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Modeling of Three-Dimensional Viscous Compressible
Turbomachinery Flows Using Unstructured Hybrid Grids

A. I. Sayma,¤ M. Vahdati,† L. Sbardella,‡ and M. Imregun§

Imperial College of Science, Technology, and Medicine, London, England SW7 2BX, United Kingdom

An advanced numerical model for the simulation of steady and unsteady viscous compressible � ows for turbo-
machinery applications is described. The compressible Favre-averaged Navier–Stokes equations are used together
with a one-equation turbulence model. The � ow domain is discretized using unstructured hybrid grids that can
contain a mixture of hexahedral, pentahedral, tetrahedral, and triangular prismatic cells. The � ow equations are
discretized using a node-centered � nite volume scheme that relies on representing the mesh using an edge-based
data structure. A dual time stepping technique is applied to a point implicit formulation so that time accuracy
can be maintainedwith large Courant–Friedrichs–Lewy numbers. Nonre� ecting boundary conditions are applied
at the in� ow and out� ow boundaries to prevent any spurious re� ections of the outgoing waves. The model was
validated against measured data for two cases. Radial pro� les of pressure and temperature rise were determined
from the steady � ow analysis of a rig fan blade, and these were found to be in very good agreement with the
measured quantities. A rotor/stator interaction was studied next. Detailed comparisons were carried out against
measured steady and unsteady � ow data and good agreement was obtained in all cases.

Introduction

T HE nature of the � ow in modern turbomachinesis complicated
due to the coexistence of subsonic, supersonic, and transonic

regions, in addition to shock waves and shock–boundary-layer in-
teractions. The situation is further compounded by the presence
of acoustic waves that may cause acoustic resonances. From a de-
sign point of view, it is essential to be able to determine the steady
loading on the blades accurately so that reliable performance pa-
rameters can be obtained.Of equal importance is the unsteady load-
ing that might result in unacceptably high dynamic blade stresses.
Because of such considerations, a realistic simulation of turboma-
chinery � ows requires a time-accurateviscous representationof the
unsteady compressible � ow.

In recent years, the rapid development of numerical methods for
the solution of the � ow equations and the availability of powerful
computers led to the emergence of various systems for the predic-
tion of complex turbomachinery� ows,1, 2 though most methods use
structuredgrids.1– 4 On the other hand, unstructuredgrids receiveda
great deal of researchand developmenteffort for externalcompress-
ible � ows.5 – 10 It is only in recent years that unstructuredtetrahedral
grids found their way into turbomachinery applications.11 – 14 Al-
though unstructured grid methods provide � exibility for discretiz-
ing complex geometries, they have the drawback of requiring larger
in-core memory and more CPU effort than their structured counter-
parts. Structured grids are considered to be the most suitable route
to the discretizationof turbomachineryblades because of their rela-
tively simple shape. Design considerations increasingly require the
inclusionof complex features such as tip gap leakage, coolingholes
in turbine blades, snubbered fan blades, fan assemblies with intake
ducts, struts, and various other structural elements. Because of the
complexity of such geometries, the natural way forward is to use
unstructuredgrids. Although tetrahedral grids, the choice of which
appears obvious, are relatively easy to generate for capturing the
inviscid features of the � ow, the situation becomes more compli-
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cated in boundary layers, where large aspect ratio cells are required
for computational ef� ciency. The gradients normal to the walls are
several orders of magnitude larger than those along the walls; thus,
more grid points are required in the former direction than the latter.
Tetrahedralgrids are not ideal for use in boundarylayerswhere very
large or very small cell angles degrade the accuracy of the solution.

Such considerationsled to the developmentof hybrid grid models
where hexahedralor prismatic cells can be used in the boundarylay-
ers and tetrahedraland prismatic cells can be used to � ll the domain
away from the walls. For turbomachinery blades, Sbardella et al.15

presented a method to generate hybrid semistructured grids where
the boundary layers are � lled with hexahedral cells and the rest of
the domain is � lled with triangular prisms. Such a route not only
providesa very ef� cient spatialdiscretizationover standardunstruc-
tured grids, but it also provides, for a comparable number of points,
a much better grid quality over its fully structuredcounterparts.The
presentwork also uses semistructuredgrids for their computational
ef� ciency, although the solver is written for general hybrid unstruc-
tured grids. To achieve further computational ef� ciency, the mesh
is representedusing an edge-based data structure. In this approach,
the grid is presented to the solver as a set of node pairs connected
by edges. The edge weights representing the intercell boundaries
are computed in a separate preprocessor stage. Consequently, the
solver has a uni� ed data structure for which the nature of the hybrid
mesh is concealed from the main calculation loops.

