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The ¯ow ®eld inside whirling (whirl ratio5 1) and non-

whirling seals can be dramatically di�erent. The statically

eccentric seal is dominated by viscous drag which is

responsible for generating the azimuthal velocity inside the

seal and the turbulence. Conversely, the whirling seal

produces the azimuthal velocity component by pushing the

¯uid by the rotor (dynamic forces) which results in larger

azimuthal velocity values, decreased radial velocity gradi-

ents, and decreased turbulence production inside the seal. The

biggest di�erence is that the region of high pressure switches

from one side of the seal to the other. This implies that at

whirl ratios between 0 and 1 the magnitude of the pressure

and suction pressures must decrease in value from the

statically eccentric values, reach a minimum, and then

increase again only on the opposite sides of the seal. This

can explain why the value of the whirl ratio can determine if

a seal will be stabilizing or destabilizing.
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In turbomachinery, smooth annular seals are used to

decrease secondary leakage ¯ow between high and low

pressure regions. The geometry of a seal has several e�ects

on the performance of rotating machinery. The most

apparent is the slowing of leakage ¯ow from the high to

low pressure regions and the separation of ¯ows that

should not mix. Two other parameters that are a�ected by

seal geometry are vibration and wear. Vibration can be

caused when forces generated by the leakage are not

uniform inside the seal and by non axisymmetric blade

loadings that can be caused by tip leakage. The geometry

also a�ects how the seal wears. If the ¯ow through the seal

causes stress at a particular point on the seal, cracks and

breaks can occur, which will in¯uence the performance

of the seal. Seals with a small axial Reynolds number

(generally below 2000) are generally unstable while seals

with large axial Reynolds numbers produce large damping

and sti�ness coe�cients and therefore contribute to stabil-

ity (Allaire et al., 1978). Annular seals are also used as

journal bearings in sealless pumps, which recirculate the

lubricating ¯uid in the journals to provide cooling through

the drive area.

Annular seals are common because of their simplicity

(Figure 1). The rotor is usually the shaft of the machine,

and the stator is usually the machine's housing. In

sealless pump bearings, the rotor is a ring slipped onto

the shaft and the stator is another ring mounted in the

housing.

The mechanical performance of an annular seal is

implicitly dependent on the ¯uid ¯ow through the clear-

ance, since the forces in the seal are generated hydro-

dynamically. Destabilizing forces tend to move the rotor of

an annular seal from its centered position, and whirl

usually follows. Whirl occurs when the center of the rotor

precesses around the center of the stator. The whirl ratio is

de®ned as the precession rate of the whirling rotor/shaft

rotation rate. The rotor excitation can become so great that

the rotor will contact the stator.

There is usually much e�ort devoted to characterizing

and predicting the damping, sti�ness and inertia variables

in a seal to decide whether it will be stable prior to

production. While the macroscopic e�ects have been

studied extensively, the ¯ow ®eld within the seal has not

been investigated as much because of the di�culty of

the measurement. The clearances must be very small to

simulate a real machine, and it is very di�cult to measure

velocities in the wake of the rotor.
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The present work investigates the e�ect of static and

whirling eccentricity upon the ¯ow ®eld inside the seal

by presenting measurements of the mean velocity and

turbulence kinetic energy distributions between the stator

and rotor of whirling and non-whirling plain annular seals

operating at the same Reynolds and Taylor numbers.

Radial averaged values of the axial and azimuthal mean

velocities and the turbulence kinetic energy are presented

along the length of the seal to demonstrate the e�ect of

whirl upon ``bulk averaged'' values.

PREVIOUS RESEARCH

Annular seals have been investigated since the mid-1970s,

when they were identi®ed as contributors to turbomachine

instabilities. In 1977 data became available for a wide range

of operating conditions because of research directed

toward the fuel pumps in the Space Shuttle's main engine

(Tam, 1988). The following is a review of some relevant

research regarding ¯uid ¯ow through eccentric annular

seals. The investigations mainly involved rotordynamic

modeling.

Lessen (1987) performed an analytical study of the ¯ow

in a dynamically eccentric whirling annular seal at an

arbitrary Taylor number within the Taylor vortex regime.

