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

G. A. Gerolymos,* G. Tsanga,T and I. Vallet
Université Pierre-et-Marie-Curie, 91405 Orsay, Paris, France

A computational method 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 flow and turbulence transport equations are discretized using a finite volume
method based on MUSCL Van Leer flux-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 fine 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 five 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 10%, 2 x 10°, and 3 x 10° points, with 21, 31, and 41 radial stations within the
tip-clearance gap, respectively, demonstrating thatresults are grid independent. Comparison with measurements is
satisfactory, with the exception of pressure ratio overestimation due to unsatisfactory prediction of flow separation

by the turbulence model.

Nomenclature
i,j, k = three-dimensional grid indices
ko_oz = O-grid radial surface corresponding to the
y beginning of the OZ grid
My, . = relative Mach number computed using the x and 0

velocity components and rothalpy conservation’- 4
m = mass flow

Mey = maximum mass flow (choke mass flow) at nominal
rotor speed

N;, N;, N, =number of grid points, i-wise, j-wise, k-wise

Nijk = number of grid points, N; N; Ny

Ny = iteration number

nt = nondimensional distance of the first grid point from
the wall, nu, 171;1, where n is the distance from the
wall, u, the friction velocity, and v,, the kinematic
viscosity at the wall

T, Ty = geometric progressionratio for grid-point
stretching, j-wise and k-wise

T, = turbulence intensity

xX,R,0 = cylindrical system of coordinates, where x is the
engine axis

Ay = angle between the x and 6 components of pitchwise
mass-averaged absolute velocity

Asp = mass flow averaged entropy increase between
O-grid inflow and O-grid outflow

Stc = tip-clearance height

Tr_T = total-to-total pressure ratio

TT-To = total-to-total pressure ratio between O-grid inflow

and O-grid outflow
X = blade chord
= axial blade chord
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Subscripts

DH = downstream H-type grid

in = inflow

M = pitchwise averaged quantities (meridional)

(¢ = O-type grid, O grid around the blades

(074 = buffer O-type grid between clearance-gap grid (TC)
and O

out = outflow

T = turbulent

TC = clearance-gap grid

t = total

UH = upstream H grid

w = relative

w = wall

Superscripts

= Favre average

= Reynolds average (ensemble average)

= function of averaged quantities that is neithera
Favre average nor a Reynolds average

Introduction

HERE is a definite trend toward using transport-equation tur-

bulenceclosures, such as k-¢, in computationalfluid dynamics
(CFD).!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-
dimensional Navier-Stokes turbomachinery codes, but very few use
transport-equation closures with wall functions,>”> and still fewer
include near-wall, low-turbulence Reynolds number effects®™'2
This is due to the difficulty in solving the additional turbulence
transportequations.

Hah® and Hah et al.” use the near-wall, low-turbulence Reynolds
number k-¢ model of Chien.'* The equations are solved using an
implicit pressure-based scheme, with quadratic upwind discretiza-
tion of convective terms.'* The method has been used for the com-
putation of many turbomachinery configurations, both axial and
centrifugal !*~!® The nondimensional distance from the wall of the
first grid point nearestto it, n;, = nu,v,"', isn} ~1-5.
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Knight and Choi® use the near-wall, low-turbulence Reynolds
number \/k —w; model of Coakley.'” The equationsare solved using
the implicit finite volume upwind scheme developed by Coakley,
with Courant-Friedrichs-Lewy number (CFL)=3-5 and n} ~ 1.
The method is applied to the computation of a turbine cascade.

Kunz and Lakshminarayana® use the near-wall, low-turbulence
Reynolds number k-& model of Chien.!* The numerical scheme
uses a centered space discretizationwith explicit Runge-Kutta time
integration?! with CFL=2,/2 and n, ~1— % The method has
been applied to the computation of compressible axial turboma-
chinery flows.%?

Ameri etal.'® use the near-wall, low-turbulenceReynolds number
k-wr model of Wilcox.?®> The numerical scheme uses a centered
space-discretization with Runge-Kutta time integration, including
implicit residual smoothing and multigrid.!! The method has been
applied to the computation of compressible axial turbine flows.!?~1?

Tip-clearance leakage has a major effect on flow structure over
a substantial part of the span.?*~2¢ Several computational methods
try to include the global effects of tip leakage without computing
the detailed flow within the tip-clearance gap. Several workers®*
use simplified models based on the momentum equation applied
locally across the blade. Many CFD codes use the pinched tip
approach®’ where, for relatively thin blades, the tip of the blade is
artificially cusped to join togetherthe suction-sideand pressure-side
grids within the gap. This approach models the gross effects of tip-
clearance flows, although the tip geometry is not modeled exactly.

