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Measured Flow Oscillations and Instabilities
in Labyrinth Seal Cavities

David L. Rhode¤ and J. Wayne Johnson†
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Two � ow instabilities involving a bifurcated � ow pattern were discovered for the through� ow jet in a stepped
labyrinth seal cavity. These instabilities, along with self-sustained � ow oscillations, were experimentally explored
to obtain a preliminary understanding of this phenomenon. Computer-captured visualization videos were used to
measure the oscillation amplitudes and frequencies, as well as the mean value, of the through� ow jet trajectory
angle. It was found that, depending on the seal cavity tooth clearance and radial height of the step, the � ow pattern
of the through� ow jet leaving the step corner was either 1) nonbifurcated, 2) always bifurcated, or 3) oscillatory
bifurcated. A bifurcation stability map was developed showing which combinations of tooth clearance and step
height lie in which of the three � ow regimes. It was also found that the intermediate value of step height in the
presence of the small tooth clearance exhibited the sharpest � ow de� ection and largest oscillationamplitude,as well
as the highest mean-� ow leakage resistance. Furthermore, for larger tooth clearances, the large step height cases,
located farthest on the stability map into the oscillatory bifurcated regime, gave the highest leakage resistance.

Nomenclature
c = tooth radial clearance
K = dimensionless leakage resistance coef� cient,

2.Pin ¡ Pex/=½U 2

L = streamwise length of open (nonlabyrinth)cavity
M = Mach number based on tooth clearance velocity
Pex = pressure downstream of seal specimen
Pin = pressure upstream of seal specimen
Re = Reynoldsnumber based on tooth clearancevalues, U2c=º
Sr = Strouhal number, f c=U
s = step height
U = bulk velocity at the tooth clearance
W = width of open (nonlabyrinth)cavity
µ = � ow angle at step corner
º = kinematic � uid viscosity
½ = � uid density

Introduction

T HE cross� ow over an open rectangular cavity is an impor-
tant type of basic separated � ow. Details and parametric in-

� uences of such generic � ow� elds are quite useful in providing an
enhanced understanding of fundamental separated � ow phenom-
ena. Wall � ows tangential to a series of open embedded cavities
commonly occur in both external and internal � ow situations. Ex-
amples of external � ow in the aerospace industry include 1) gaps
between aircraft skin segments, 2) slots between wings and control
surfaces, and 3) numerous gaps between insulating tiles covering
the space shuttle. Such � ow� elds are found in internal � ow through
1) � uid machine secondary � ow cavities such as those of labyrinth
seals, 2) turbine blade internal cooling passages involving surface
mounted ribs, and 3) electronic package cooling passages � owing
over transistors, etc.

Labyrinthseals in the secondary� owpathof centrifugalcompres-
sors and pumps, as well as gas and steam turbines, play an impor-
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tant role in the performance and rotor dynamic arenas. Because of
their very high degree of reliability and simplicity, labyrinth seals
continue to be the most popular choice in many turbomachinery
applications.

The primary objective of labyrinth seals is to restrict � uid � ow
between regionsof high and low pressureby providinga highly fric-
tional � owpath througha series of cavities.An alternativeobjective
is to control internal � ow rates of coolant in areas where cooling
speci� c components is vital. A common type of labyrinthseal is the
stepped labyrinth, shown in Fig. 1. Such seals are generally used
in applications where the use of a contacting seal is inappropriate.
Such applications include environments where a contaminant such
as dirt particleswould causea contactingseal to wear or fail quickly.

The following section discusses the previous related work.
The next two sections consider the test facility and experimental
approach. Finally, the results and conclusions are presented.

Previous Work
Concerningseal leakage,at signi� cantleakageReynoldsnumbers

(approximately5 £ 103–1 £ 104) a negligibleeffectof shaft rotation
speed was found by Waschka et al.,1 Stocker et al.,2 and others. The
limiting Reynolds number, above which shaft speed has little effect,
is somewhat dependent on the ratio of swirl to axial velocity. A
reasonable conclusion is that, for typical situations, shaft speed has
little effect (generally less than 8%) on leakage and heat transfer
for fairly large clearances and large pressure drops, that is, where
the leakage Reynolds number is fairly high. Concerning labyrinth
seal rotor dynamics, however, shaft speed has been found to have
a substantial effect. This is particularly true when the seal inlet
circumferential velocity component is very different from that of
the seal rotor surface.

