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Near-Wall k–" Computation of Transonic
Turbomachinery Flows with Tip Clearance

G. A. Gerolymos,¤ G. Tsanga,† and I. Vallet‡

Université Pierre-et-Marie-Curie, 91405 Orsay, Paris, France

A computationalmethod for the numerical integration of the Favre–Reynolds averaged, three-dimensional com-
pressible Navier–Stokes equations in axial turbomachinery, using the Launder–Sharma near-wall k–" turbulence
closure, is developed. The mean � ow and turbulence transport equations are discretized using a � nite volume
method based on MUSCL Van Leer � ux-vector splitting with Van Albada limiters and are integrated in time using
a fully coupled, approximately factored, implicit backward Euler method. The resulting scheme is robust and was
found stable for local time steps of Courant–Friedrichs–Lewy number (CFL) = 20. The computational domain is
discretized using a basic H–O–H grid. The tip-clearance gap is discretized using a � ne O-type grid. The radial
distribution of nodes within the tip-clearance gap is independent of the blade-row O grid, and a buffer overlap grid
is used to convey information.Boundary conditions at periodicity boundaries and at domain interfaces are treated
using � ve phantom nodes. This procedure ensures stability at high CFL. Results are presented for the NASA 37
rotor, at an operating point near surge. Computations are compared with measurements both for blade-to-blade
Mach number contours and pitchwise distributions and for radial distributions downstream of the blades. Results
are obtained using three grids of 106 , 2 £ £ 106 , and 3 £ £ 106 points, with 21, 31, and 41 radial stations within the
tip-clearance gap, respectively, demonstratingthatresults are grid independent.Comparisonwith measurements is
satisfactory, with the exception of pressure ratio overestimation due to unsatisfactory prediction of � ow separation
by the turbulence model.

Nomenclature
i; j; k = three-dimensionalgrid indices
kO¡OZ = O-grid radial surface corresponding to the

beginning of the OZ grid
MMWxµ;ad = relative Mach number computed using the x and µ

velocity components and rothalpy conservation47;48

Pm = mass � ow
PmCH = maximum mass � ow (choke mass � ow) at nominal

rotor speed
Ni ; N j ; Nk = number of grid points, i -wise, j -wise, k-wise
Ni jk = number of grid points, Ni N j Nk

n it = iteration number
nC

w = nondimensionaldistance of the � rst grid point from
the wall, nu¿ Mº¡1

w , where n is the distance from the
wall, u¿ the friction velocity, and Mºw the kinematic
viscosity at the wall

r j ; rk = geometric progression ratio for grid-point
stretching, j -wise and k-wise

Tu = turbulence intensity
x; R; µ = cylindrical system of coordinates, where x is the

engine axis
M®x µ = angle between the x and µ components of pitchwise

mass-averaged absolute velocity
1sO = mass � ow averaged entropy increase between

O-grid in� ow and O-grid out� ow
±TC = tip-clearanceheight
¼T¡T = total-to-total pressure ratio
¼T¡TO = total-to-total pressure ratio between O-grid in� ow

and O-grid out� ow
Â = blade chord
Âx = axial blade chord
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Centre National de Recherche Scienti� que, Bâtiment 511.

†Graduate Student, Laboratoire d’Energétique, Unité Associée au Centre
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Subscripts

DH = downstream H-type grid
in = in� ow
M = pitchwise averaged quantities (meridional)
O = O-type grid, O grid around the blades
OZ = buffer O-type grid between clearance-gapgrid (TC)

and O
out = out� ow
T = turbulent
TC = clearance-gapgrid
t = total
UH = upstream H grid
W = relative
w = wall

Superscripts

Q = Favre average
N = Reynolds average (ensemble average)
M = function of averaged quantities that is neither a

Favre average nor a Reynolds average

Introduction

T HERE is a de� nite trend toward using transport-equationtur-
bulenceclosures,such as k–", in computational� uid dynamics

(CFD).1 ;2 They are superior to algebraic closures not only because
they give better results, but also because they offer better physical
insight and grid independence of results. There exist many three-
dimensionalNavier–Stokes turbomachinerycodes,but very few use
transport-equation closures with wall functions,3– 5 and still fewer
include near-wall, low-turbulence Reynolds number effects.6 – 12

This is due to the dif� culty in solving the additional turbulence
transport equations.