To compute the flow within the gap, an embedded grid tech-
nique must be used.!>~!8:22.28-32 Ri%2% ysed an embedded O grid
(within a blade O grid) with five radial stations within the gap. Liu
and Bozzola® used an embedded H grid (within a blade H grid)
with eight radial stations within the gap. Copenhaver et al.,!%:1¢
Hah etal.,'”” and Hah and Loellbach'® used an embedded H grid
(within a blade H grid) with 6-10 radial stations within the gap.
Kunz et al.”? and Basson and Lakshminarayana'' used an embed-
ded H grid (within a blade H grid) with 11-21 radial stations within
the gap. Ameri et al.'> and Ameri and Steinthorsson''"!? used an
embedded O grid (within a blade O grid) with 20-40 radial stations
within the gap. Chima’? used an embedded O grid (within a blade C
grid) with 13 radial stations within the gap. The radial resolution of
all of these computationsis coarse within the gap, with the exception
of the work of Ameri et al.!0” 12

The purposeofthe presentwork is to extend an efficientand robust
three-dimensional compressible Navier-Stokes solver with near-
wall multiequation turbulence closures, developed by Vallet* and
Gerolymos and Vallet,**:3 to the computation of three-dimensional
transonic turbomachinery flows. Particular care was taken to cor-
rectly compute the flow within the tip, by using a multiblock grid
technique 3

Flow Model

The flow is modeled by the compressible Favre-Reynolds
averaged, three-dimensional Navier-Stokes equations, with the
Launder-Sharma?®’ near-wallk-¢ closure, written in tensor-invariant
form!34-38:
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where ¢ is the time; ® is the tensor product between two vectors;
W is the relative velocity; o is the density; p is the pressure; T is
the temperature; i is the enthalpy; y = 1.4 is the isentropic ex-
ponent for air; R, =287.04 m? s~ K™! is the gas constant for
air; Hg =h + %Wz — %QZR2 is the rothalpy of the mean flow,33'35
which is different from Favre-averaged rothalpy Hr = Hg + k; k
is the turbulence-kineticenergy; £* is the modified-dissipationrate
of the turbulence-kineticenergy; ¢ is the dissipationrate; P is the
turbulence-kinetic-erergy production; 7 is the viscous-stress ten-
sor; g is the heat-flux vector; D is the rate-of-deformation tensor;
I is the identity tensor; ft = u(T) is the molecular dynamic vis-
cosity at temperature T'; fir is the eddy viscosity; & =« (T') is the
molecular heat conductivity at temperature 7'; 7 is the eddy heat

conductivity; Re} = k*¢*~'v~! is the turbulence Reynolds number,

"is Favre averaging (with fluctuations”); ~ is nonweightedaveraging

(with fluctuations’); and ~ are functions of mean flow quantities that
cannot be identified with the preceding averages. The model con-
stants, model functions, molecular-diffusioncoefficients, and other
details are given in Refs. 33 and 34. The tensor-invariant form for
the near-wall source term in the & equation 207 [ V2 W]? used in the
present work was introduced by Gerolymos.*® It satisfies Galilean
invariance requirements in the rotating frame of reference’® while
giving results equivalent to those obtained using the formulation
suggested by Launder et al.*

Computational Grid and Navier-Stokes Solver

Let (x, R, 0) be a cylindrical coordinates system, with e, the en-
gine axis, and (x, y, z) an associated Cartesian coordinate system
(y = R cos @ and z = Rsin6), both rotating with the blade-row ro-
tation rate, {2 = Qe, . The computational grid used is a structured
H-O-H grid, generated automatically using the grid-generation
methodology described by Tsanga*' and Gerolymos and Tsanga*?
(Fig. 1). An embedded O-type grid (TC grid) is added within the
tip-clearance gap. This grid is stretched both near the casing and at
the blade tip (Fig. 2). The tip-clearance flow that leaves the blade tip
forms a jet-like structure that interacts with the interblade flowfield.
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 inz = const planes and the
Joz = const planes of the OZ grid coincide with the i = const and
the jo = constplanesofthe O grid. In theradialdirectionthe OZ-grid
pointscoincide with the TC-grid points at the TC-OZ boundary.The
OZ-grid points are stretched beneath the blade tip until an O-grid
radial plane ko = ko_oz where the OZ-grid points coincide with the
O-grid points. This patched zoom-grid technique allows the refine-
ment of the tip-clearance flow grid, independently of the external
blade O grid. Further details on the grid-generation technique are
given by Gerolymos and Tsanga.*?