The system of equations is advanced in time using an implicit
second-order time integration. A point relaxation procedure with
Jacobi iteration is used for steady � ows. Solution acceleration tech-
niques, such as residual smoothingand local time stepping, are also
employed. A dual time stepping procedure is used for unsteady
� ow computations: In addition to the internal Jacobi iterations with
a pseudo-time step, time accuracy is ensured with external Newton
iterations. Within each Newton iteration, a point Jacobi relaxation
and its associatedaccelerationtechniquesare used to drive the solu-
tion to convergence.The � ow model will now be explained in more
detail.

Flow Model
The unsteady, compressible, Favre-averaged Navier–Stokes

equations for a three-dimensional blade row can be cast in terms
of absolute velocity u but solved in a relative non-Newtonian ref-
erence frame rotating with the blade about the x1 axis with angular
velocity x . This system of equations,written in an arbitraryEulerian
Lagrangian (ALE) conservative form for a control volume X with
boundary C , takes the following form:
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where n represents the outward unit vector of the control volume
boundary C . The viscous term G on the left-hand side of Eq. (1) has
been scaled by the reference Reynolds number for nondimension-
alization purposes. The solution vector of conservativevariables U
is given by
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where d i j represents the Kronecker delta function and v is the velo-
city in the relative frame of reference. The pressure p and the total
enthalpy h are related to density q , absolutevelocityu, and internal
energy e by two perfect gas equations:

p = ( c ¡ 1) q [e ¡ ( j uj 2 /2)], h = e + ( p / q ) (4)

where c is the constant speci� c heat ratio. The viscous � ux vector
G has the following components:
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The viscous stress tensor r i j is expressed using the eddy viscosity
concept, which assumes that, in analogy with viscous stresses in
laminar � ows, the turbulent stresses are proportional to the mean
velocity gradients:

r i j = l
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where l l represents the molecular viscosity given by the
Sutherland’s formula and l t denotes the turbulent eddy viscosity,
which must be determined by a suitable turbulence model. There-
fore, l = l l + l t is the total viscosity of the � uid. The value of k is
given by the Stokes relation k = ¡ 2

3
l whereas the laminar Prandtl

number Prl is taken as 0.7 for air. The turbulentPrandtl number Prt

is taken as 0.9.
The term S in Eq. (1) is given by

S = [0 0 q x u2 q x u3 0]T (7)

The eddy viscosity l t is calculated using the one-equation tur-
bulence model of Baldwin and Barth,16 though other one- and two-
equation turbulence models such as that of Spalart and Allmaras17

and q ¡ f (Ref. 18) are under consideration.

Numerical Methodology
The three-dimensional spatial domain is discretized using un-

structuredgrids that, in principle,can contain cells with any number
of boundary faces. The solution vector is stored at the vertices of
the cells.

For clarity, the numericaldiscretizationof the � ow equationswill
be illustrated on a two-dimensional mesh. However, the resulting
formulation is equally applicable to three-dimensionalcells. Using
an edge-based scheme, the typical two-dimensional mesh of Fig. 1
can be discretized by connecting the median dual of the cells sur-
rounding an internal node. For internal node I , the semidiscrete
form can be written as

d( X I UI )
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Fig. 1 Typical two-dimensional mixed-cell mesh.

where X I is the area of the controlvolume (shaded area in Fig. 1, UI

is the solution vector at node I , ns is the number of sides connected
to node I , I Js and I Js are the numericalinviscidand viscous� uxes
alongside I Js , and Bi is the boundaryintegral.The side weight ´ I Js

is given by the summation of the two dual median lengths around
the side times their normals. For example, the weight of the side
connecting nodes I and J1 is given by

´I J1
= ¡ ´J1 I = AB + BC (9)

In three-dimensionaldiscretization,the resulting weights are the
summation of the areas times their normal over the cell faces re-
sulting from connecting the centroids of the cells and the middle
points of the sides. The four-sided areas, resulting in hexahedral
and prismatic cells, are calculated by dividing them to triangular
faces in a consistent manner for the neighboring cells such that the
conservation property is assured. The resulting numerical scheme
is second-order accurate in space for tetrahedral meshes. For pris-
matic and hexahedral cells, the scheme is still second-order accu-
rate for regular cells with right angles. In the worst case of a highly
skewed cell, the scheme will reduce to � rst-order accuracy.19 How-
ever, hexahedral meshes are usually generated in boundary layers
where the generationof regular cells to ensure orthogonalityis rel-
atively straightforward. Similarly, prismatic cells are usually gen-
erated in a structured manner by projecting triangular meshes on
radial layers and then connecting them. Highly skewed meshes are
unlikely to occur in such situations except when dealing with de-
tailed geometric features such as the inclusion of � llet radii at blade
roots, part-span shrouds, etc.