Axial ¯ow through the seal was modeled as plug ¯ow

which was justi®ed by assuming high momentum transport

from Taylor vortices. Boundary layers near the rotor and

stator surface were dominated by Goertler distur-

bances (instabilities akin to Tollmein ± Schlichting waves).

Goertler disturbances were induced by the curvature of the

boundary surface, and in this geometry are of far less

importance than the Taylor vortices (Schlichting, 1979).

The width of the Goertler disturbance-dominated regime

was taken to be one unit of the non-dimensional Blasius

variable, y
�����������
U=vx

p
, at which point the local velocity u/U

was 0.33. Lessen suggests that marginally unstable Goertler

disturbances will be superseded by Tollmein ± Schlichting

waves if the sum of squared axial and tangential Reynolds

numbers exceeds the critical Reynolds number for their

formation:

Re2 �Re2� �Re2crit: �1�

This indicates that the nature of the turbulence in the seal

resembles ¯at plate turbulence at high tangential and axial

Reynolds numbers. It was further found that the reaction

forces in the radial direction were inertial in nature and

could induce instabilities, and that the tangential reaction

force was purely a function of viscous forces. Finally the

ratio of potential core circulation to shaft circulation was

the same in the eccentric rotor case as in the concentric.

Lessen's ¯ow assumptions require that a very small

axial Reynolds number be used. Axial ¯ow through the

clearance was modeled as Couette ¯ow, de®ned as ¯ow

between surfaces in the absence of a pressure gradient. This

is generally not the case in annular seals, since their

primary function is to prevent leakage from high pressure

areas in machines. Taylor vortices are also a transitionary

phenomena between laminar and fully turbulent ¯ow.

Lessen used these vortices to justify a uniform tangential

velocity pro®le over much of the clearance of the seal,

but the laminar Taylor vortex regime is not very large.

Schlichting (1979) quotes Stuart (1958) in setting limits on

the laminar Taylor vortex dominated regime to be

41.3� Ta� 400, an order of magnitude less than those

characteristic of modern applications. Lessen's important

®nding was that tangential ¯ow circulation did not change

when the rotor was o�set eccentrically (whirl was not

considered).

Chen and Jackson (1984) studied the e�ect of axial

eccentricity (displacement in the r ± � plane) and misalign-

ment (angular displacement in the x ± r plane) on rotordy-

namic coe�cients in annular seals. They suggested that the

forces generated in high pressure seals are greatest in

straight annular seals, and developed relationships between

reaction forces and leakage rate through the seals that

included the e�ects of eccentricity, misalignment and

FIGURE 1 Schematic of a typical annular seal.
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rotation. A concentric tapered annular seal was used as a

model for the eccentric seal, and it was found that the e�ect

of eccentricity or misalignment on the leakage rate was not

as great when the ¯ow regime was turbulent. The seal

leakage increased with the degree of eccentricity, and

decreased with the degree of misalignment.

Allaire et al. (1978) obtained an analytical solution of the

semi-empirical bulk ¯ow equations developed by Hirs

(1978) for pressure in an eccentric non-rotating annular

seal. The seal length-to-diameter ratio was 0.16 and the

axial Reynolds number was about an order of magnitude

larger than the tangential. He found that in seals with a

small axial Reynolds number the pressure drop though the

seal was mainly due to friction e�ects, but as the leakage

rate increased the Bernoulli e�ect became stronger and

high pressure gradients existed through the seal. At very

high ¯ow rates though, large head losses occurred at the

entrance to the seal and the pressure distribution through-

out the seal tended to be constant. The load-carrying

capacity of the seal was small for the low ¯ow rate case,

increased as the ¯ow rate increased, then peaked where the

pressure gradients were high, and then decreased as the

¯ow rate increased.

Hashimoto et al. (1988) investigated short, eccentric

journal bearings to ®nd the e�ect of ¯uid inertia on

trajectory. This was basically an investigation of whether

laminar ¯ow theory would su�ce in turbulent conditions.

