
JOURNAL OF PROPULSION AND POWER

Vol. 15, No. 3, May–June 1999

Predicted Combined Effects of Purge Flow and
Rotor-Casing Eccentricity on Ingress Heating
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The combined effect of purge/coolant � ow rate and nonwhirling, rotor-casing radial eccentricity on the gas-
turbine wheelspace cavity thermal environmentwas determined from a computationalstudy. In this study, a series
ofReynolds-averaged,Navier–Stokesnumerical experiments was undertaken to obtainan improvedunderstanding
ofmass ingress cavityheating.A recently developedand heavilytested three-scale k-" turbulence modelwas utilized.
The temperature, pressure, Mach number, and Reynolds number of a typical commercial gas-turbine engine
were speci� ed as appropriate for the mainstream, purge/coolant stream, and turbine wheel. At engine nominal
conditions, no mass ingress (100% rim seal effectiveness) was found for the concentric-rotor case. However, for
50% rotor-casing eccentricity, large mass ingress and only 53% rim seal effectiveness were found. In addition, the
minimum purge � ow to prevent mass ingress increased markedly, i.e., from 8000 to 23,500as the rotor eccentricity
increased from 5 to 50%.

Nomenclature
Cw = purge/coolant volumetric � ow rate parameter,

Q/ ( u R)
Cw,min = minimum volumetric � ow rate parameter to

prevent ingress, Qmin/ ( u R)
e = seal eccentricity, i.e., displacementof rotor from

casing centerline (percent of seal nominal
clearance)

k = turbulent kinetic energy, k (1) C k (2) C k (3)

k (1) , k (2) , k (3) = partial turbulent kinetic energies
mc = mass � ow rate of coolant
mc / (mc C Nm i ) = sealing effectiveness
mc0 = nominal value of mass � ow rate of coolant
me = mass egress across x plane E–F, Fig. 1
m i = mass ingress across x plane E–F, Fig. 1
Q = volumetric purge � ow rate
R = radius of disk
Rex ,m = axial Reynolds number of mainstream, 2UH/ u
Re h = rotational Reynolds number of disk, \ R2/ u
Ri = radius of coolant inlet seal
T = temperature
T ¤ = normalized temperature, (T ¡ T2)/ (T1 ¡ T2)
U, V , W = mean velocities in x , r, h directions
x , r, h = axial, radial, and circumferentialcoordinates
xi = spatial coordinate in tensor notation
D T ¤ = differential temperature, 2C p (T2 ¡ T1)/ ( \ R)2

e = turbulent energy dissipation rate
e (1) , e (2) , e (3) = turbulence energy transfer rates

Subscripts

1 = mainstream
2 = cooling purge � ow

Introduction

T O prevent gas-turbine wheelspace cavities from overheating,
a purge/coolant � ow rate (Cw ) is injected into the wheelspace
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cavity, suchas that ofFig. 1a, to purge the ingestionas well as to cool
the disks.For this type of con� guration,the coolant enters the cavity
through a labyrinth seal at location 2, is centrifugally pumped by
the rotor surface, and exits into the mainstream through the overlap
rim seal. An unnecessarilylarge Cw is bled from the compressorbe-
cause of the lack of understanding of the � ow and thermal details.
A complete rim seal stage analysis has never been attempted be-
causeof its complexity.However, numeroussimpli� ed subproblems
have been investigated. For the external-�ow-dominated regime,
subproblemexperimental studies of the effect of asymmetric main-
stream pressureson ingress were conductedby Phadke and Owen,1

who used tracer gas measurements to derive a correlation for the
minimum purge � ow to prevent ingress (Cw,min). Similarly, Ham-
abe and Ishida2 measured the ingress caused by mainstream pres-
sure asymmetries resulting from a misaligned duct and proposed a
correlation for Cw,min . Fairly recently, Green and Turner3 consid-
ered a more comprehensivesubproblem that included the effects of
the presence of guide vanes and blades, but excluded that of non-
whirling, rotor-casing eccentricity, which is illustrated in Fig. 1b.
It was found that the presence of blades is important and gives a
morenearlyaxisymmetric� ow in themainstreamdownstreamof the
rim seal.

Mainstream pressureasymmetries caused by various types of ge-
ometrical asymmetries4 in the mainstream, including that resulting
from rotor-causingeccentricityof the rim seal clearance,have been
identi� ed as important contributors to ingress. A particular lack of
understanding in the external-�ow-dominated regime involves the
ingress increase caused by the nonwhirling, rotor-casing eccentric-
ity. The nonwhirling eccentricity considered in the current study
is caused by the accumulationof fabricationand/or assembly toler-
ances, aswell as nonuniformthermal expansion.Eccentricityvalues
in the 25–50% range are considered common.