Hah6 and Hah et al.7 use the near-wall, low-turbulenceReynolds
number k–" model of Chien.13 The equations are solved using an
implicit pressure-based scheme, with quadratic upwind discretiza-
tion of convective terms.14 The method has been used for the com-
putation of many turbomachinery con� gurations, both axial and
centrifugal.15– 18 The nondimensionaldistance from the wall of the
� rst grid point nearest to it, nC

w D nu¿ Mº¡1
w , is nC

w » 1–5.
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Knight and Choi8 use the near-wall, low-turbulence Reynolds
number

p
k¡!T modelofCoakley.19 The equationsare solvedusing

the implicit � nite volume upwind scheme developed by Coakley,20

with Courant–Friedrichs–Lewy number (CFL)D 3–5 and nC
w » 1.

The method is applied to the computation of a turbine cascade.
Kunz and Lakshminarayana9 use the near-wall, low-turbulence

Reynolds number k–" model of Chien.13 The numerical scheme
uses a centered space discretizationwith explicitRunge–Kutta time
integration,21 with CFL D 2

p
2 and nC

w » 1 ¡ 3
2 . The method has

been applied to the computation of compressible axial turboma-
chinery � ows.9 ;22

Ameri et al.10 use the near-wall,low-turbulenceReynoldsnumber
k–!T model of Wilcox.23 The numerical scheme uses a centered
space-discretizationwith Runge–Kutta time integration, including
implicit residual smoothing and multigrid.11 The method has been
applied to the computationof compressibleaxial turbine � ows.10 – 12

Tip-clearance leakage has a major effect on � ow structure over
a substantial part of the span.24 – 26 Several computational methods
try to include the global effects of tip leakage without computing
the detailed � ow within the tip-clearance gap. Several workers24

use simpli� ed models based on the momentum equation applied
locally across the blade. Many CFD codes use the pinched tip
approach27 where, for relatively thin blades, the tip of the blade is
arti� cially cusped to join together the suction-sideand pressure-side
grids within the gap. This approach models the gross effects of tip-
clearance � ows, although the tip geometry is not modeled exactly.

To compute the � ow within the gap, an embedded grid tech-
nique must be used.15¡18;22;28¡32 Rai28 ;29 used an embedded O grid
(within a blade O grid) with � ve radial stations within the gap. Liu
and Bozzola30 used an embedded H grid (within a blade H grid)
with eight radial stations within the gap. Copenhaver et al.,15;16

Hah et al.,17 and Hah and Loellbach18 used an embedded H grid
(within a blade H grid) with 6–10 radial stations within the gap.
Kunz et al.22 and Basson and Lakshminarayana31 used an embed-
ded H grid (within a blade H grid) with 11–21 radial stationswithin
the gap. Ameri et al.10 and Ameri and Steinthorsson11;12 used an
embedded O grid (within a blade O grid) with 20–40 radial stations
within the gap. Chima32 used an embeddedO grid (within a blade C
grid) with 13 radial stations within the gap. The radial resolutionof
all of these computationsis coarsewithin the gap,with the exception
of the work of Ameri et al.10– 12

The purposeof thepresentwork is to extendanef� cientand robust
three-dimensional compressible Navier–Stokes solver with near-
wall multiequation turbulence closures, developed by Vallet33 and
Gerolymos and Vallet,34 ;35 to the computationof three-dimensional
transonic turbomachinery � ows. Particular care was taken to cor-
rectly compute the � ow within the tip, by using a multiblock grid
technique.36

Flow Model
The � ow is modeled by the compressible Favre–Reynolds

averaged, three-dimensional Navier–Stokes equations, with the
Launder–Sharma37 near-wallk–" closure,written in tensor-invariant
form1;34 ;38:
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where t is the time; ­ is the tensor product between two vectors;
QW is the relative velocity; N½ is the density; Np is the pressure; QT is
the temperature; Qh is the enthalpy; ° D 1:4 is the isentropic ex-
ponent for air; Rg D 287:04 m2 s¡2 K¡1 is the gas constant for
air; MHR D Qh C 1