The mean-flow 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 flux-vector split-
ting and Van Albadalimiters, and the resulting semidiscrete scheme
is integrated in time using a first-order implicit procedure* The
mean-flow and turbulence-transportequations are integrated simul-
taneously. The Jacobian-flux matrix is computed using a first-order
space discretizationfor the convective fluxes, to reduce bandwidth.
The Jacobian matrix for the viscous terms is approximated by a
spectral-radius matrix. The Jacobian matrix is factored, and the re-
sulting linear systems are solved by lower-upper decomposition.
The numerical method is describedin detail by Vallet*> and Geroly-
mos and Vallet.>* Source terms (centrifu gal, Coriolis, and k-¢) are
treated explicitly (preliminary numerical tests showed that their im-
plicit treatment does not influence the numerical stability of the
method), and the Q*R?W term in the rothalpy fluxes is mass
splitas {*1Q?R?, where £ is the mass flux.*!

The local time step is based on a combined convective (Courant)
and viscous (von Neumann) criterion **+** The convectivetime step
is computed using the relative flow velocity W. For steady turbo-
machinery computations, CFL =20 is used with local time step-
ping. The approximate factorization along grid lines used in the
alternating-directian, implicit time integration introduces a trunca-
tion error that limits CFL, as shown by Lin et al.,* especially in re-
gions where the flow 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 i x (k) (where yx is
the blade chord at a given k section) around the leading edge, the
trailingedge, and the O-grid corners. The same procedureis applied
at the blade-tip edge, within a radius of %8TC-

To ensure the stability of the method, it is necessary to intro-
duce limiters for k and e, which may otherwise diverge toward
nonphysical values. The very simple and particularly efficient lim-
itersintroducedby Vallet** and Gerolymos and Vallet**:3 were used
(with a maximum admissible length scale £, typically one-half
the meridional channel height). These simple positivity and bound-
edness fixes stabilize the computations in all of the cases studied.

The flowfield is initialized by linearly interpolating pressure be-
tween inflow and outflow and assuming isentropic adiabatic evolu-
tion. Near the solid boundaries, analytic flat-plate profiles are fitted.
The mean flow and turbulence profiles are obtained analytically in
a manner similar to that of Gerolymos*® The details for the initial-
ization procedure are given by Vallet*® and Tsanga.*!

The numerical scheme is not applied at the singular points of the
TC grid,*> where the flow 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,*+** and a phantom-node technique is
applied at grid interfaces.
At solid walls (hub, casing, blades), a standard adiabatic no-slip
wall condition is applied:
. ap aT
V="V, Py, — =0
an

on ®)

where n is the direction normal to the wall and V, is the velocity of
the solid wall (V,, =0 on fixed surfaces,and V,, = Q2 Re, onrotating
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 five phantom nodes. To avoid inter-
polations for phantom-node updating, these nodes correspond to
grid nodes of the neighboring domain, exploiting grid topology and
periodicity. The phantom nodes for periodicity are obtained by a
+27 /Ny rotation of existing grid points, where N 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 =1 and N, coincide Vj, 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
corresponding grid nodes. Implicit no-change boundary conditions
(0w/dt =0) are applied at the edge phantom nodes both i-wise
(iUH = NiUH + 5, iDH = —4, io = _4, NiO +5, V], k) and j-WiSS
(Jun = —4; Njyy +5, jou=—4; Njp, +5, jo=Nj, +5).

A reservoir condition is applied at inflow, assumed to be an axial
plane L e, (x =xy,):

ap ah B 9
R A L U VTSP
T, T, T, T,

where p, is the total pressure at inflow, h, is the total enthalpy at
inflow, @ = £(V, ey), and ¢ = L(V,,, ex) (With V,, = V.e, + Vyzep).
At the outflow boundary,assumed to be an axial plane L e, (x =
Xout), the ratio of the pressure at the casing Peqging to the mass flow
Mo, T 18 imposed, together with a radial-equilibrium condition

o-phantoms (interpolated from 0z-nodes)