No data were found in the literature concerning self-sustained
� ow oscillationsin labyrinthseals. However, concerningthe related
case of the � ow across the mouth of an open cavity in general,
evidence was found that self-sustaining cavity oscillations are re-
sponsible for signi� cant increases in the time mean drag on the
body, which for example, houses the cavity. These oscillations can
substantially alter the mean velocity distribution of the shear layer,
the mean drag on the cavity, and the mean static pressure within the
cavity. Measured increases of mean cavity pressure3 accompanied
amplitude increases of an externally excited (using a loudspeaker)
oscillation within the cavity. It has been hypothesized that this in-
crease in mean cavitypressure is caused by the presenceof a stagna-
tion point during the “suck into the cavity” phase of the freestream
during the oscillation cycle. Because of the known enhancementof
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Fig. 1 Stepped labyrinth seal investigated.

the entrainment in free shear layers in the presence of oscillations,4

it is apparent that the stagnationpoint moves deeper into the cavity,
resulting in further pressure buildup.5

A discontinuity in the plot of the cavity-drag coef� cient vs
Reynolds number occurs at the boundary, which separates shallow
(L=W > 1) and deep (L=W < 1) cavities, as found by Yu.6 The di-
rection of the dominant wave propagation within shallow and deep
cavities is longitudinal and transverse, respectively. Therefore, the
drag coef� cient discontinuity is not surprising. Further data were
reported for long, narrow cavities by Heller and Bliss,7 who give
the cavity-drag coef� cient as a function of L=W . It was found that
the drag coef� cient increaseswith L=W until L=W reaches10, after
which it decreases. This decrease for large L=W was attributed to
the shear layer reattaching to the � oor of the cavity.

Self-sustaining, coherent oscillations of impinging shear layers
have been observed to cause large unsteady effects in a variety of
con� gurations, including 1) cavities/depressions in submarine and
ship hulls, 2) leading tubes in heat exchanger tube bundles, 3) air-
craft wheel wells and weapon bays, 4) cavities in gasdynamiclasers,
5) � aps of short takeoff and landingaircraft,and 6) steam regulation
and control valves. Several common features among this variety of
cavitylike � ow� elds have resulted in a general framework for de-
scribing cavity-� ow oscillations.8 Such oscillationshave been clas-
si� ed into three categories: 1) � uid dynamic, in which oscillations
occur due to the inherent instability of the � ow, 2) � uid resonant, in
which oscillations are in� uenced by the presence of (standing) res-
onant waves, and 3) � uid elastic, which result from � uid–structure
interaction effects, that is, a solid boundary in oscillatory motion.
Examples of the � uid dynamic category are characterized by an
oscillation frequencythat has been traced to the selectiveampli� ca-
tion of vorticity � uctuations in the cavity shear layer and a feedback
mechanisminvolving the upstreampropagationof disturbances,en-
hanced by the presence of a downstream impingement surface.8

For thepresentstudyof a very large-scalelabyrinthseal, involving
rigid surfacesandno compressibilityor free-surfaceeffects,the cav-
ity oscillationsare of the � uid dynamiccategory.Early investigators
have generally described the nature of the upstream propagationof
disturbances as an acoustic or hydrodynamic phenomenon. Exper-
iments have been conducted covering a wide range of conditions:
1) liquid � ows by Brackenridge9 and Rockwell,10 2) high-speed
air� ows by Powell,11 and 3) low-speed air� ows by Powell12 and
Chanaud and Powell.13

Two important aspects of such � uid dynamic oscillations, as ex-
plained by Rockwell,14 are the feedback condition and the ampli-
� cation conditions of the shear layer instability. A necessary, but
not suf� cient, conditionfor coherentoscillating� ow is the selective
ampli� cation characteristic of shear layer � ow, causing some dis-
turbances to be ampli� ed more than others. Early investigatorshave
found that the upstream propagation of disturbances (feedback) is
enhanced by the presence of the downstream (impingement) cav-
ity surface. This surface propagates pressure perturbation waves
upstream, which result in vorticity � uctuations near the sensitive
shear layer origin. These � uctuations create ampli� ed disturbances
to be further ampli� ed in the shear layer. As implied earlier, the up-
stream unsteadinessfeedback has also been found in the absenceof

a downstream impingement surface. In either case, the downstream
unsteadiness has been attributed by various workers to vortex for-
mation and pairing in mixing layers,15;16 lateral oscillations of a
wake,17 and change in jet structure at an impingement surface.18