The length-to-diameter ratio of the journal was 0.5. The

averaged form of the momentum and continuity equations

was used in the analysis and reaction forces were calculated

for the ¯uctuating pressure term. Through numerical

simulation the trajectory of the journals was calculated

and it was demonstrated that ¯uid inertial e�ects help

contribute to the stability of the system.

Kanemori and Iwatsubo (1989) considered a long annular

seal with a length-to-diameter ratio of 3.0. The eccentricity

of the shaft was adjustable and misalignment was not

considered.They concluded that for small axial ¯ow rates the

results were similar toFritz's theory, which did not take axial

¯ow into account, that the reaction force in the seal was

dependent on the whirl velocity. It was further concluded

that the tangential reaction force was destabilizing for whirl

ratios between zero and 1/2, and ®nally that the seal is

unstable at small Rex, but stable at higher Reynolds

numbers. The amplitude of the tangential reaction force

was minimized when the whirl ratio was 1/2.

Simon and Frene (1989) studied convergent and

divergent annular seals with a cryogenic working ¯uid.

They considered the compressibility and variable viscosity

of the ¯uid, inlet swirl and pressure drop e�ects. The initial

assumption was that inertial e�ects of the ¯uid in the seal

could be neglected. A numerical example was run with

axial Reynolds numbers about 130,000 and 160,000. This

example indicated the utility of the variation of the ¯uid

properties in the analysis. Their results were in good

agreement with experimental data.

Tam et al. (1988) conducted a numerical study of

eccentric annular seals without misalignment, using a

model of the ¯uid forces based on the average ¯uid

circumferential velocity ratio. The model was based on the

assumption that the dynamic forces were rotating at the

precession speed. The numerical grid was three dimensional

and rotated with respect to a stationary observer at

the precession rate of the rotor, i.e., the rotor was a station-

ary reference frame. The grid consisted of 12� 6� 16 cells

in the tangential, radial, and axial directions, and was

considered invariant in time since the orbit was circular and

periodic. The Prandtl mixing length turbulence model was

selected because of its simplicity and because the mixing

length was obviously the clearance of the seal. The eddy

viscosity concept was used to simulate the e�ect of the

turbulence levels on the mean velocities, de®ned in Eq. [2].

�t � �l2m' �2�

The eddy viscosity �t was added to the ¯uid viscosity in the
equations to account for the di�usive

y=� � �=b; lm=� � by=�; b � 0:435

y=� > �=b; lm=� � �; � � 0:09
�3�

e�ect of the turbulent eddies. The mixing length lm was

de®ned in terms of the normal distance between the stator

and rotor surfaces �, the strain rate', and theminimum local

distance measured from the rotor and stator surfaces, y.

The pressure drops ranged from 0.3 to 18.5 bars, the

rotational shaft speeds from 1442 to 5085 rpm, the

eccentricity ratios from 0.24 to 0.8, and the whirl ratios

from 0.3 to 1.0. Bromotri¯ouromethane and oil were

modeled as the working ¯uids.

The results of the study indicated that there were

signi®cant changes in the local values of the seal dynamic

forces and that large tangential separation zones existed

through the seal. The existence of the recirculation zones

was found to depend on the shaft and precession speeds,

with increasing likelihood at lower shaft speeds and higher

precession speeds (whirl ratio approaching 1.0). Recircula-

tion zones were located along the stator wall, beginning

just prior to the minimum clearance location, and rotated

at the precession speed. Negative preswirl intensi®ed the

recirculation zones while preswirl in the direction of

rotation weakened the secondary ¯ow.

The e�ects of eccentricity and rotation speed on leakage

¯ow rate were also studied. Leakage was most dependent

on rotational speed when the precession speed was low.

Increasing precession speed increased the leakage rate

through the seal because of a pumping e�ect.
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Fluid injection from four stator positions into the

clearance was also studied, and it was found that injection

in the direction of the shaft rotation increased leakage

while injecting against the rotation decreased leakage.

Injection essentially mimicked the preswirl e�ects men-

tioned earlier, but downstream of the inlet.