There are several computational � uid dynamics (CFD) stud-
ies of the ingress subproblem in rotor–stator cavities, which in-
clude the mainstream, but exclude rotor-casing eccentricity.Those
with a mainstream began with a laminar prediction by Vaughan
and Turner.5 A circumferential distribution of sinusoidally vary-
ing ingress–egress � ow passing through a simple axial-clearance
rim seal was found. More recently, Chew et al.6 conducted a three-
dimensionalnumericalstudy involvinga simple axial-clearancerim
seal using a simple mixing-length turbulence model. The main-
stream had circumferential asymmetry in that the mainstream in-
let boundary values were taken from the potential � ow solution
for � ow through guide vanes. Comparison of measurements with
numerical solutions gave generally reasonable agreement for seal
effectiveness.

454



GUO AND RHODE 455

Fig. 1 Idealized con� guration and computational domain: a) r– x
plane view of the wheelspace cavity, b) exaggerated view of the r–µ
plane showing the eccentric rotor, and c) arbitrary, exaggerated exam-
ple showing the three types of grid region.

Lowry and Keeton7 used a three-dimensional Navier–Stokes
code, including the high Re number k- e turbulencemodel, to predict
the ingress heating in the unique rim seal cavity of the Space Shuttle
turboprop, which has a circumferentially nonuniform turbine dis-
charge pressure.The three, three-dimensionalcases computedwere
1) a base case that is geometrically axisymmetric with an asym-
metric mainstream pressure distribution,2) a rotor-casingeccentric
rim seal with a correspondingly eccentric coolant inlet, and 3) a
highly eccentric rim seal with a concentric coolant inlet. Although
the Space Shuttle rim seal cavity involved a complicated geometry
and different � ow conditions from that of gas turbines, blade root
temperatureswere found to be quite sensitive to radial eccentricity.

For aircraft gas turbines,Guo et al.8 examined eccentric rim seals
where the purge air inlet, a circumferentiallyarranged series of ori-
� ces on the stator, was approximatedas a circumferentiallyuniform

slit. An earlier version of the present computer code was utilized,
which, e.g., only had the standard k-e model. Eccentricity effects
on rim seal ingress and corresponding pressure drop were exam-
ined, but only for the engine normal purge � ow. In contrast, the
present paper gives the combined effect of Cw and eccentricity for
the � rst time 1) on sealing effectiveness,2) on purge � ow to prevent
ingress,Cw ,min , 3) as an approximatecorrelationfor the dependence
of Cw,min on eccentricity, and 4) on the wheelspace temperatures.

Objective
The objective is to obtain an enhancedunderstandingof the com-

bined effect of purge/coolant � ow and nonwhirling, rotor-casing
eccentricity on the ingress heating of a generic wheelspace cavity
of an aircraft engine. Speci� cally, items of primary interest include
1) the relationshipand a simple correlationfor the variationofCw,min

with eccentricity, 2) details of the rim seal gap recirculation zone
for the ingress jet and for the egress jet, and 3) the increase of the
blade root temperaturewith increasingeccentricity.The popular ap-
proach of studying the simpli� ed subproblem, which excludes the
nonuniformity imposed by the presence of vanes and blades in the
mainstream, has been utilized. This subproblem approach isolates,
for enhanced clarity, the circumferential pressure variation effect
caused by rotor-casing eccentricity from that caused by the pres-
ence of vanes and blades. Adiabatic walls are speci� ed to isolate
ingress heating effects from wall heat convection effects, as fric-
tional heating was found to be negligible at these conditions.

Computational Method
The fully compressible, elliptic, three-dimensional Reynolds-

averagedNavier–Stokes code is basedon the � nite volumeapproach
of discretizing the governing steady � ow equations.The SIMPLER
algorithm of Patankar9 was employed using a system of four stag-
gered grids for the primitive variables. The QUICK differencing
scheme of Leonard10 was incorporated for all convective terms in
the momentum equations to reduce the false diffusion. The cyclic
tri-diagonalmatrix algorithm(CTDMA) was used to solve, in a seg-
regated manner, each of the dependent variables. The option of a
recentlydevelopedand extensivelytested three-scalek- e turbulence
model was used, and is explained later. The iteration convergence
criterion was that, for each governingequation, the sum of the local
residual magnitudes, normalized by the appropriate inlet boundary
quantities, must be < 0.001. The standard wall function for the re-
sultant near-wall velocity and wall stress was used.