2
QW 2 ¡ 1

2 Ä2 R2 is the rothalpy of the mean � ow,33;35

which is different from Favre-averaged rothalpy QHR D MHR C k; k
is the turbulence-kineticenergy; "¤ is the modi� ed-dissipation rate
of the turbulence-kineticenergy; " is the dissipation rate; Pk is the
turbulence-kinetic-energy production; N¿ is the viscous-stress ten-
sor; Nq is the heat-� ux vector; MD is the rate-of-deformation tensor;
I is the identity tensor; M¹ D ¹. QT / is the molecular dynamic vis-
cosity at temperature QT ; ¹T is the eddy viscosity; M· D ·. QT / is the
molecular heat conductivity at temperature QT ; ·T is the eddy heat
conductivity;Re¤

T D k2"¤¡1 Mº¡1 is the turbulence Reynolds number,
Q is Favre averaging(with � uctuations 00); N is nonweightedaveraging
(with � uctuations 0); and M are functionsof mean � ow quantities that
cannot be identi� ed with the preceding averages. The model con-
stants, model functions,molecular-diffusioncoef� cients, and other
details are given in Refs. 33 and 34. The tensor-invariant form for
the near-wall source term in the " equation2Mº¹T [r2 QW]2 used in the
present work was introduced by Gerolymos.38 It satis� es Galilean
invariance requirements in the rotating frame of reference39 while
giving results equivalent to those obtained using the formulation
suggested by Launder et al.40

Computational Grid and Navier–Stokes Solver
Let .x; R; µ/ be a cylindrical coordinates system, with ex the en-

gine axis, and .x; y; z/ an associated Cartesian coordinate system
.y D R cos µ and z D R sin µ/, both rotating with the blade-row ro-
tation rate, X D Äex . The computational grid used is a structured
H–O–H grid, generated automatically using the grid-generation
methodology described by Tsanga41 and Gerolymos and Tsanga42

(Fig. 1). An embedded O-type grid (TC grid) is added within the
tip-clearancegap. This grid is stretched both near the casing and at
the blade tip (Fig. 2). The tip-clearance� ow that leaves the blade tip
forms a jet-like structure that interactswith the interblade� ow� eld.
To capture this structure correctly, a patched O-type zoom grid (OZ
grid) was introduced. This grid spans radially from the casing to a
given radial depth ±OZ beneath it. The iOZ D const planes and the
jOZ D const planes of the OZ grid coincide with the iO D const and
the jO D constplanesof theO grid. In the radialdirectiontheOZ-grid
pointscoincidewith the TC-gridpointsat theTC–OZ boundary.The
OZ-grid points are stretched beneath the blade tip until an O-grid
radial plane kO D kO¡OZ where the OZ-grid points coincidewith the
O-grid points. This patched zoom-grid technique allows the re� ne-
ment of the tip-clearance � ow grid, independently of the external
blade O grid. Further details on the grid-generation technique are
given by Gerolymos and Tsanga.42

The mean-� ow and turbulence-transportequations are written in
the .x; y; z/ Cartesian rotating (relative) coordinates system and
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Fig. 1 Phantom nodes used for H–O interfaces and periodicity conditions: red line, computational grid, and blue line, phantom nodes.

are discretized in space on a structured grid, using a third-order,
upwind-biased MUSCL scheme with Van Leer � ux-vector split-
ting and Van Albada limiters, and the resultingsemidiscretescheme
is integrated in time using a � rst-order implicit procedure.34 The
mean-� ow and turbulence-transportequations are integrated simul-
taneously.The Jacobian-� ux matrix is computed using a � rst-order
space discretizationfor the convective � uxes, to reduce bandwidth.
The Jacobian matrix for the viscous terms is approximated by a
spectral-radiusmatrix. The Jacobian matrix is factored, and the re-
sulting linear systems are solved by lower–upper decomposition.
The numericalmethod is described in detail by Vallet33 and Geroly-
mos and Vallet.34 Source terms (centrifugal, Coriolis, and k–") are
treated explicitly (preliminarynumerical tests showed that their im-
plicit treatment does not in� uence the numerical stability of the
method), and the 1