Objective
The objective of the present investigation is to explore, for the

� rst time, the effect of the expected presenceof self-sustaining� ow
oscillations,as well as any � ow instabilities,on the through�ow jet
in a cavity of a stepped labyrinthseal. A stepped labyrinthseal is, in
some respects,fairly typicalof the through�ow type of cavity found
at numerous locations in many turbomachines.A second objective
is to obtain a bifurcation � ow regime map for these cavities.

Experimental Facility
A closed-loopcirculationsystem was utilized in which water was

the working � uid. To provide a nearly constant water temperature,
a 2.84-m3 (750-gal)water storage tank was used. A 3.79-kW (5-hp)
centrifugal pump was employed. A 10.16-cm (4-in.) � ange-tapped
ori� ce � ow meter was located downstream of the test section to
measure the volumetric � ow rate. The pressure differential across
the ori� ce plate, as well as the seal specimen, was measured with
Validyne Model DP 15 variable reluctance pressure transducers.

The nondimensional leakage resistance coef� cient K is used to
evaluate the leakage performance. This quantity is the minor loss
coef� cient used to evaluate the frictional energy losses19 for � ow
in a pipe or duct bend, for example. Speci� cally, when comparing
two geometries at a given pressure drop (Pin ¡ Pex/, the one ex-
hibiting the higher K value will have the lower mass leakage. This
quantity facilitates the comparison of geometry effects without the
presence of Reynolds number effects. Seals with low leakage, for
a given pressure drop, have a high leakage resistance coef� cient.
Comparison of seals having a different tooth clearance is possible
at high Reynolds number, where the K values tend to be essentially
constant.

The
test section measures 0:914 m £ 2:438 m £ 0:914 m (3 ft £ 8 ft £
3 ft). It was constructedof weldedHastelloy-X,a corrosionresistant
steel alloy. Based on the leakage measurements of Waschka et al.1

and others, it is known that shaft rotationhas little effect on leakage
at signi� cant Reynolds numbers, that is, when the ratio of swirl to
axial velocity is fairly low. Thus, like most seal leakage test rigs,
the rig was designed to provide two-dimensional planar � ow, as a
sensible approximation to facilitatechanges of geometry.However,
rotation often has a substantial effect on seal rotordynamics (see
“Previous Work” section).

Flow Visualization Equipment

The injected � uoresceindye (dilutedwith water) was illuminated
using an argon-ion laser, Spectra Physics Model 2017 Stabilite,
which had a nominal power level of 5 W. The laser beam was di-
rected into the test section using two mirrors, after which it was
spread out into a thin sheet, using a quartz rod of diameter 0.635 cm
(0.25 in.) as a cylindrical lens. The RCA Pro845 camcorder had a
12£ zoom lens with shutter speedsbetween60 and 10,000 frames/s.
The dye injector tip was locatednear the stator step corner shown in
Fig. 1 at point A. The injector was driven by a pneumatic pressur-
ization system. After experimentation with several different dyes,
it was found that � uorescein sodium, acid yellow number 73, from
Sigma Chemical Co., was the best with the present laser.

Computer Facilities

For convenience, a 90-MHz Intel® PentiumTM-based personal
computer with 32-MB RAM, a 2.05-GB Fast small-computer sys-
tem interface-2 hard disk drive, an Intel Smart Video Recorder
PROTM digital video capture board, and a 128-bit video card with
4-MB VRAM was used to store the visualization movies in digi-
tal format. The video capture board is capable of capturing up to
30 frames/s at various screen sizes and compressing the digital in-
formation in real time. The 8-mm recording of the experiment is
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captured as a full motion video with from 20 to 30 frames/s. The
captured digital video is then played back on the computer monitor
with a transparentprotractoroverlayplaced on the monitor. The an-
gle at which the through�ow leaves the step separation corner, that
is, the � ow angle, is read as the center of the mass of dye visible
at the arc of the protractor (Fig. 1). The arc radius corresponds to
a distance from the step corner of 40% of the cavity depth. The
template is correctly scaled to account for camera zoom, etc.