The steady governing equations used for the present predictions
consist of the following continuity, momentum, and stagnation en-
thalpy (energy) equations, as well as the state equation and turbu-
lence model equations. The � rst three of these equations are
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where q , Ui , and p are the time-averageddensity,volume, and pres-
sure, respectively. Here, C H is de� ned as the ratio of the effective
viscosity to effective Prandtl number, i.e.,

C H D l eff/ Pr (4)

The stator reference frame was utilized, and no-slip was speci� ed
on all rotor and stator surfaces via the wall functions (see the Do-
main and Boundary Conditions subsection). The equations were
transformed as needed for general, i.e., any, orthogonal coordinates
using Pope’s11 method. For additional details see Guo et al.8
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Eccentric–Geometry Grids

The coolantenters the domain througha labyrinthseal rather than
througha circumferentiallyarranged series of ori� ces. Thus, a non-
whirling, radially eccentric rotor gives a circumferentially varying
radial clearance for the coolant inlet labyrinth seal and also the rim
seal (see Fig. 1b). The r – h cross sectionof the domain is dividedinto
grid regions of three types, each of which is shown for an arbitrary
example of exaggerated eccentricity and grid coarseness (Fig. 1c).
A bipolar-coordinategrid12 will easily give a body-� tted grid line
along each boundary of this region. Thus, a cylindrical coordinate
grid is used in cylindrical regions, and a bipolar-coordinate(or re-
verse bipolar-coordinate) grid is used for regions with eccentricity.
In constructing the overall composite grid, the grid lines on oppos-
ing sides of a grid region interfaceare carefully patched together so
that a grid line of constant v is in alignment across the interface.

The grids were constructedstarting at the coolant inlet clearance
(eccentric) region, where bipolar coordinatesare utilized. Next, for
the outer surface of the rotor shroud to be concentricwith the rotor
surface of the coolant inlet seal, a transition is made to a reverse-
bipolar-coordinategrid region (of equal but opposite displacement
from the � rst bipolar region). Next is a transition to a cylindrical-
coordinategrid, which extends radially outward to the outer surface
of the rotor shroud. The next region contains a bipolar-coordinate
grid, like that of the coolant inlet, with grid lines coinciding with
the sealing surfaces of the rim seal. Finally, the outer boundary of
the domain is made concentric with the inner surface of the stator
shroud by using a cylindrical-coordinate grid to cover that portion
of the domain.

Bipolar coordinates may be related to Cartesian coordinates by
the following transformation:

x D
¡a sinh( q )

cosh( q ) ¡ cos( v )
(5)

y D
a sin( v )

cosh( q ) ¡ cos( v )
(6)

where q denotes the radius of a circle, and v denotes the position
along that circle.

The current production grid is highly nonuniform with 44 £
44 £ 25 lines in the x , r , and h directions. In the � nal test, it was de-
termined that the preceding grid gives a sensibly grid-independent
solution in that a 50% increase in the number of grid points
(54 £ 54£ 25) gives a deviation from the preceding grid of only
0.2 and 0.9% for the cavity-averaged temperature and rim seal ef-
fectiveness, respectively. The grid has no skewness because of the
orthogonalityof thebipolarandcylindricalcoordinatesystems.Grid
stretchingfactors of up to 15% were utilizedwith cell aspect rations
generallybetween 0.25 and 4.0. The grid-independencetesting was
conducted for the case of 25% eccentricity and Cw D 7200.

Turbulence Modeling

One de� ciency of the standard k-e model is the use of a single
length scale and time scale to represent the entire range of eddy size
for the energy-containing(non-Kolmogorov) eddies.Different sizes
of turbulent eddies show a substantially different rate of develop-
ment. Thus, each eddy size should be characterizedby its inherent
length and time scales, which allows that eddy size to respond at its
own rate to sudden changes in the mean � ow. A second de� ciency
of the standard k-e model is the use of merely physical/dimensional
arguments to obtain the algebraic form of the source/sink terms of
the e equation. Both of these de� ciencies have been overcome in
the present investigation,by using a more sophisticated type of k- e
turbulence model, the three-scale k- e model of Guo and Rhode.13

Speci� cally, there is distinct modeling for each of the three eddy-
size groups, i.e., for each of the large, medium, and small ranges
of energy-containingeddy size. Production dominates for the large-
size eddies, whereas the energy cascadedominates for the medium-
and the small-sizeeddies.The three-scalemodel, alongwith its two-
scale variant by Ko and Rhode,14 is quite unique in that it is derived

from the dynamic equation for the anisotropic turbulence energy
spectrum.

For each of the three eddy sizes, the partial turbulence energies
k (1) , k (2) , or k (3) are computed from the transport equation derived
for each. These are given as
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where k (1) , k(2) , and k (3) are the large-, intermediate-, and smaller-
eddy partial turbulence energies that are found in the production,
the larger-eddy cascade, and smaller-eddy cascade portions of the
spectrum, respectively.Note that the turbulencekinetic energy k D
k (1) C k (2) C k (3) and that the energy dissipation e is equal to e (3) ,
whereas e (2) and e (3) are interpreted as energy transfer rates.