2
Ä2 R2 N½ QW term in the rothalpy � uxes is mass

split as §
m

1
2
Ä2 R2 , where §

m is the mass � ux.41

The local time step is based on a combined convective (Courant)
and viscous (von Neumann) criterion.33;34 The convectivetime step
is computed using the relative � ow velocity QW . For steady turbo-
machinery computations, CFL D 20 is used with local time step-
ping. The approximate factorization along grid lines used in the
alternating-direction, implicit time integration introduces a trunca-
tion error that limits CFL, as shown by Lin et al.,43 especially in re-
gions where the � ow is completely misaligned with grid directions,
such as leading edges, trailing edges, and H–O interface corners
(Fig. 2). To ensure stability in all of the cases studied, the CFL was
linearly reduced from 20 to 5, within a radius of 1

4
Â.k/ (where Â is

the blade chord at a given k section) around the leading edge, the
trailingedge, and the O-grid corners.The same procedure is applied
at the blade-tip edge, within a radius of 1

2 ±TC.

To ensure the stability of the method, it is necessary to intro-
duce limiters for k and ", which may otherwise diverge toward
nonphysical values. The very simple and particularly ef� cient lim-
iters introducedby Vallet33 and Gerolymosand Vallet34 ;35 were used
(with a maximum admissible length scale `Tmax typically one-half
the meridional channel height). These simple positivity and bound-
edness � xes stabilize the computations in all of the cases studied.

The � ow� eld is initialized by linearly interpolatingpressure be-
tween in� ow and out� ow and assuming isentropic adiabatic evolu-
tion. Near the solid boundaries, analytic � at-plate pro� les are � tted.
The mean � ow and turbulence pro� les are obtained analytically in
a manner similar to that of Gerolymos.38 The details for the initial-
ization procedure are given by Vallet33 and Tsanga.41

The numerical scheme is not applied at the singular points of the
TC grid,42 where the � ow variables are obtained, at every iteration,
by interpolation from the neighboring nodes.

Boundary Conditions
To use high-CFL time steps, boundary conditions are applied

both explicitly and implicitly,33 ;44 and a phantom-nodetechnique is
applied at grid interfaces.

At solid walls (hub, casing, blades), a standard adiabatic no-slip
wall condition is applied:

QV D Vw;
@ Np
@n

»D 0;
@ QT
@n

»D 0 (3)

where n is the direction normal to the wall and Vw is the velocity of
the solid wall .Vw D 0 on � xed surfaces,and Vw D ÄReµ on rotating
surfaces, such as rotor blades and rotating parts of the hub).
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Fig. 2 Phantom nodes used for tip-clearance interfaces: red line, computational grid; blue line, phantom nodes; and green line, patched nodes.

Periodicity conditions and conditions at H–O interfaces are ap-
plied using a phantom-node technique (Fig. 1). This is necessary
because an implicit periodicity boundary condition would increase
matrix bandwidth, requiring greater computer memory, whereas
implicit matching between domains is even more complex. The
computational grid is extended i -wise and j -wise for both the H
grids and the O grid, using � ve phantom nodes. To avoid inter-
polations for phantom-node updating, these nodes correspond to
grid nodes of the neighboringdomain, exploitinggrid topology and
periodicity. The phantom nodes for periodicity are obtained by a
§2¼=NB rotation of existing grid points, where NB is the num-
ber of blades. At H–O interfaces, phantom nodes of the H grid
are constructed using O-grid nodes, and vice versa. The O-grid
points at iO D 1 and NiO coincide 8 j; k, and the grid is extended,
exploiting the O periodicity. The periodicity and H–O-interface
phantom nodes are updated at the end of each iteration from the
correspondinggrid nodes. Implicit no-change boundary conditions
.@w=@t D 0/ are applied at the edge phantom nodes both i -wise
.iUH D NiUH C 5; iDH D ¡4; iO D ¡4; NiO C 5; 8 j; k/ and j -wise
. jUH D ¡4I N jUH C 5; jDH D ¡4; N jDH C 5; jO D N jO C 5/.

A reservoir condition is applied at in� ow, assumed to be an axial
plane ? ex .x D xin/:

x D xin :

µ
@ Mpt

@t
D 0;

@ Mht

@t
D 0;

@ M®
@ t

D 0;
@ MÁ
@t

D 0

¶
8R; µ (4)

where Mpt is the total pressure at in� ow, Mh t is the total enthalpy at
in� ow, M® D 6 . QV; eµ /, and MÁ D 6 . QVm; eR / (with QVm D QVx ex C QVReR/.