Results
Measurement Uncertainty and Repeatability

The � ow rate measurement uncertainty for a given con� guration
was calculated at approximately1% using the Kline–McClintock20

methodof uncertaintyanalysis.The uncertaintyfor measurementof
the leakageresistancecoef� cientwas foundto be 3% at typicaloper-
ating conditions.Furthermore, it was found that the repeatabilityof
the � ow angle data taken by the same person on differentoccasions
agreed within 3%. In addition, the repeatability of the same data
taken independently by two different observers was determined to
agreewithin4%. The repeatabilitymeasurementsquotedhereutilize
the rms � ow angle data. Experimental repeatability of the leakage
resistance coef� cient was determined to be within 4%.

Preliminary Experiments

The self-sustaining oscillations are trajectory � uctuations of the
through�ow jet, an instantaneousdigital image of which is shown in
Fig. 2a. Several preliminary experiments were conducted to verify
that the oscillationsand bifurcated� ow patternare not simply due to
some type of oscillation from the dye injector system. First, while
there was no water � owing through the rig, the injector � lled the
cavity with dye at a very fast rate and was then turned off; then the
water � ow was turned on, and self-sustainedoscillations,as well as
bifurcations of the dye jet (Fig. 2b), were observed. Second, when
there was no water � owing through the rig, the dye was turned on
at the standard dye � ow rate, and no oscillationor bifurcationof the
dye jet was observed. Third, while the water was � owing through
the rig and the dye supply valve was opened slightly to give the
lowest visible dye � ow rate, small “blobs” of dye were observed to
be intermittently injected into the � ow� eld, indicating the nature of
the oscillatingcavity through�ow pressure near location A (Fig. 1).
Furthermore,duringsome time intervals,some of theblobs followed
the trajectoryof the 45-deg angle at which the injectorwas mounted
at location A, that is, giving the left-hand branch of the dye bifur-
cation (Fig. 2b), whereas other blobs were dramatically de� ected
downward toward location 4, shown in Fig. 2a. At other times all
of the injected blobs were sharply de� ected downward (Fig. 2b),

a)

b)

Fig. 2 Typical instantaneous images showing a) through� ow jet time-
averaged bounding streamlines (sketched from the author’s impres-
sion) for clearance c/DTC = 0:037 and step height s/DTC = 0:37 and
b) bifurcated � ow pattern for clearance c/DTC = 0:15 and step height
s/DTC = 0:37 (DTC = 17:15 cm) using injected dye (dark color).

leaving the step corner along a tangent. As the valve was opened to
allow a greater dye � ow rate, the same phenomenon was observed,
except that the dye blobs were darker and larger. Opening the valve
further to obtain the standard dye injection rate produced images
similar to those in Fig. 2b. In all cases with water � owing through
the rig, whether the dye was bifurcatedor not, the dye jet exhibited
a low-frequency, self-sustainedoscillation.

Discussion

After the visualizationmovieswere related to previouswork with
cavity oscillations, there is little doubt that these oscillations are
caused by at least two impingement-feedback phenomena. More-
over, these feedbackoscillatoryphenomenaare probablycoupledto
some extent.The � rst of these phenomenais the selectiveampli� ca-
tion of shear layer instabilitiesnear the cavity inlet tooth (location 1
in Fig. 2a) due to the upstream propagation of vorticity waves as
re� ections of the vorticity � uctuation impingement on the step wall
near location2. The second impingementfeedback is re� ected from
locations 4 and/or 3, where very large oscillations of the stagnation
point location were observed, back to location 2.