The governing equation for the energy transfer rate leaving each
of the three zones e (1) , e (2) , and e (3) is given as

D e (1)

Dt
¡

¶
¶ xi

m eff

r e

¶ e (1)

¶ xi
D C (1) e (1) P

k (1)
¡ C (1)

2

e (1)2

k (1)
(10)

D e (2)

Dt
¡

¶
¶ xi

m eff

r e

¶ e (2)

¶ xi
D ¡C (2)

1

e (2)2

k (2)
C C (2)

2

e (1) e (2)

k (2)

C C (2)
3

P e (2)

k (2)
¡ C (2)

4

P e (2)

k (1)
C C (2)

5

e (1) e (2)

k (1)
(11)

D e (3)

Dt
¡

¶
¶ xi

m eff

r e

¶ e (3)

¶ xi
D ¡C (3)

1

P e (3)

k (1)
¡ C (3)

2

P e (3)

k (2)

C C (3)
3

P e (3)

k (3)
C C (3)

4

e (1) e (3)

k (1)
C C (3)

5

e (1) e (3)

k (2)
¡ C (3)

6

e (1) e (3)

k (3)

C C (3)
7

e (2) e (3)

k (2)
C C (3)

8

e (2) e (3)

k (3)
¡ C (3)

9

e (3)2

k (3)
(12)

The derivation of the model coef� cients follows that of Ko and
Rhode.14 Other details along with the coef� cient values are found
in Guo and Rhode.13 The expressionfor the turbulenteddy viscosity
is given as

m t D
C l k (1) C k (2) C k(3) 2

e (3)
(13)

where e (3) simply results from the algebra of the derivation.14

Three-Scale Model Testing

The idealizedaxial-clearancerimsealwithouta mainstream1 con-
stitutes an important test case for assessing the three-scale model.
The operatingconditionsare1) coolant � ow coef� cient,Cw D 2950;
2) seal clearance ratio, Gc D 0.01; and 3) cavity gap ratio, G D 0.1.
It is shown in Fig. 2 that predictions from the three-scale model
and the single-scale (standard) model are in close agreement with
measurements at moderate rotational Reynolds numbers. However,
at high rotationalReynolds numbers, the improvementof the three-
scale model over the single-scale model is clearly seen, although a
discrepancystill exists.The lower rotationalReynoldsnumber cases
measured are not considered here because of a concern that a low
Re model may be required for them.

Model testingusingthe rotor–statorcasesofDaily et al.15 was also
conducted. Because it was found that the three-scale model gives
the same solutionas the two-scalemodel for such a rotor–stator cav-
ity case in particular, the three-scale model is being designated as
multiscalefor this case.Numerouscomputationswere made forRe h ,
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Fig. 2 Radial distribution of mean static pressure for the rotor–stator
cavity using the three-scale model (Cw = 2950, Gc = 0.01, G = 0.1).
Reµ /106: 0.6 ( ), 0.8 ( ), and 1.0 (+).

ranging from 2 £ 106 to 9.5 £ 106, and a volumetric � ow rate Cw

ranging from 1500 to 13,000. The multiscale wall shear stress was
considerably improved over that of the single-scale model, yield-
ing a friction moment coef� cient that was »4% rather than 25%
underpredictedover the entire Reh range.

The three-scale model has been tested over a wide range of pop-
ular noncavity test cases as well. For example, for the wake recircu-
lationzone length behinda disk, measured by Carmody,16 the three-
scale model gave an 11.6% underpredictionvs 25.6% underpredic-
tion for the single-scale model. In addition, the three-scale model
overpredictedthe measuredspreadingrate of the axisymmetricfree-
jet of Capp17 by 16%, rather than 23% for the single-scale model.
Similarly, the three-scale model underpredicted the spreading rate
of the swirling freejet of Pratte and Keffer18 by 1.6% vs »10.2% for
the single-scalemodel. Further, the three-scalemodel overpredicted
the skin friction coef� cient for the boundary layer with an adverse
pressure gradient of Samuel and Joubert19 by 16.1%, whereas the
single-scalemodel underpredictedit by 19.7%. For the defyingcase
of the recirculation zone length of the annular freejet, measured by
Durao and Whitelaw,20 the multiscale model and also the single-
scale model gave a 21% underprediction.

In summary, the improvement of the three-scale model is at-
tributed to more physics being included in the derivation.

Domain and Boundary Conditions

Figure 1a shows the idealized cavity con� guration and compu-
tational domain. The radial clearance and axial overlap of the rim
seal shrouds were 1.9 and 2.0 mm, respectively. Other important
dimensions of the generalized cavity considered are 1) radius of
the rotor, R D 0.3078 m; 2) inlet radial width of the mainstream
passage, H / R D 0.026; 3) axial width of the cavity, s/ R D 0.0612;
4) radial location of the cavity inlet, R/ R D 0.904; and 5) radial
width of the cavity inlet, a/ R D 0.00725.