Inviscid Fluxes
The inviscid � uxes in Eq. (8) are expressedusing a central differ-

ence formulationwith a suitable arti� cial dissipationthat is required
to stabilize the scheme. Thus, the inviscid � uxes can be written as
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´I Js
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where I Js is the arti� cial dissipationalong the side I Js . The arti� -
cial dissipation is based on an upwind scheme developed by Swan-
son and Turkel20 and Jorgenson and Turkel.21 The scheme consists
of a mixture of second- and fourth-order arti� cial viscosity. The
fourth-orderterms ensure the stabilityof the scheme in smooth � ow
regions.The second-orderterms are required to damp numerical os-
cillations in the vicinity of discontinuitieswhere the scheme reverts
to � rst order usinga pressure-basedsensor. The arti� cial dissipation
can be written as

I Js = ê
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ê
ê
£
u
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where AI Js is the standard Roe matrix,22 ²4 ¼ 1
8 is the fourth-order

arti� cial dissipation coef� cient, and is a pseudo-Laplacianoper-
ator:
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where SI Js = j xJs ¡ xI j . Moreover, u is the second-order� ux limiter
that is required to enforce the monotonicity of the scheme given by

u = max
¡
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¢
(13)
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where x ¼ 0.5. Here, u Js can similarly be obtained from Eq. (14)
by substituting Js for I .

Viscous Fluxes
The viscous � uxes are treated within the same edge-based data

structure framework, provided the gradients of the primitive vari-
ables are known at the mesh nodes. Using the edge weights of
Eq. (9), these gradients can be calculated from the formula
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where h representsa generic primitive variable and Bi is the bound-
ary integral arising from the contributionsof the boundary faces at
the domain boundaries. This formulation results in a viscous � ux
scheme that uses informationfrom two layers of points surrounding
the point under consideration.The choice of this scheme is purely
for computational ef� ciency and storage economy. The use of a � -
nite element approach will require the storage of nine additional
quantities per side. In any case, numerical experiments show that
there is negligible difference between the two approaches.

Implicit Temporal Discretization
Equation (8) can be expressed in the form

d( X I UI )

dt
= R(U) (16)

A second-order implicit backward time integration of Eq. (16)
can be expressed as

3( X U)n + 1
I ¡ 4( X U)n

I + ( X U)n ¡ 1
I

2 D t
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where n denotes the time level. The implicit nonlinear system of
equations given by Eq. (17) needs to be solved every time step. An
iterative equation is constructed from Eq. (17) by simply adding a
pseudo-time derivative term U s to the left-hand side:
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Indicatingwith Um the mth approximation to Un + 1, Eq. (19) can be
rewritten as
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where D UI =Um + 1
I ¡ Um

I , with D s representing the pseudo-time
step. Linearizing the right-hand side of Eq. (19) around Um

I , the
pseudo-time integration, which advances the solution from tn to
t n + 1 , becomes
±

X n + 1
I

D s
+

3
2

X n + 1
I

D t
¡ Jm

!
D UI = Rm ¡

3
2

X n + 1
I

D t
Um

I ¡ En
I (20)

where En
I involves the portion of the physical time derivative at

previous time steps and is invariant during the iteration process:
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The left-hand side of Eq. (20) contains a portion of the physical-
time derivative to reduce the pseudo-timestep in regionsof the � ow
where the ratio pseudo-/physical-timestep D s / D t becomes large.23

This equationcanbe solvedusingconventionalalgorithms.Here, the
procedureused consistsof a two-point backward implicit difference
and an expansion of the residual about the nth time level.24 Where

D Un + 1
I =Un + 1

I ¡ Un
I , a two-point backward implicit difference of

Eq. (20) can be written as
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where J̄D is the block diagonal contribution to the Jacobian matrix
and J̄ODs is the off-diagonal contributionof node Js . Equation (22)
represents a sparse linear system that needs to be solved at each
time leveln. A defect-correctionprocedureis used to solveEq. (22),
where the left-hand side sparse matrix is discretized using a lower-
order approximation (i.e., � rst order in space) because of storage
considerations and computationalcomplexity and also because the
resulting lower-order matrix is better conditioned than the higher
ordermatrix.Thus, the resultingmethod is only moderatelyimplicit.
The sparse linear system (22) is solved using a point Jacobi iterative
method. Where U l

I is the lth approximation to D Un + 1
I , the iterative

method can be written as
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This formulation requires the storage of a 5 £ 5 block diagonalma-
trix only. The matrix is computed once only, at the beginning of
the numerical integration. Local time stepping is also employed to
speed up the convergenceof inner iterations.