In summary, previous studies showed that eccentrically

aligned rotors a�ect annular seals in several ways. The core

circulation in an eccentric seal is the same as in concentric

seals (Lessen, 1987). Whirling rotors increase the leakage

¯ow rate through seals, presumably due to a pumping e�ect

(Chen and Jackson, 1984 and Tam, 1988). High leakage

rates through the seal decrease the axial pressure gradient

across the rotor because of high head losses in the entrance

region (Allaire, 1978). High turbulence levels enhance the

stability of whirling journals, suggesting that once whirling

begins it may be damped out (Hashimoto et al., 1988). Seals

are unstable at low axial Reynolds numbers (below 2000)

(Allaire et al., 1978 and Kanemori & Iwatsubo, 1989).

Reaction forces are destabilizing when the whirl ratio is less

than 0.5 (Kanemori & Iwatsubo, 1989) for plain annular

seals with the same surface roughness on stator and rotor.

Tangential recirculation zones discovered in whirling seals

during certain operating conditions were seen to diminish if

there was preswirl or ¯uid injection in the direction of rotor

rotation, and were enhanced if preswirl or injection opposed

the rotor circulation direction (Tam, 1988).

OBJECTIVES

The di�culty facing many simulating the ¯ow inside seals

is knowing exactly which assumptions are valid. Measuring

the velocity ®eld inside the whirling and non-whirling seals

is the only means to test the validity of assumptions used in

the analysis of other researchers. For example, it is highly

unlikely that the axial velocity distribution in the seal can

be modeled as a plug ¯ow as hypothesized by Lessen.

Measurements are made to evaluate these assumptions

and to illustrate di�erences that occur between eccentric

whirling and non-whirling smooth annular seals. The 50%

eccentricity case was chosen as an extreme case to fully

illustrate variations.

EXPERIMENTAL FACILITY

The test facility uses water at 30.5� 4�C which is supplied

from a 15m3 storage tank by a centrifugal pump, via water

®lters, and a turbine meter. The ¯owrate through the test

section is set at a constant value of 4.86� 0.05 l/s which

correspond to a Reynolds number of 24,000. The test

section upstream pressure is maintained at 138 kPa to

prevent cavitation and the downstream pressure is varied

to control the leakage rate. The measurements are made

using the seal test rig shown in Figure 2. This unit consists

of a 50.8mm diameter overhung shaft which is driven by

a 0 to 5,300 rpm variable speed electric motor. For the

present study, the shaft rotation rate used was 3,600 rpm

which correspond to a Taylor number of 6,600. The axes of

the shaft and stator housing are parallel.

The plain annular seal consists of a 35.56mm long

acrylic rotor mounted in a stainless steel stator. The outer

diameter of the rotor is 164.1mm and the inner diameter of

the stator is 166.64mm. It was manufactured of acrylic,

has a polished smooth surface, and is coated with an

FIGURE 2 Seal test facility.
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anti-re¯ecting material. The stator is made of stainless steel

and is mounted inside the main housing such that its

position could be varied to set static eccentricities. In order

to simulate a shaft that is whirling at the same speed as the

shaft rotation, the seal rotors are mounted upon bushings

that mount on the shaft. The bushings are machined such

that their outer surfaces have eccentricities with respect to

the inner shaft mounting hole of 0, 10, 25 and 50% of the

seal clearance. The plain annular seal is mounted on these

bushings. For the present study the 50% eccentricity is

used for the whirling seal. The 0% eccentric bushing is used

for the non-whirling seal and the stator housing is o�set to

produce a stationary eccentricity of 50%.

A 50.8mm long laser beam access slot was cut into the

stator and an optical window was placed in the trapezoidal

slot which was 18.8mm wide on the outside, 3.55mm wide

on the inside surface, and 62.23mm long. The length of the

window insured that inlet and exit velocity pro®les could be

measured. The inside and outside window surfaces were

¯at and parallel to 1/4 of a light wavelength (approximately

125 nm) to prevent any lens e�ects. The ratio of inside slot

width and stator diameter, a measure of stator out-of-

roundness, was 0.021.

To prevent re¯ections from the bottom surface of the

window, which would have increased the distance from the

stator at which measurements could be made, the optical

window was coated for maximum transmissibility for the

wavelengths of the laser beams (476.5 nm, 488 nm, and

514.5 nm). The re¯ectance of the window through the laser

wavelengths varied almost linearly from 4% to 1%. The

coatings allowed measurements to 0.15mm from the

window surface because of the reduced glare normally

seen on the surface.

