the definition of points D, E, F, G
can be found in Figure 3(a).) Recall from Figure 4 that axial
shift position a/b = 1.0 typically gives the minimum leak-
age, and Figure 12 shows that this axial shift position also
gives the minimum near-rotor swirl. For a fixed seal inlet
swirl velocity, the near-rotor swirl velocity inside the seal is
influenced by the leakage rate, or equivalently by the fluid
particle residence time within the seal. That is, the smaller
the leakage is, the longer the residence time is, and thus the
more a fluid particle might change from its seal inlet swirl
value toward the asymptotic-swirl value, which is about 60
percent of the rotor peripheral speed. Specifically, it is found
that for cases where the seal inlet swirl W0 is greater than
the asymptotic-swirl, the bulk swirl decreases toward the seal
exit, which for the present cases at least produces a net desta-
bilizing force. It was further found that when the leakage was
reduced for such W0 > asymptotic-swirl cases, the seal-exit
swirl was reduced due to the increased residence time, giv-
ing a correspondingly reduced destabilizing tangential force.
This seal rotordynamics relationship with leakage is endorsed
by the effective damping coefficient variation with leakage for
a high-low labyrinth seal at a/b = 0.0 as shown in Figure 13.
Observe that as the leakage decreases for fixed W0 the desta-
bilizing force decreases in magnitude.
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Figure 11: Effective damping distribution along the rotor surface for high-low seals at different relative axial rotor positions: (a) a/b = 0.0;
(b) a/b = 0.5; (c) a/b = 1.0.

5. SUMMARY

Numerical studies were performed to investigate the influ-
ence of rotor axial shifting on rotordynamic forces in high-
low labyrinth seals using a CFD modeling approach. Various
operational conditions were considered to gain a better un-
derstanding of the labyrinth seal rotordynamics, which cov-
ered a range of seal clearances and seal-inlet swirl velocities.
Seal configurations were found to have a surprisingly large
effect on dynamic force coefficients. A seal rotordynamic re-
lationship with leakage was proposed to explain the varia-
tions of the seal stability sensitivity to the rotor axial shifting.
Specific findings include the following.

(1) Rotor axial shifting was found to have surprisingly
large effects on rotordynamic force coefficients. Both
k and C show sensitivities to labyrinth seal configu-
rations due to different relative rotor-teeth positions.
The variation of cross-coupled stiffness k between a/b

= 0.5 and a/b = 0.0, for example, is 143% for a high-
low labyrinth seal with Cr = 0.254 mm and 125% for
a seal with Cr = 0.508 mm.

(2) Compared to a seal with a centered teeth position
(a/b= 0.5), the seal with rotor-shifting in the upstream
direction (i.e., against the leakage) suffers an increased
leakage and produces a more destabilizing rotordy-
namic effect, while the seal with downstream rotor-
shifting gives a reduced leakage and a less destabilizing
effect.

(3) Cross-coupled stiffness was found to show negligible
dependence on rotor position when the seal inlet swirl
approximately equals the seal asymptotic swirl (i.e.,
W0 ≈ 0.6 ωRsh), and the swirl velocity remains fairly
constant along the seal length.

(4) The first several cavities, especially the first and the
second cavities, are the most important in determin-
ing the stability characteristics for high-low labyrinth
seals.
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(5) The substantial influence of swirl variation along the
rotor on seal rotordynamics is suggested to explain
the large sensitivity differences of seal rotordynamics
caused by the rotor axial shifting.

Nomenclature

Cr Seal radial clearance (m)

C, c
Direct and cross-coupled damping
coefficients (N-s/m)

e Radius of rotor whirling motion (m)
F Fluid reaction force (N)

K , k
Direct and cross-coupled stiffness
coefficients (N/m)

M, m Direct and cross-coupled inertial coefficients (kg)
P Pressure (Pa)
R Universal gas constant [N-m/(kg·◦K)]
U , V , W Axial, radial, and swirl velocity components, (m/s)
y Radial distance from rotor surface (m)

Greek symbols

ε Relative eccentricity of the rotor [e/Cr]
Φ General dependent variable
κ Turbulence kinetic energy [m2/s2]
μ Dynamic viscosity [g/(ms)]
θ Circumferential coordinate
ρ Density(kg/m3)
ω Shaft speed (rpm)
Ω Rotor whirling speed (rpm)
γ The gas compressibility factor
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Figure 13: Variation of rotordynamic coefficients with seal leakage
(seal inlet swirl = 70 m/s; asymptotic swirl ≈ 0.6(ωRsh) = 31.2 m/s;
a/b = 1.0).

Subscripts

dn Downstream
r Radical direction
sh Shaft
up Upstream
0, 1 Zeroth- and first-order, respectively
1c First-order cosine component
1s First-order sine component
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