The very large-scale seal con� gurations considered involved the
followingfour tooth clearances:0.635(0.25),1.91(0.75),2.54 (1.0),
and 3.18 cm (1.25 in.). For each of these clearances, the three
step heights considered are 4.45 (1.75), 6.35 (2.5), and 8.26 cm
(3.25 in.). One of the intriguingaspects of the stepped seal � ow� eld
is that some con� gurationsexhibit differentbifurcationcharacteris-
tics. A bifurcation stability regime map was developed to illustrate
the step height and clearance combinations [normalized by axial
displacement distance to contact (DTC) D 17.15 cm (6.75 in.)] for
which three distinct � ow phenomena were observed. For through-
� ow Reynolds numbers (2cU=º/ of 3 £ 104 and 2 £ 104 , the regime
mapsaregivenin Figs. 3 and4, respectively.The boundariesseparat-
ing the three regimes shown were located to pass generally through
points in Figs. 3 and 4 at which transitionary behavior was ob-
served. The width of the shading along the boundaries indicates
the estimated uncertainty in locating the boundaries. Note that the
Reynolds number of 2 £ 104 gave greater uncertaintyin locating the
boundaries. The always bifurcated and oscillatory bifurcated � ow
patterns were found to be nonbifurcatedonly about 5% of the time
and the nonbifurcated case was bifurcated about 5% of the time.
Self-sustained oscillations were observed in all cases, regardless of
the presence of bifurcation.

Observe in Fig. 3 that all con� gurations investigated with a step
height less than approximately 5.5 cm (s=DTC D 0:32) gave what
the authors have named the nonbifurcated � ow pattern. This � ow
pattern (not shown for brevity)essentiallyexhibits the expectedcase
of dye leavingthe step corner tangentiallylike the right-handbranch
of that in Fig. 2b. The second bifurcation regime is the always bi-
furcated � ow pattern,which was found for step heights greater than
5.5 cm (s=DTC D 0:32) and for intermediateclearances.The images

Fig. 3 Stepped labyrinth cavity � ow stability map showing the three
� ow regimes for Re = 3 ££ 104: – – –, highest leakage resistance value for
each clearance.
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Fig. 4 Stepped labyrinth cavity � ow stability map showing the three
� ow regimes for Re = 2 ££ 104: – – –, highest leakage resistance value for
each clearance.

Fig. 5 Measured leakage resistance coef� cient for the tooth clear-
ance c/DTC = 0:037 and step heights s/DTC = 0:26, s/DTC = 0:37, and
s/DTC = 0:48.

showing a bifurcated � ow pattern generally show that the left-hand
branch is more dominant.The third bifurcationregime was found at
large step heights and large clearances.It is named oscillatorybifur-
cated because it occurs as a random cyclical variation of bifurcated
and nonbifurcated� ow patterns.To show which regime exhibits the
highest leakage resistance for a given tooth clearance, Figs. 3 and 4
include a dashed curve to indicate the highest resistance geometry
for each clearancecase. For leakage, the clearance is by far the most
important design dimension, and thus, each clearancegroup should
be viewed as a distinct category.

Leakage resistance measurements for the three step height cases
of smallest tooth clearance, c D 0:635 cm, are given in Fig. 5. As
the turbulence becomes intense at Re ¼ 2 £ 104 , one � nds the ex-
pected asymptotic invariance of leakage resistance with increasing
Reynolds number.The intermediatestep height case has the highest
resistance, and the large step height case is next. The resistance of
the small step height case was expected to be rather poor because
of insuf� cient serpentiningof the through�ow jet.

Figure 6 shows the amplitude of the � ow oscillation as the rms
� ow angle µ for the smallest tooth clearance. All of the � ow an-
gle data presented in this paper were obtained at a Re D 3 £ 104.
Note that the rms value of 10–15 deg indicates that the magnitude
of the through�ow jet oscillationis quitesigni� cant.The rms µ value
from the � rst (smaller)radiusprotractorarc gives a largeroscillation
amplitude than that of the second radius for every case considered.
This difference is attributed to the intense turbulent diffusion ob-
served between the � rst and second radii. No major bifurcation of
the dye jet was observed here; however, the largest step height case
is transitional between nonbifurcated and always bifurcated. The

Fig. 6 Measured trajectory � ow angle oscillation amplitude (rms) for
the three step height cases at tooth clearance c/DTC = 0:037.