Thewater ®rst enters into a plenum. It then passes through

a 12.7mm thick perforated plate with 3.2mmdiameter holes

which eliminates any swirl generated by the piping system,

and evenly distributes the ¯ow around the circumference

of an annular plenum. The section of the annular plenum

along the centerline of the test rig is necessary to provide the

inner half of the contraction leading up to the seal entrance.

The contraction from the plenum results in an annular ¯ow

path with a clearance of 1.524mm. There is a 0.508mm gap

between the inlet contour assembly and the rotor. The

velocity distribution across the clearance at this gap was

measured by Johnson and Morrison (1990). The clearance

between the rotor and stator is 1.27mm. The larger supply

nozzle clearance, 1.524mm, was made to accommodate

eccentric seals without their inlet clearance being larger than

the supply nozzle.

The seal/rotor is made of acrylic and has the following

properties (Johnson, 1989): Young's modulus, E� 1.24�
1010 Pa; density, �� 913 kg/m3; ultimate strength,

�ult� 9.507� 1010 Pa; coe�cient of thermal expansion,

�� 41� 10ÿ6m/m�C. The seal's mechanical growth at

3,600 rpm, estimated using a hoop stress analysis of a thin

cylindrical body, is 0.0386mm (3% of the clearance), and

the thermal growth is 0.006mm/�C (0.4% of the clearance

for the 8�C test temperature window).

Seed particles were added to the water to facilitate the

velocity measurements. The seed was a necessary part of

the laser Doppler system, re¯ecting the laser light to the

receiving optics. Suspended particles naturally found in the

water did not re¯ect enough light to show up against

the background noise. The seed particle selected for

the experiments was Expancel 461 (Johnson, 1989). The

average size of each particle is 6 mm� 0.2 mm, and in water it

has a frequency response of 44Khz, which was su�cient to

follow the turbulent ¯uctuations of the ¯ow. The speci®c

gravity of the particle was 1.29. The particles are almost

neutrally buoyant, so they behave in much the same way as

water. Only two cups of the particles were needed to

su�ciently seed the entire tank.

Laser Doppler Velocimeter

The layout for the laser Doppler velocimeter (LDV) was

developed (Johnson, 1989) speci®cally for use with the seal

rig. This velocimeter was con®gured in 30� o�-axis back

scatter mode to enhance the signal-to-noise ratio near solid

surfaces. The LDV operates on the Doppler principle:

when particles pass through the intersection of two

coherent light beams crossed in space, they re¯ect light

that is Doppler shifted proportionally to their velocity.

Using three di�erent colors of light, three di�erent

frequencies are measured in three di�erent directions.

Coherent light was produced by a 4W Spectra-Physics

argon-ion laser. Argon-ion laser beams contain about

seven di�erent coherent light frequencies, three of which

are used to measure three di�erent velocity components.

The light from the laser was split into the individual colors

using a prism. Each optical train for an individual color

consisted of a polarization rotator, a beam splitter, a

40MHz Bragg cell, an 8.5X beam expander and a 150mm

diameter lense with a 450mm focal length used to focus the

beams at the measurement location. The focusing lenses

were also used to collect re¯ected light whose light intensity

was measured using a photomultiplier tube.

The output of each multiplier tube, called a Doppler

burst, was analyzed using counter systems interfaced to a

rotary encoding system and a computer. Electronic ®lters

were set to assure coincidence of velocity measurements

for all three velocity components to within 10 msec. The

computer system was used to phase average the data to

obtain velocity ®eld information at several rotor angles.

EXPERIMENTAL RESULTS

The coordinate system used to present the results was

selected such that the azimuthal angle, �, was 0� at the
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minimum clearance and 90� on the side of the rotor where

the actual pressure was a maximum. This means that

physically, this location switches from one side of the rotor

to the other depending on whether the rotor is statically

eccentric or whirling. Figures 3 and 4 illustrate this. The

statically eccentric seal, presented in Figure 3, generates a

pressure distribution in the same way as a journal bearing.