At the out� ow boundary,assumed to be an axial plane ? ex .x D
xout/, the ratio of the pressure at the casing Npcasing to the mass � ow
Pmout, ¼ Pm is imposed, together with a radial-equilibriumcondition

x D xout :

"
Np D SCH Pmout ¼ Pm;

R D Rcasing; 8µI
@ Np
@ R

D
½M V 2

µM

R
; 8R; µ

#
(5)

where SCH Pmout is the mass � ow computed by extrapolation before
the application of the boundary conditions. All other variables are
extrapolatedfrom the interior.This condition,suggestedby Escuret
in a private communication, is a back-pressure condition, reeval-
uated at every iteration. This condition is necessary in the case of
unstarted� ows45 where,becauseof the greatsensitivityofmass � ow
on small back-pressurevariations, computations with a � xed back-
pressure condition present a very slow but continuous divergence
toward lower mass � ows as the iteration counter increases.41 ;46

Periodicity conditions for the TC grid (at jTC D 1 and at iTC D
1I NiTC / are applied using � ve phantom nodes corresponding to ac-
tual nodes in the TC grid (Fig. 2). The information from the OZ
grid is obtained using � ve phantom nodes (TC–OZ phantoms) cor-
responding to actual nodes in the OZ grid (Fig. 2).

The O-grid nodes that overlap with the OZ grid are updated at
every iteration by line interpolationof OZ-grid nodes. The OZ-grid
boundary conditions are 1) solid-wall conditions at the casing and
on the blade surface and 2) matching (using simple averaging) with
the TC-grid and O-grid values at the corresponding interfaces. (In
the implicit phase the previously computed increments of the TC-
grid and the O-grid nodes at the interfaces are applied as implicit
boundary conditions for the OZ grid.)

Comparison with Measurements
Computational results are compared with measurements for the

NASA 37 transonic rotor.47 ;48 Experimental data for the NASA 37
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transonic rotor were obtainedat variousmeasurement planes, using
both laser Doppler velocimetry and classical rake measurements of
ptM and TtM . (The averaging procedure indicated by subscript M
is described in Ref. 47.) This rotor has 36 blades, nominal speed
17,188.7 rpm, and maximum mass � ow at nominal speed PmCH D
20:93§ 0:14 kg s¡1. The nominal tip-clearance gap is 0.356 mm
(Ref. 48).

Computations of this con� guration, including an embedded tip-
clearance grid, have been presented by Chima,32 using a Baldwin–

Lomax mixing-length model and 13 radial stations within the tip-
clearance gap, and by Hah and Loellbach,18 using the k–" closure
of Chien13 and 10 radial stations within the tip-clearance gap. In
both cases the total number of grid points was »106. Results for
the nominal (near-peak-ef� ciency; Pm D 0:98; PmCH D 20:51 kg s¡1/
operating point using the present method are presented by Geroly-
mos and Vallet.49 Here the method is validated by comparison
with measurementsat a near-surgeoperatingpoint . Pm D 0:92 PmCH D
19:36 kg s¡1/.

Computations were run on three grids (Table 1), grid B with 106

points, grid C with 2 £ 106 points, and grid D with 3 £ 106 points.
There are two parametersdetermining grid quality in the boundary-
layers: 1) the size of the � rst cell nC

w and 2) the stretching ratio r .
Studies on shock-wave/boundary-layer interaction33 – 35 have indi-
cated that nC

w » 3
4 is adequate in giving satisfactoryresults provided,

however, that the geometric progression ratio is less than 3
2 . With

this criterion (Table 1; Fig. 3), grid B is too coarse on the � ow-path
walls and on the blade tip, whereas grid C is an adequate grid. A
� ner and less stretched grid D (Table 1; Fig. 3) was also used to
demonstrate grid convergenceof the results.