Fig. 7 Measured time mean trajectory � ow angle for the three step
height cases at tooth clearance c/DTC = 0:037.

largest step case in Fig. 6 gives a signi� cantly lower rms value than
the other step cases. This low value is probably because the longer
step surface provides more damping of the dye jet oscillations be-
cause the oscillationsare perpendicularto the plane comprising the
step surface. At the smallest step value, an unusually high rms µ
value was found.

The mean values of the dye jet � ow angle for the smallest clear-
ance are shown in Fig. 7. Most of the mean µ values are negative
because, for some time intervals, the digital images give oscillations
with very large negative µ values. Note that the step height case ex-
hibiting the largest leakage resistance (s D 6:35 cm) has the most
negative mean value of µ and a high oscillation amplitude.

The leakage resistancecharacteristicfor the clearanceof 1.91 cm
is shown in Fig. 8. Similar to the c D 0:635 cm cases, the highest
leakage resistance occurs for the intermediate step value, which
exhibits the largest rms value and the most negative mean value
of µ . Also, like the smallest clearance cases, the large step height
here gives the next highest resistance. Not shown for brevity, the
mean � ow angles are ¡2, ¡32, and ¡5 deg for the small, medium,
and large step heights, respectively. In addition, the rms values are
approximately 14, 18, and 14 deg for the small, medium, and large
step heights, respectively.

The leakageresistancefor thec D 2:54cm cases is shownin Fig.9.
The curves have generally the same shape as for the smaller clear-
ance cases. However, a signi� cant differencehere is that the highest
resistance is found for the largest step height, with the intermedi-
ate step giving the next highest value. Like the smaller clearance
cases, the intermediate step here has the most negative mean an-
gle and also the largest amplitude. The only detectable distinction
from the smaller clearance cases is that the large step case is the
only one that is transitioning between the oscillatory bifurcating
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Fig. 8 Measured leakage resistance coef� cient for the tooth clear-
ance c/DTC = 0:11 and step heights s/DTC = 0:26, s/DTC = 0:37, and
s/DTC = 0:48; c = 1:905 cm (0.75 in.); at s = 4:45 cm (1.75 in.): M, always
bifurcated; MM, oscillatory bifurcation; and N, never bifurcated; at
s = 6:35 cm (2.50 in.): ¤, always bifurcated; ¤¤, oscillatory bifurcation;
and ¥, never bifurcated; and s = 8:26 cm (3.25 in.): ¦, always bifurcated;
¦¦, oscillatory bifurcation; and ¨, never bifurcated.

Fig. 9 Measured leakage resistance coef� cient for the tooth clear-
ance c/DTC = 0:15 and step heights s/DTC = 0:26, s/DTC = 0:37, and
s/DTC = 0:48; c = 2:54 cm (1 in.); at s = 4:45 cm (1.75 in.): M, always
bifurcated; MM, oscillatory bifurcation; and N, never bifurcated; at
s = 6:35 cm (2.50 in.): ¤, always bifurcated; ¤¤, oscillatory bifurcation;
and ¥, never bifurcated; and s = 8:26 cm (3.25 in.): ¦, always bifurcated;
¦¦, oscillatory bifurcation; and ¨, never bifurcated.

and the always bifurcating regimes near Re D 2 £ 104 and 3 £ 104.
The regime boundary is shown in Fig. 9 with a heavy line and has
been extrapolatedslightlyusing the dashed curve as shown. Thus, it
appears that the � uctuating nature (between the nonbifurcatingand
the always bifurcating � ow patterns) of the oscillatory bifurcation
phenomenon is providing enhanced turbulent mixing of high and
low momentum � uid to give increased turbulent friction. Further-
more, like the 1.905-cm clearance case, one � nds that the 2.54-cm
clearance gives no signi� cant change of resistance on transitioning
from the nonbifurcating to the always bifurcating regime.

The resistance curves for the largest clearance of c D 3:175 cm
have a differentshape, as shown in Fig. 10. As found for the 2.54-cm
clearance cases, the large and the intermediate step heights exhibit
the highest and next highest resistance values, respectively.Notice
in Fig. 10 that the curves for the small and the intermediate step
height have an increased value of resistance for all � ow conditions
occurring within the oscillatory bifurcation regime. Furthermore,
the values for the large step height, which lie farthest into the os-
cillatory bifurcated regime, are considerablyhigher than that of the
other step heights.