As the ¯uid is dragged into the converging channel on the

left side of the seal, the pressure increases. As it emerges

from the minimum clearance into the diverging section, the

pressure decreases. Hence the pressure side is on the left.

For the whirling seal, the ¯uid motion is not caused

primarily by the viscous drag, but by the dynamic action of

the rotor created by the seal sweeping through the ¯uid.

This action generates a high pressure region on the

``leading edge'' of the rotor as it pushes the ¯uid around

the seal as opposed to the dragging action present in the

non whirling seal. The rotor shown in Figure 4 is precessing

in a clockwise direction. Hence, the minimum clearance is

moving clockwise. The squeezing of the ¯uid into a

converging channel by the motion of the rotor, causes the

pressure to increase on the right hand side. The ¯uid on the

left hand side is in the wake of the rotor and has a low

pressure. Another way to see the whirling seal e�ect is to

examine how they are modeled in a computational ¯uid

dynamics program. In this case, the time dependent ¯ow

®eld (Tam, 1988; Robic, 1999) is converted into a steady

state condition by placing the coordinate frame on the

rotor. Then the stator rotates in a counter clockwise

direction. Hence, the pressure side is on the right hand side.

The mean axial velocity radial distribution for rotor

angles of 0�, 90�, 180�, and 270� are presented in Figures

5 ± 7 along with the average value across the clearance and

how it varies along the seal length. The radial direction has

been nondimensionalized by the nominal seal clearance

and the velocity has been nondimensionalized by the

bulk averaged leakage velocity. At the minimum clearance

there is little di�erence between the two conditions with the

axial velocity maximizing at 1.1Uave in the center of the

clearance along the entire seal length with an average value

near 0.6Uave along the seal length. On the pressure side

(90�) of the seal, the high pressure resists the entrance of

the ¯ow into the seal with lower values near the rotor

surface. However, the e�ect is signi®cantly larger for the

whirling seal where the ``bulk averaged'' axial velocity

FIGURE 3 For the statically eccentric seal the rotor viscous stresses
drag the ¯uid in the direction of shaft rotation generating pressure on the
left and suction on the right.

FIGURE 4 For the eccentric seal whirling at a whirl ratio of one the
rotor pushes the ¯uid around the seal generating pressure on the front face
of the seal (right side) and suction (left side) in the wake of the rotor.

FIGURE 5 Mean axial velocity contours for a statically eccentric
smooth annular seal.
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is only 0.5Uave compared to 0.9Uave for the statically

eccentric seal. Interestingly enough, for both cases, the

axial velocity increases on the pressure side as the ¯ow

progresses down the seal with ``bulk averaged'' values of

1.2Uave and 1.0Uave for the whirling and stationary seals

respectively at the seal exit. On the suction side of the seal

(�� 270�) exactly the opposite occurs with the axial

velocity entering the seal at its highest value and decreasing

as the ¯ow progresses downstream. In this case, the ``bulk

averaged'' inlet velocity is 1.1Uave for the whirling seal and

0.9Uave for the statically eccentric seal. At the exit, the

statically eccentric seal ``bulk averaged'' axial velocity has

shown only a small decrease in value while the ``bulk

averaged'' axial velocity has decreased to 0.5Uave for

the whirling seal. At the maximum clearance position

(�� 180�), the axial velocity contours are very similar for

FIGURE 6 Mean axial velocity contours for a whirling smooth annular seal.

FIGURE 7 ``Bulk averaged'' mean axial velocity distribution along the seal length.
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both the whirling and non-whirling seal with a large

variation in axial velocity across the inlet plane ( from

0.5Uave to 1.5Uave) which becomes more uniform as the

¯ow progresses downstream. The axial velocity maximizes

near the stator and is a minimum near the rotor. The ``bulk

averaged'' velocity does not vary signi®cantly with axial

position at the maximum clearance remaining around

0.9Uave for the whirling seal and 0.95Uave for the non-

whirling seal.

Winslow (1994) has shown that for the whirling seal, the

change in highest axial velocity location from the suction

side of the seal at the entrance to pressure side of the seal at

the exit is accompanied by a switch in the low pressure at

the inlet on the suction side to the low pressure being pres-

ent on the pressure side of the seal at the seal exit.