Essentially, all studies of mainstream ingress into such rotor–
stator cavities contain an inherent uncertainty concerning how far
away from the region of interest the domain boundaries must be
located. No de� nitive, detailed measurements (or computations) of
the necessary mainstream boundary condition values a distance up-
stream and downstream of the nonuniform rim seal clearance are
available. Moreover, the mainstream axial velocity is drastically
higher (in the present case by a factor of 160) than that of the ingress
and egress. Thus, the effect of the mainstream is extremely slight
and localized (as shown in subsequent results), occurring only over
the short axial length of the rim seal. Thus, in keepingwith previous
authors, the computational domain extends axially a short distance
upstream and downstreamfrom the rim seal. For the current gener-
alized subproblem,approximatingthe mainstreamduct as a straight
passage, rather than a diverging one, is reasonable for obtaining an
enhanced� rst-orderinsight.This is because the effect of the diverg-
ing mainstream duct is generally counterbalancedby the increasing
boundary-layerdisplacement thickness,which results from the sig-
ni� cant mainstream swirl velocity.

Numerical iteration convergence, when including the entire ra-
dial heightof the mainstream,proved dif� cult (stiff governingequa-
tions), and could be alleviatedby reducing the number of grid lines.
Thus it was desirable to reduce the radial height of the mainstream
within the domain to reduce the number of grid lines without loss
of accuracy. Because the mainstream axial velocity is dramatically
higher than that of the ingress and egress � ow, only a narrow, radi-
ally inner portion of the mainstream interacts with the rim seal (as
shown later). Thus, the radial extent of the mainstream included in
the domain was reduced. Because the ingress velocity is drastically
weaker than the mainstreamvelocity,zero radial velocityat the radi-
ally outer boundarywithin the mainstream is a reasonableboundary
condition. Further, because 1) the swirl velocity is not high in the
present cases (near 50% of the axial velocity), and 2) the main-
stream outer boundaryvalues are unknown, it was decided to utilize
the boundary condition sometimes used for swirling boundary lay-
ers.That is, zero radial velocityand zero radial derivativeof all other
quantities were speci� ed at the radially outer boundary, which lies
in the mainstream (see Fig. 1a). A series of numerical experiments,
each having a different mainstream radial extent, was carefully ex-
amined in selecting a � nal domain radial extent that would reduce
the required number of grid lines. For example, it was found that
an increase of the domain height of 50%, over that of the currently
used domain, gave a deviation of cavity-averaged temperature and
seal effectivenessof only 0.01 and 1.3%, respectively.

Similarly, a series of numerical experiments was conducted in
which the domain exit for each case was moved fartherdownstream.
Using the zero axial gradientout� ow boundarycondition,this series
allowed determination of an outlet location required to avoid the
outlet boundary being located too close to the recirculation zone
downstream of the stator shroud.

The mainstreaminlet boundaryvalues were chosen as those leav-
ing an upstream stator vane. Speci� cally, the inlet values for ax-
ial and tangential velocities, as well as enthalpy, temperature, and
pressure, were obtained from generic commercial aircraft engine
values, supplied by Ivey,‡ as 1) axial Reynolds number in the main
pass, Rex ,m D 3.12 £ 105; 2) rotational Reynolds number of the ro-
tor, Re h D 7.62 £ 106; 3) cooling � ow rate, Cw D 3600, 7200, and
14,400; 4) differential pressure,D P¤ D ¡0.01; 5) differential tem-
perature, D T ¤ D ¡4.6; and 6) swirl ratio at the main pass domain
inlet, W / U D tan( p / 12). The Rex ,m represents a mainstream axial
velocity of 360 m/s. As a close approximation, the mainstream inlet
radial velocity was set to zero because the mainstream mass � ow is
higher than the ingress/egress � ow by a factor of 160.

Along rotor and stator wall boundaries, the well-known wall
function21 was used for both velocity components tangential to the
wall, as well as for evaluating the turbulenceproduction term in the
k (1) equation. Freestream boundary conditionswere assumed at the
radiallyouter boundaryof the domain,which lies in the mainstream.

Results and Discussion
Although the mainstream pressure is higher than that within the

wheelspace cavity, the predictions obtained herein for concentric
rotor cases (not shown for brevity) show the expected absence of
mass ingress with a very slight heat ingress into the wheelspace
cavity. The slight heat ingress is a result of a very slight net ax-
ial turbulent heat diffusion from the mainstream through the rim
seal. Rotor centrifugal pumping cooperates with the coolant purge
� ow to providesuf� cientdiscouragementto mass ingress.However,
the circumferentiallyvarying radial clearance asymmetry shown in
Fig. 1b typically occurs at the rim seal (discussed earlier), as well
as at the purge air inlet labyrinth seal. It was found that such rim
seal eccentricitydramatically increases the mainstream heat ingress
via a large mass ingress from the mainstream into the cavity, the
turbulent axial diffusion remaining almost constant.