Fig. 10 Measured leakage resistance coef� cient for the tooth clear-
ance c/DTC = 0:19 and step heights s/DTC = 0:26, s/DTC = 0:37, and
s/DTC = 0:48: c = 3:17 cm (1.25 in.); at s = 4:45 cm (1.75 in.): M, always
bifurcated; MM, oscillatory bifurcation; and N, never bifurcated; at
s = 6:35 cm (2.50 in.): ¤, always bifurcated; ¤¤, oscillatory bifurcation;
and ¥, never bifurcated; and s = 8:26 cm (3.25 in.): ¦, alwaysbifurcated;
¦¦, oscillatory bifurcation; and ¨, never bifurcated.

Applications

Considering all sizes of gas turbines in general, a wide range
of seal geometry (seal clearance, step height, diameter, and
DTC) is found operating over a range of conditions (Reynolds
number, Mach number, and K ). This results in a very wide
range of labyrinth seal situations. Speci� cally, there is a wide
range of diameters (approximately from 2.5 cm to 1 m), and
each diameter mandates an appropriate radial clearance for its
labyrinths. Furthermore, the clearance, pressure drop, and � ow
conditions result in a Reynolds number, Mach number, and K
occurring over a very wide range. Typical ranges for the geom-
etry and operating parameters for gas turbines are estimated as
0:01 < c=DTC < 0:6, 0.01 s=DTC < 1:0, 2 £ 103 < Re < 1 £ 105,
0:1 < M < 1:0, 0:1 < K < 15, and 0 < Vcir=R! < 2:0.

The � ow oscillationsand bifurcated� ow patterndescribedherein
are expected to occur in actual engine seals.The present results may
be easily scaled from the very-large-scaletest rig to essentially any
reasonably sized labyrinth using reasonable caution. Because the
present results are taken from water � ow, it is anticipated that they
are realistic for seal applicationsat Mach numbers below 0.5 or per-
haps 0.4, that is, small density change. Furthermore, the effect on
seal leakage of the circumferential velocity entering the seal (zero
for the present results) and the shaft peripheral speed are generally
less than 8%. However, the ratio of seal inlet circumferentialveloc-
ity to shaft peripheral speed (Vcirc=R!/ is extremely important for
seal rotor dynamic forces exertedon the rotor by the � uid in the seal.
Although an improved understanding of the self-excited seal rotor
dynamics has recently been obtained through computational � uid
dynamics-perturbation modeling,21 a great deal more information is
necessary to estimate the possibility of interaction between the os-
cillatory bifurcation phenomenon and the rotor dynamic instability
of labyrinths seals. The oscillationsoccur over a wide range of fre-
quencies in the current water � ow. In terms of the Strouhal number
Sr, they span the frequencyrange of approximately0:01< Sr < 0:3.

Summary
Two � ow instabilities involving a bifurcation � ow pattern were

discovered at the land step separation corner (near the injector lo-
cation A in Fig. 1) of the seal cavity and coexist with signi� cant
self-sustaining � ow oscillations. Numerous � ow visualization ex-
periments were conducted to obtain an enhanced understanding of
the instabilitiesand oscillations.A bifurcationregime map was con-
structed, giving which combinations of tooth clearance and step
height lie within which of the three bifurcation � ow regimes. The
following list summarizes the � ndings.
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1) For cavity step heights less than 5.5 cm (s=DTC D 0:32), re-
gardless of tooth clearance, no bifurcation of the through�ow jet
was found.

2) For step heights greater than 5.5 cm combined with interme-
diate values of tooth clearance, the through�ow jet was generally
always bifurcated.

3) For large step heights combined with large tooth clearances,
an oscillatory bifurcation � ow pattern was found.

4) For tooth clearances less than or equal to 1.91 cm
(c=DTC D 0:11), the through�ow trajectory is quite important. The
step height case giving the highest leakage resistanceexhibits a) the
most negative mean value of µ and b) cavity oscillations of very
large amplitude.

5) For tooth clearances greater than or equal to 2.54 cm
(c=DTC D 0:15), the oscillating nature of the oscillatory bifurca-
tion � ow pattern appears to exhibit a contribution toward increased
leakage resistance via enhanced turbulent mixing.
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