The azimuthal axial velocity (nondimensionalized by the

bulk averaged leakage velocity) contours for the statically

eccentric seal (Figure 8) and the whirling seal (Figure 9)

demonstrate how the whirling seal signi®cantly increases

the azimuthal velocity at all locations inside the seal. The

whirling seal even produces an e�ective pre-swirl upstream

of the seal. For the statically eccentric annular seal, the

azimuthal velocity is large near the rotor surface with

almost no azimuthal velocity present in the incoming ¯ow.

As the ¯ow progresses downstream, the azimuthal velocity

begins to increase across the clearance as the viscous drag

e�ect continues to increase its in¯uence across the

clearance as the ¯uid residence time increases, i.e., in the

downstream direction. The whirling seal does not exhibit

this ever increasing e�ect as markedly as the statically

eccentric seal as shown by the contour lines remaining

almost parallel to the rotor wall showing only a slight

increase in the downstream direction except of on the

suction side of the seal (�� 270�) past X/L� 0.5. In this

region the axial velocity has slowed considerably and the

residence time of the ¯uid in this region is increased

signi®cantly due to the lower axial speed. This allows

the viscous drag of the rotor to exert more in¯uence upon

the ¯uid and increase its azimuthal velocity.

The ``bulk averaged'' azimuthal velocity values along the

length of the seal are shown in Figure 10. These data show

how the whirling seal greatly increases the inlet pre-swirl

compared to the statically eccentric seal. The statically

eccentric seal exhibits inlet ``bulk averaged'' azimuthal

values from 0.5Uave to 0.8Uave while the whirling seal

values range from 0.8Uave to 1.3Uave. Please note that the

closest measured values to the rotor were 0.16c above the

rotor. In this region, the azimuthal velocity was assumed to

vary linearly. This results in an overestimation of the ``bulk

averaged'' azimuthal velocity. These values can, however,

be used for comparison purposes to see overall e�ects of

whirling versus non-whirling seals. The rate of increase

of the ``bulk averaged'' azimuthal velocity is relatively

constant for all azimuthal locations for the statically

eccentric seal with an increase of 0.4Uave. The whirling

seal shows less increase, 0.2Uave to 0.4Uave, but maintains

FIGURE 8 Mean azimuthal velocity contours for a statically eccentric smooth annular seal.
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values that are larger than the non-whirling seal at com-

parable azimuthal locations.

The turbulence kinetic energy contours nondimensiona-

lized by U2
ave are shown in Figures 11 and 12. For both the

whirling and non-whirling seal, the turbulence in the

minimum clearance region maximizes at 0:12U2
ave. How-

ever, the turbulence level steadily increases from essentially

zero to this maximum value at the seal exit for the non-

whirling seal. This turbulence is generated by the large

velocity gradient generated by the seal rotor which is

providing su�cient energy to maintain a net production of

turbulence along the seal length. The whirling seal is

generating turbulence upstream of the seal due to its

mixing action which is convected into the seal. Some of this

turbulence decays as the ¯ow progresses in the downstream

direction until X/L� 0.2. The azimuthal region of max-

imum turbulence level is between 200� and 270� with an

axial distribution as shown in Figure 12. At this point the

action of the rotor inside the seal is imparting su�cient

energy to the turbulence production mechanism such that

the turbulence level increases to the exit of the seal. The

turbulence levels in the non-whirling and whirling seal are

FIGURE 10 ``Bulk averaged'' azimuthal mean velocity distribution along the seal length.

FIGURE 9 Mean azimuthal velocity contours for a whirling smooth annular seal.
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generated and/or maintained by the radial gradient of the

mean velocity in the last half of the seal. The non-whirling

seal's turbulence levels are larger near the seal exit than for

the whirling seal due to the larger velocity gradients present

since the bulk averaged azimuthal velocities in the non-

whirling seal is only 65% of the whirling seal values.

For the statically eccentric seal, a similar sequence of

events is present at all azimuthal locations with the

FIGURE 11 Turbulence kinetic energy levels for a statically eccentric smooth seal.