A gap recirculation zone (GRZ) forms downstream of the rim
seal radial clearance overlap step height, as shown by the velocity
vectors in Fig. 3a. Speci� cally, the circumferentially varying rim

‡Ivey, P., personal communication, Cran� eld Inst. of Technology, UK,
1990.
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Fig. 3 Velocity vectors for 50% eccentricity at the µ = a) 28.8-deg and
b) 260-degplane (mainstream vectors have been scaled down by a factor
of 3.75 for clarity).

seal radial clearance causes the expected circumferential variation
in theaxial lengthof the recirculatingwakedownstreamof the radial
clearance. A corresponding rim seal pressure asymmetry occurs in
accordancewith the local variation of the balance of pressure, iner-
tia, shear, and centrifugal forces. The result for all combinationsof
eccentricity and purge � ow considered here is that a circumferen-
tiallydistributedpeakofmainstreammass ingressentersthe rim seal
near the circumferentiallocationof largestclearance,which is at the
cylindrical coordinate plane of h D 0 deg. Subsequently, it exits the
rim seal to enter the cavity at approximately h D 25 deg (displaced
in the rotation direction) because of the transit time required for a
particle to pass through the rim seal.

The velocityvectors for the r –x plane of approximatelythe max-
imum mass ingress ( h D 28.8 deg) and for 50% rotor eccentricity
are shown in Fig. 3a. The vectors in the mainstream are scaled
down by a factor of 3.75 for graphical clarity. Observe here that
the GRZ separates from, and reattaches to, the trailing edge (loca-
tion D) of the stator shroud shown in Fig. 1a. As mentioned earlier,
because this r –x plane has almost the largest radial clearance, it has
almost the largest axial length of the GRZ, which Fig. 3a shows
is about x / L D 0.55, where L is an arbitrary length. Observe fur-
ther in Fig. 3a that a very small portion of the mainstream passes
downstream along the GRZ, makes a 180-deg turn, and then � ows
upstream along the radially outer surface of the rotor shroud where
it enters the rim seal. Note that the mass ingressenteringthe rim seal
occupies less than half of the local radial clearance. The � ow pat-
tern of the circumferentiallydistributed mass ingress jet, described
earlier, occurs for the nominal Cw D 7200 over a circumferential
range of 145 deg, for Cw D 3600 over a range of 155 deg, and for
Cw D 14,400 over a range of 110 deg.

Observe further in Fig. 3a that the expected overall cavity re-
circulation zone is found, which is driven in the counterclockwise
direction by the purge inlet � ow, the rotor centrifugalpumping, and
the mass ingress. Also note that the hot mass ingress impinges im-
mediately on the stator wall near r/ Rd D 0.96, without signi� cant

mixing with the cooler cavity � uid. Next, the ingress � ows radially
inward on a helical path along the stator wall, mixing somewhat
with the cavity � uid. Most of the purge � uid, which enters through
a labyrinth seal of corresponding rotor displacement, occurs as a
somewhat similar jet of circumferentially varying strength, where
the circumferentialpeak at the cavity inlet is locatednear h D 0 deg.
After a degree of mixing with the purge inlet jet, the mainstream
ingress jet then proceedsalong a helical path radiallyoutward along
the rotor,where the near-wall radial velocity is maintainedat a fairly
high value by centrifugal pumping.

Outside of the mass ingress circumferential zone of the rim seal
is the mass egress zone, which exhibits the � ow pattern shown in
Fig. 3b (the mainstream vectors are scaled down by a factor of
3.75). This plot shows the plane h D 260 deg for 50% eccentricity,
which is near the plane of maximum egress (actually occurring at
h D 300deg forCw D 3600,7200,and14,400). Observein this � gure
that the egress � ows axially in the mainstreamdirection through the
rim seal, occupying the entire local radial clearance. Upon exiting
the rim seal, it immediately � ows radially outward near location D
(Fig. 1a), where it undergoestransverse,i.e., radial, turbulentmixing
with the mainstream as it is axially accelerated by the mainstream.
Note that, as the egress jet is accelerated,it drivesa slightlydifferent
GRZ than that of the ingress jet. This egress GRZ separates from
and reattaches to the outer surface of the rotor shroud as indicated
by the velocity vectors in Fig. 3b. Further, because of the smaller
local radial clearance than that of the ingress jet, this egress GRZ is
much shorter in axial extent, beginning at x/ L D 0.35 and ending
at x / L D 0.45. In addition, compared with the h D 28.8-deg overall
cavity � ow pattern (Fig. 3a), the radially outward portion of the
cavity exhibits a much larger radial velocity across most of the
axial width of the cavity, with much less velocity inward along
the stator wall.