_ .| 5 — SCH,.
X = Xout - |:P - Moyt Ty

813 Pm ng
R:Rcasin 7V97 = _M,VR,Q 5
¢ dR R ®
where S, is the mass flow computed by extrapolation before

the application of the boundary conditions. All other variables are
extrapolated from the interior. This condition, suggested by Escuret
in a private communication, is a back-pressure condition, reeval-
uated at every iteration. This condition is necessary in the case of
unstarted flows*’ where, because of the greatsensitivity of mass flow
on small back-pressure variations, computations with a fixed back-
pressure condition present a very slow but continuous divergence
toward lower mass flows as the iteration counter increases.*! 4

Periodicity conditions for the TC grid (at jyc =1 and at iyc =
1; N;,.) are applied using five phantom nodes corresponding to ac-
tual nodes in the TC grid (Fig. 2). The information from the OZ
grid is obtained using five 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 interpolation of 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.*”-*® Experimental data for the NASA 37
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transonicrotor were obtained at various measurement planes, using
both laser Doppler velocimetry and classical rake measurements of
Py and T,,,. (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 flow at nominal speed nicy =
20.93+0.14 kg s~!. The nominal tip-clearance gap is 0.356 mm
(Ref. 48).

Computations of this configuration, including an embedded tip-
clearance grid, have been presented by Chima,* using a Baldwin-
Lomax mixing-length model and 13 radial stations within the tip-
clearance gap, and by Hah and Loellbach,'® using the k-¢ closure
of Chien'* and 10 radial stations within the tip-clearance gap. In
both cases the total number of grid points was ~10°. Results for
the nominal (near-peak-efficiency; #1 =0.98, mcy = 20.51 kg s™!)
operating point using the present method are presented by Geroly-
mos and Vallet** Here the method is validated by comparison
with measurements at a near-surge operating point (m = 0.92n ¢y =
19.36 kgs™).

Computations were run on three grids (Table 1), grid B with 10°
points, grid C with 2 x 10° points, and grid D with 3 x 10° points.
There are two parameters determining grid quality in the boundary-
layers: 1) the size of the first cell n; and 2) the stretching ratio r.
Studies on shock-waveboundary-layer interaction® 3> have indi-
cated thatn ~ % is adequate in giving satisfactoryresults provided,
however, that the geometric progression ratio is less than % With
this criterion (Table 1; Fig. 3), grid B is too coarse on the flow-path
walls and on the blade tip, whereas grid C is an adequate grid. A
finer and less stretched grid D (Table 1; Fig. 3) was also used to
demonstrate grid convergence of the results.
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Computational and experimental boundary conditions at in-
flow were p,, =101,325Pa, T, =288.15K,a;, =0, ¢;, =0, T, =
3%, where p,, , T, , in, @i, and T, are the total pressure, total tem-
perature, flow angles, and turbulence intensity [7, = V*I«/(fk)]
outside the boundary layers at inflow. The inflow distributions in-
cluded flat-plate boundary-layer profiles, fitted at the hub and the
casing,33*38*41 with thicknesses nub;, = Scasing,, = 0.005 m, based on
measured total pressure profiles.

Convergencehistories(Fig. 4) of mass flow, total-to-totalpressure
ratio 7wr_t,, and entropy rise Aso (between inflow and outflow of
the O grid) using the finest grid D show that the computations con-
verge at ~700 iterations for the near-peakefficiency (m = 0.98n1¢y)
point, whereas they require twice as many iterations for the near-
surge (m =0.92mcy) point. This is to be expected because near
surge the flow is unstarted at the tip and very sensitive to small
changes of outflow pressure*' This result is in contradiction with
the work of Chima,*> where the same number of iterations was used
for both operating points. Note that the pressure ratio wy_r, used
to monitor convergence (Fig. 4) is measured at the outflow of the
O grid located near station 3 (Fig. 5) and is, therefore, higher than
the pressure ratio wr_t at station 4 (Table 1). The three grids over-
estimate the pressure ratio when compared to measurements and
slightly underestimate efficiency (Table 1). The slight difference in
mass flow between computations and measurements is within the
experimental uncertainty of +0.14 kg s™!.

Comparison of computed and measuredradial distributionsof ap-
propriately pitchwise-averaged"’ total pressure p;,, (nondimension-
alizedby p,,, = 101,325Pa), total temperature 7,,, (nondimension-
alizedby T, =288.15K), flow anglea,,, (Ref.48), andisentropic

Tablel Computational grid summary

Grid Points

e 1 h i

Nio®  7io®  Nipe®  mie Soz lﬁBf ntt  m kgs” TT-T Nis
B 1,149,421 65 1.46 21 1.50 070 <03 <l.5 19.45 2.193  0.8379
C 1,955,587 101 1.26 31 1.45 070 <03 <1.0 19.46 2.175  0.8372
D 3,067,042 161 1.17 41 1.30 0.60 <03 <0.5 19.47 2.180  0.8401
Experiment e — —_— _ — — —_— 19.39 2.138 0.8496

aNumber of radial stations (blade O-type grid). Pk-wise geometric progression ratio (blade O-type grid).