FIGURE 12 Turbulence kinetic energy levels for a whirling smooth annular seal.
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maximum level of turbulence kinetic energy increasing to

0:24U2
ave. There is one di�erence, and that is at the location

of maximum clearance. Near the rotor surface at the seal

inlet there is a very large level �0:4U2
ave� which corresponds

to the location where the axial velocity increases rapidly

from 0.5Uave to 1.5Uave across the seal clearance. This axial

velocity variation is due to the seal inlet design condition

and the locally very large velocity gradients produce

extremely large levels of turbulence. For the whirling seal,

the ¯ow ®eld development at the larger clearances is

modi®ed with the turbulence generated by the entrance

e�ects into the seal (due to both entering the seal and the

mixing produced by the whirling of the seal) result in the

maximum amount of turbulence being present from

X/L� 0 to 0.2 with values maximizing at 0:4U2
ave. These

values decrease rapidly as the ¯ow progresses downstream

and remain relatively constant from X/L� 0.4 to the seal

exit. This shows how the whirling seal turbulence produc-

tion mechanism is dominated by the inlet mixing e�ects

with the greater increase in azimuthal velocity, which

e�ectively decreases the turbulence production down-

stream since the radial velocity gradients have been

signi®cantly reduced. Figure 13 presents the ``bulk aver-

aged'' values of the turbulence kinetic energy. These data

show how the statically eccentric seal produces more

turbulence in the downstream 2/3 length of the seal than

the whirling seal.

CONCLUSIONS

These data show that the ¯ow ®eld inside whirling and

non-whirling seals can be dramatically di�erent. The

statically eccentric seal is dominated by viscous drag which

is responsible for generating the azimuthal velocity inside

the seal and the turbulence. Conversely, the whirling seal

produces the azimuthal velocity component by pushing the

¯uid by the rotor (dynamic forces) which result in larger

azimuthal velocity values, decreased radial velocity gradi-

ents, and decreased turbulence production inside the seal.

The whirling seal generates the majority of its turbulence in

the entrance region while the non-whirling seal does this

in the last 2/3 of the seal length. The biggest di�erence is

that the region of high pressure switches from one side of

the seal to the other. This means that the forces generated

by the seal will be in opposite directions. It also implies that

at whirl ratios between 0 and 1 the magnitude of the

pressure and suction pressures must decrease in value from

the statically eccentric values, reach a minimum, and then

increase again only on the opposite sides of the seal. This

can explain why the value of the whirl ratio can determine

if a seal will be stabilizing or destabilizing. The axial

velocity distributions in the ®rst third of the seal cannot be

represented by plug ¯ow due to the entrance e�ects.

However, the last two thirds of the seal plug ¯ow does

fairly well represent the axial velocity distributions with the

magnitude changing as the ¯ow progresses through the

seal. The azimuthal velocity cannot be represented by plug

¯ow anywhere in the seal. There is always a signi®cant

radial variation in the azimuthal velocity.

NOMENCLATURE

c nominal clearance between rotor and stator�
1.27mm

D rotor diameter� 164.1mm

e rotor eccentricity ratio, eccentricity/c

FIGURE 13 ``Bulk averaged'' turbulence kinetic energy distribution along the seal length.
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k turbulence kinetic energy/U2
ave

L rotor length� 35.56mm

P pressure

Q volumetric ¯ow rate of ¯uid through the seal�
4.86 l/s

Re axial Reynolds number� 2�Uavec/�
Re� azimuthal Reynolds number� 2�Wavec/�
Ta Taylor number� (�Wshc/�)(2c/D)

1/2

U mean axial velocity/Uave

Uave bulk averaged leakage velocity, Q/�Dc� 7.49m/s

W mean azimuthal (tangential) velocity/Uave

Wsh rotor surface velocity� 30.9m/s� 4.125Uave

@3600 rpm

X axial distance downstream of the seal entrance

Y radial distance above centered rotor surface

� azimuthal angle (see Figs. 3 and 4)

� absolute viscosity, 7.84� 10ÿ4 kg/m-s

v kinematic viscosity��/�
� density, 999 kg/m3
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