Seal Ingress

The sealing effectiveness [mc / (mc C Nm i )] is evaluated via cir-
cumferential integrationof the mass ingress m i . The previouslyun-
known effect of eccentricityon the variationof sealing effectiveness
with purge � ow, Cw , is shown in Fig. 4. At the enginenominalCw of
7200, the effectiveness is »96% for 5% eccentricity. Further, note
that increases of eccentricity give increased ingress for each Cw ,
so that seal performance is drastically reduced for large eccentrici-
ties. For example, at the engine nominal Cw value, the effectiveness
decreases from 96 to 53% as the eccentricity increases from 5 to
50%. There is a wide variety of aircraft engines for which rotor
eccentricity in the range of 25–50% is believed to be common. The
performancepenaltyresultingfromrotor eccentricityarises from an
increasedCw requiredto compensatefor the increasedmass ingress.

The previously unknown variation of the minimum coolant nec-
essary to preventingress,Cw,min, with eccentricityis shown in Fig. 5.
It can be seen that Cw,min increases markedly and almost linearly
with increasing eccentricity. Observe that an eccentricity increase
from5 to only 50% increasesCw,min from »8000 to 23,500.A corre-
lation for the Cw,min variation with eccentricity at the temperatures,
pressures, Mach numbers, and Re numbers, which are typical of

Fig. 4 Effects of Cw on the sealing effectiveness.
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Fig. 5 Variation of the minimum cooling air� ow rate Cw;min with ec-
centricity.

Fig. 6 Effects of Cw on circumferential variation of the mass ingress
and mass egress as well as seal clearance for a) 25 and b) 50% eccen-
tricity.

many commercial aircraft engines (see the Domain and Boundary
Conditions subsection), is given as

Cw,min D 0.658e2 C 320.1e C 6552.9 (14)

where seal eccentricitye is in percent of the seal nominal clearance,
i.e., e D 50 for 50%. Application of this correlation at signi� cantly
differentoperatingconditionswould require a correspondinguncer-
tainty on a case-by-casebasis, as no measurements are available for
comparison. Very large computing resources would be required to
obtain a broad-based correlation involving the Re number.

Figures 6a and 6b show the effects of Cw on the circumferential
distributionsof the mass ingress and egress for eccentricitiesof 25
and 50%, respectively. The circumferentially varying rim seal ra-
dial clearance Sc is also shown here for reference.The mass ingress
and egress are nondimensionalized by the typical engine nominal
mass � ow rate of cooling air, mc0. The results show that the ingress
phenomenon occurs for all three Cw values considered, although

Table 1 Hottest location and its temperature

Cw Surface T ¤
max r/ R h , deg

a) 50% eccentricity
3,600 Rotor 0.502 0.981 256

Stator 1 0.989 43
7,200 Rotor 0.404 0.982 242

Stator 0.99 0.989 43
14,400 Rotor 0.311 0.981 242

Stator 0.8 0.989 72

b) 25% eccentricity
3,600 Rotor 0.265 0.981 272

Stator 0.783 0.989 58
7,200 Rotor 0.178 0.981 272

Stator 0.56 0.989 58
14,400 Rotor 0.154 0.981 301

Stator 0.141 0.978 73

c) 12.5% eccentricity
3,600 Rotor 0.154 0.981 301.8

Stator 0.29 0.989 72
7,200 Rotor 0.128 0.981 316.3

Stator 0.146 0.968 101.5
14,400 Rotor 0.121 0.981 345.4

Stator 0.117 0.96 130.1

doubling the nominal coolant � ow to Cw D 14,400 at 50% eccen-
tricity does not eliminate it. The circumferential location of maxi-
mum ingress and egress velocity is fairly independentof Cw as well
as eccentricity. Speci� cally, the location of maximum ingress and
egress is »25 and 300 deg, respectively, which is almost identical
to the correspondingvalues found previously by Guo et al.8 for the
ori� ce type of purge inlet and nominal Cw . To conserve mass in
the cavity, the egress must decrease with a decreasingcoolant � ow.
However, Figs. 6a and 6b show that the egress level at Cw D 3600
is close to that at Cw D 7200. This is because of counterbalancing
effect involving the facts that 1) the egress � ow is the sum of the
coolant and ingress � ows and 2) a low coolant situation gives high
ingress. Thus, the increased ingress at Cw D 3600, compared with
7200, results in nearly the same egress.

Cavity-Averaged Temperature

The cavity-averaged temperature, which is the average over all
axial, radial, and circumferential locations, indicates total heating
via ingress and disk frictional heating because adiabatic walls are
used. The previouslyunknown effect of Cw at various eccentricities
on cavity-averaged temperature is shown in Fig. 7. Note the large
increases of cavity-averagedtemperature for any Cw values caused
by rim seal ingress as the eccentricity surpasses a threshold value
(about 5%). Also observe that, as Cw decreases below the engine
nominal value of 7200, the averaged temperature increases more
rapidly,especiallyfor thehighereccentricitycasesshown.Similarly,
it was found in case B of Lowry and Keeton7 that the temperature
in the cavity, for a rim seal with 28% eccentricity, increased 42±C
(75±F) over that of the concentric case.