Number of radial stations (tip-clearance O-type grid). 9k-wise geometric progression ratio (tip-clearance O-type grid).
®Radial extent of O-type zoom grid from the casing (millimeters). quua.l to 7} on the blades.

€Equal to 1} on the flow-path walls (hub and casing). hBetween stations 1 and 4 (Fig. 5).

!Isentropic efficiency between stations 1 and 4 (Fig. 5).

blade_suction_surface

Fig.3 Iso-n; contours for NASA 37 rotor (/n = 0.92incy, Ty = 3%, d1c = 0.356 mm).
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Fig.5 Computed and measured radial distributions of pitchwise-averaged flow angle a,.¢,,, total pressure p,,,, and total temperature T;,,, for NASA

37 rotor (in = 0.92incy, Ty = 3%, drc = 0.356 mm).

efficiency 7;,,, at station 4 (Fig. 5) shows good overall agreement.
Results using grids C and D are practically identical everywhere,
demonstrating grid convergence of results. Results using the coars-
estgrid B are slightly different. At station 1, comparisonof p,,, plots
shows that the boundary-layerthickness used for the inflow bound-
ary conditionsis correct. At rotor exit (station 3) the flow angle «,,,
is very well predicted, with the exception of an overturning peak at
20% span, associated with rotorhub secondary flows thatare notpre-

dicted by the method. The T;,, distributionis 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 finest grid D being more accurate near the casing. The p;,, dis-
tribution at station 4 shows an overestimation of pressure ratio, as
is the case with all other published results.!®:3> The overshoot of
Dq, near the casing appears in most computationsusing k- models
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Fig.7 Computed and measured iso-Mw contours for NASA 37 rotor (in = 0.92incy, Ty = 3%, dpc = 0.356 mm; grid D).

(either near wall'® or with wall functions’®) and is presumably due

to a deficiency of the model to correctly predict the complex three-
dimensional mixing of the near-casing flow. In the near-hub region,
the deficit in total pressure is underpredicted. Hah and Loellbach'®
attribute this effect to important corner stall, whereas Shabbir et
al.>® attribute the deficit in total pressure near the hub to possible
leakage flow emanating from the small gap between the stationary
and rotating parts of the hub flow path upstream of the rotor. Based

on the well-established underprediction of flow separation by the
k-& closureused,**~*>38 the present authors believe that part of this
discrepancy is due to turbulence modeling. The 7;;,, distribution is
well predicted (Fig. 5). .

Comparison of relative Mach number My, , , and flow angle
&9 (computed using only the x and 6 velocity components and
assuming rothalpy conservation as was done for the experiment®)
at 20% axial chord and at different spanwise stations gives good
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Fig. 8 Plots of MW and k near the blade tip of NASA 37 rotor (in = 0.92incy, T, = 3%, drc = 0.356 mm; grid D).

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

The same conclusions hold at the near-peak-efficiency operating
point.*®

The detail of the flow over the blade tip (Fig. 8) clearly shows
the flow acceleration from the pressure side, over the blade tip,
and the jet-like structure of the flow 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,*?> who reports the
sensitivity of results on the implementation of 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-
scribedand appliedto the computationof axial turbomachineryflow.
The method uses a multiblock-grid approach to accurately compute
the details of tip-clearance flow. 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 refinement studies demonstrate the need of
quite fine grids for the accurate computation of transonic compres-
sor flows. Grid refinement is necessary both in the immediate vicin-
ity of solid walls and in the secondary flow region. Refinement
of the tip-clearance grid influences the total temperature distribu-
tion near the casing. For accurate results, as far as grid refinement
is concerned, two conditions must be met: 1) the nondimensional
grid-cell size at the wall n)) < % and 2) the stretching ratio r < %
Comparison between different grids and with measurements shows
that grid-converged results can be obtained with 2 x 10°-3 x 10°
points for transonic compressor rotors (results with 10° points give
quite similar but not identical results).

Improvement of turbulence closure is necessary for enhancing
the accuracy of flow prediction. The major drawbacks of the k-¢
closure used appearin the underestimation of hub corner separation
and also in the secondary flow mixing near the casing.
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