Table 1 Computational grid summary

Grid Points NkO
a rkO

b NkTC
c rkTC

d ±OZ
e nC

wB
f nC

wFP
g Pm, kg s¡1 ¼T¡T

h ´i s
i

B 1,149,421 65 1.46 21 1.50 0.70 <0:3 <1:5 19.45 2.193 0.8379
C 1,955,587 101 1.26 31 1.45 0.70 <0:3 <1:0 19.46 2.175 0.8372
D 3,067,042 161 1.17 41 1.30 0.60 <0:3 <0:5 19.47 2.180 0.8401
Experiment —— —— —— —— —— —— —— —— 19.39 2.138 0.8496

aNumber of radial stations (blade O-type grid). bk-wise geometric progression ratio (blade O-type grid).
cNumber of radial stations (tip-clearance O-type grid). dk-wise geometric progression ratio (tip-clearance O-type grid).
eRadial extent of O-type zoom grid from the casing (millimeters). fEqual to nC

won the blades.
gEqual to nC

w on the � ow-path walls (hub and casing). hBetween stations 1 and 4 (Fig. 5).
iIsentropic ef� ciency between stations 1 and 4 (Fig. 5).

Fig. 3 Iso-n++
w contours for NASA 37 rotor ( Çm = 0:92 ÇmCH; Tu = 3%, ±TC = 0:356 mm).

Computational and experimental boundary conditions at in-
� owwere ptin D 101,325Pa; Ttin D 288:15K, ®in D 0; Áin D 0; Tu in D
3%, where ptin ; Ttin ; ®in , Áin; and Tu in are the total pressure,total tem-
perature, � ow angles, and turbulence intensity [Tu D QV ¡1p

. 2
3
k/

¤

outside the boundary layers at in� ow. The in� ow distributions in-
cluded � at-plate boundary-layer pro� les, � tted at the hub and the
casing,33 ;38;41 with thicknesses±hubin D ±casingin

D 0:005 m, based on
measured total pressure pro� les.

Convergencehistories(Fig. 4)ofmass � ow, total-to-totalpressure
ratio ¼T¡TO , and entropy rise 1sO (between in� ow and out� ow of
the O grid) using the � nest grid D show that the computations con-
vergeat »700 iterationsfor the near-peakef� ciency . Pm D 0:98 PmCH/
point, whereas they require twice as many iterations for the near-
surge . Pm D 0:92 PmCH/ point. This is to be expected because near
surge the � ow is unstarted at the tip and very sensitive to small
changes of out� ow pressure.41 This result is in contradiction with
the work of Chima,32 where the same number of iterationswas used
for both operating points. Note that the pressure ratio ¼T¡TO used
to monitor convergence (Fig. 4) is measured at the out� ow of the
O grid located near station 3 (Fig. 5) and is, therefore, higher than
the pressure ratio ¼T¡T at station 4 (Table 1). The three grids over-
estimate the pressure ratio when compared to measurements and
slightly underestimate ef� ciency (Table 1). The slight difference in
mass � ow between computations and measurements is within the
experimental uncertainty of §0:14 kg s¡1 .

Comparisonof computedand measuredradial distributionsof ap-
propriatelypitchwise-averaged47 total pressure ptM (nondimension-
alizedby ptISA D 101,325Pa), total temperatureTtM (nondimension-
alizedby TtISA D 288:15K), � ow angle®x µM (Ref. 48), and isentropic
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Fig. 4 Convergence of computations for NASA 37 rotor ( Çm = 0:92 ÇmCH; 0:98 ÇmCH; Tu = 3%, ±TC = 0:356 mm; grid D).

Fig. 5 Computed and measured radial distributions of pitchwise-averaged � ow angle ®xµM , total pressure ptM , and total temperature TtM , for NASA
37 rotor ( Çm = 0:92 ÇmCH, Tu = 3%, ±TC = 0:356 mm).

ef� ciency ´is M at station 4 (Fig. 5) shows good overall agreement.
Results using grids C and D are practically identical everywhere,
demonstrating grid convergenceof results. Results using the coars-
est grid B are slightlydifferent.At station1, comparisonof ptM plots
shows that the boundary-layerthickness used for the in� ow bound-
ary conditionsis correct.At rotor exit (station 3) the � ow angle ®xµM

is very well predicted, with the exceptionof an overturning peak at
20%span,associatedwith rotorhubsecondary� ows that arenotpre-

dicted by the method. The TtM distribution is slightly overestimated
at station 3, but this discrepancy is not visible at station 4 (Fig. 5),
with the exception of the systematic prediction of higher tempera-
tures near the casing. Flow angles are correct to within 1 deg, with
the � nest grid D being more accurate near the casing. The ptM dis-
tribution at station 4 shows an overestimation of pressure ratio, as
is the case with all other published results.18 ;32 The overshoot of
ptM near the casing appears in most computationsusing k–" models
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Fig. 6 Comparison of computed and measured pitchwise distributions of ÆMWxµ;ad and Æ®xµ for NASA 37 rotor ( Çm = 0:92 ÇmCH; Tu = 3%, ±TC =
0.356 mm).