Adiabatic Surface Temperature

Even for the present case,where ingress is the sole source of heat,
the maximum rotor temperature is located near the blade root. This
location is not surprising because it is the farthest location on the
rotor from the coolant inlet. The cooling of the blade root is impor-
tant because of thermal reliability concerns. The temperature and
position of the highest temperature location on the rotor and on the
stator for each Cw considered are given in Table 1 for the three Cw

values and for the three eccentricity values. Examining the high-
est rotor temperature for the nominal Cw and eccentricitiesof 12.5,
25, and 50%, one � nds dimensionlesstemperaturesof 0.128, 0.178,
and 0.404, respectively.This variation is a re� ection of the increas-
ing rate of cavity temperature rise with increasing eccentricity, as
seen in Fig. 7. Also, note that at 50% eccentricity and Cw values
of 3600, 7200, and 14,400, the maximum rotor temperatures are
0.502, 0.404, and 0.311, respectively. These temperatures indicate
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Fig. 7 Variation of the cavity-averaged temperature with Cw.

Fig. 8 Effect of Cw on radial distributions of the dimensionless tem-
perature on the rotor for 50% eccentricity at µ = a) 0, b) 86.4, c) 172.8,
and d) 259.2 deg.

Fig. 9 Effect of Cw on circumferential distributions of the dimension-
less temperature on the rotor for 50% eccentricity at r/R = a) 0.98 and
b) 0.92.

the large increase of purge/coolant required to signi� cantly reduce
the maximum rotor temperature below that of the nominal Cw . In
addition, it is interesting to observe the effect of the helical path of
the mainstream ingress jet in Table 1 (part a), e.g., where the high-
est temperature on the rotor for 50% eccentricity is generally found
near 250 deg, whereas that on the stator is generally near 50 deg.

For 50% eccentricity, Figs. 8a–8d show the effects of Cw on
the radial distributions of the rotor adiabatic temperature at vari-
ous circumferential locations. The radial increase of temperature
for Cw D 3600, because of increased mass ingress, is clearly seen.
Speci� cally, the rotor temperatures h D 0 and 259.2 deg increase
with radial position and reach a maximum at the blade root/retainer,
whereas those at h D 86.4 and 172.8 deg remain almost constant.
These distributions result from the interaction of the circumferen-
tiallynonuniformcoolantjet andmass ingressjet. Further, theeffects
of Cw on the circumferential distribution of the rotor temperature
at the blade root/retainer (r/ R D 0.98) and at the inner portion of
the domain (r/ R D 0.92) are shown in Figs. 9a and 9b for 50%
eccentricity.At low Cw , the circumferential variation of rotor tem-
peratureis almost sinusoidal,whereas the complicatedmixingof the
ingress and purge/coolant streams at high Cw gives a nonsinusoidal
distribution.

Summary
A three-dimensionalNavier–Stokes computer program was used

with engine nominal temperatures, pressures, Mach numbers, and
Reynolds numbers for a displaced-rotorwheelspace cavity exhibit-
ing an eccentric coolant inlet seal as well as an eccentric rim seal.
Wall convection heating was eliminated by using adiabatic walls.
Previously unknown � ndings include the following:

1) The concentric-rotorsituation at engine nominal Cw gives no
mass ingress with very slight turbulentheat diffusion ingress.How-
ever, as the rotor eccentricity increases from 5 to 50%, the rim seal
effectivenessdecreases from 96 to 53% becauseof the considerable
mainstream ingress jet.

2) Cw,min increases substantially with rotor eccentricity in an al-
most linear fashion.For example, an eccentricityincrease from 5 to
50% increases Cw,min from »8000 to 23,500.

3) An approximatecorrelationfor estimatingCw,min as a function
of eccentricityis given, althoughcaution should be used in applying
it for substantiallydifferent conditions.
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4) Speci� c details of the gap recirculation zone for the ingress
and egress jets are examined.

5) The circumferential location of maximum ingress velocity,
h D 25 deg, is independent of Cw as well as eccentricity. The cir-
cumferential location of maximum egress velocity, approximately
h D 300 deg, is fairly insensitiveto Cw as well as to rotoreccentricity.

6) At 50% eccentricity, mainstream ingress persists in the pres-
ence of large increasesof Cw , even if Cw is doubled from the engine
nominal value of 7200 to 14,400.

7) As Cw decreases below the typical engine nominal value of
7200, the cavity-averagedtemperature increases more sharply with
further decreases of Cw .

8) For 50% eccentricity, the highest blade root dimensionless
temperature for Cw D 3600 is extremely high at 0.502, which is
24% higher than that for Cw D 7200.
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