Fig. 7 Computed and measured iso- ÆMW contours for NASA 37 rotor ( Çm = 0:92 ÇmCH; Tu = 3%, ±TC = 0:356 mm; grid D).

(either near wall18 or with wall functions50) and is presumably due
to a de� ciency of the model to correctly predict the complex three-
dimensionalmixing of the near-casing� ow. In the near-hub region,
the de� cit in total pressure is underpredicted.Hah and Loellbach18

attribute this effect to important corner stall, whereas Shabbir et
al.50 attribute the de� cit in total pressure near the hub to possible
leakage � ow emanating from the small gap between the stationary
and rotating parts of the hub � ow path upstream of the rotor. Based

on the well-established underprediction of � ow separation by the
k–" closure used;33¡35;38 the present authors believe that part of this
discrepancy is due to turbulence modeling. The ´i sM distribution is
well predicted (Fig. 5).

Comparison of relative Mach number MMWxµ;ad and � ow angle
M®xµ (computed using only the x and µ velocity components and
assuming rothalpy conservation as was done for the experiment48 )
at 20% axial chord and at different spanwise stations gives good
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Fig. 8 Plots of ÆMW and k near the blade tip of NASA 37 rotor ( Çm = 0:92 ÇmCH; Tu = 3%, ±TC = 0:356 mm; grid D).

agreement (Fig. 6). The results using the three grids are practically
identical. The predicted and measured � ow structure at 95% span
(Fig. 7) are in good agreement concerning shock structure, shock
strength, and leakage-� ow structure.

The same conclusions hold at the near-peak-ef� ciency operating
point.49

The detail of the � ow over the blade tip (Fig. 8) clearly shows
the � ow acceleration from the pressure side, over the blade tip,
and the jet-like structure of the � ow discharged toward the suction
side. There are very important levels of k within the tip-clearance
gap (Fig. 8), suggesting that turbulence modeling inside the gap
is important. This is in agreement with Chima,32 who reports the
sensitivity of results on the implementationof the Baldwin–Lomax
mixing-length turbulence model used inside the gap.

Conclusions
A three-dimensional compressible Navier–Stokes solver, using

near-wall, low-turbulence Reynolds number k–" closure is de-
scribedandappliedto thecomputationof axial turbomachinery� ow.
The method uses a multiblock-gridapproach to accurately compute
the details of tip-clearance � ow. Exchange of information between
the tip-clearance O grid and the blade O grid is transmitted using
a patched grid technique that offers high grid resolution, locally at
the blade tip. The resulting method is particularly robust.

An initial validation against experimental data shows satisfac-
tory agreement. Grid re� nement studies demonstrate the need of
quite � ne grids for the accurate computation of transonic compres-
sor � ows. Grid re� nement is necessary both in the immediate vicin-
ity of solid walls and in the secondary � ow region. Re� nement
of the tip-clearance grid in� uences the total temperature distribu-
tion near the casing. For accurate results, as far as grid re� nement
is concerned, two conditions must be met: 1) the nondimensional
grid-cell size at the wall nC

w < 3
4 and 2) the stretching ratio r < 3

2 .
Comparison between different grids and with measurements shows
that grid-converged results can be obtained with 2 £ 106 –3 £ 106

points for transonic compressor rotors (results with 106 points give
quite similar but not identical results).

Improvement of turbulence closure is necessary for enhancing
the accuracy of � ow prediction. The major drawbacks of the k–"
closure used appear in the underestimationof hub corner separation
and also in the secondary � ow mixing near the casing.
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by the Comité Scienti� que. This work is part of the turbo-3Dproject
of the Laboratoired’Energétique,Université Pierre-et-Marie-Curie.
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