Time accuracy is guaranteedby the outer iteration levelwhere the
time step is � xed throughoutthe solutiondomain, whereas the inner
iteration procedure can be performed using traditional acceleration
techniques such as local time steppingand residual smoothing.The
same time stepping procedure is applied to the turbulence model
equation, which is solved separately every time step.

Boundary Conditions
This section describes the numerical treatment of the in� ow and

out� ow boundaries for turbomachinery � ow calculations.Whereas
the far-� eldboundariesfor isolatedairfoilscanbetakenmanychords
away, the boundariesare typically less than one chordaway for most
turbomachinery applications. This situation may lead to computa-
tional inaccuracies if the boundary conditions are not suitably for-
mulated. Various techniques have been developed to minimize the
re� ection of the outgoing waves25 – 28 and an overview is given by
Givoli.29 Here two different set of treatments, one for steady-state
computations and the other for unsteady computations, are used.
The steady-state boundary treatment is based on the characteris-
tics of the Euler equations. In particular, the steady-state boundary
conditions are obtained from the linear, harmonic unsteady nonre-
� ecting boundary conditions, as a limiting case of zero-frequency
unsteadiness. The resulting nonre� ecting boundary conditions are
exact for linear solutions at the far-� eld boundary.The treatment of
such boundary conditions for two-dimensional turbomachineryap-
plicationscan be found in Ref. 30. An extension to threedimensions
is reported in Ref. 28.

In this work, the effectivenessof the boundary treatment will be
demonstrated for the steady-state � ow past a high-pressurenozzle-
guide vane (NGV). Figure 2a shows the Mach number contours for
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a) Quasi-three-dimensional nonre� ective boundary conditions

b) Standard one-dimensional boundary conditions

Fig. 2 Comparison of steady-state Mach number contours at 20%
span.

a radial section at 20% span using the quasi-three-dimensional non-
re� ectiveboundaryconditionsof Ref. 31, whereasFig. 2b shows the
� ow obtained with the standard one-dimensional boundary condi-
tions of Refs. 32 and 33. The contours look very similar before the
throat region of the passage because the information coming from
the out� ow plane does not affect this part of the domain. The two
solutions differ considerably on the diverging part of the passage,
especially around the shock position. This noticeable mismatch is
caused because the one-dimensionalboundary conditions generate
nonphysicalre� ectedacousticwaves that arise from imposinga con-
stant exit pressurealong the circumferentialdirection.The approach
used in Fig. 2a imposes an average value of the exit pressure only,
letting the other circumferential harmonics obey the nonre� ective
equations.

Two further types of boundary conditions are needed for turbo-
machinery calculations: solid wall and periodicity. On solid walls,
the pressure is extrapolated from the interior points and the slip
(inviscid) or no-slip (viscous) conditions are used to compute the
other quantities. An extra boundary condition for the heat � ux is
employed for viscous � ow calculations.Using the edge-based data
structure,the periodicityis handledin a straightforwardway as long
as the points in the two periodicboundariesare located at same axial
and radial coordinates.

In general, for turbomachineryapplications, the physical bound-
ary conditions employed at the in� ow boundary are total pressure,
total temperature, and � ow angle, whereas static pressure is used
at the out� ow. On solid walls, two possible approaches are imple-

mented: either no-slip boundary conditions, where the turbulence
model and � ow equationsare solved up to the wall, or slip boundary
conditions,where the standardwall functionsare used.An adiabatic
wall is used as a thermal boundary condition.

Case Studies
As part of a long-term turbomachineryaeroelasticityprogram, a

Favre-averaged Navier–Stokes code, AU3D, was developed using
the methodology of the second and third sections. The code deals
with steady and unsteady � ows and can also accommodate blade
vibration through moving meshes. The AU3D code was validated
for a wide range of steady and unsteady � ows against available
experimental and analytical data. The overall agreement was con-
sidered to be good. Two test cases will be presented here. The � rst
one is a steady � ow analysis for a rig fan blade, and the other one is
rotor/stator interaction study. Experimental data were available in

Fig. 3 Fan blade mesh with 250,000 points.

Fig. 4 a) Zoom at trailing edge; b) fan blade mesh at midsection.
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both cases, and variouscomparisonswill be made with the predicted
results.

Fan Blade
A rig fan blade running at its rated speed on the nominal working

line will be studied � rst. As discussed, a semistructured mesh was
generated for � ow discretization,and a mesh smoothing procedure
was usedfor each of themapped radial layers to minimize grid skew-
ness.The smoothingprocedure includesthe movement of the points
around leading and trailing edges to preserve a good resolution of

Fig. 5 a) Vertical cut in the fan blade mesh; b) zoom showing tip gap
mesh.

a) 90% span

b) Midsection

Fig. 6 Mach number contours.

the blade curvature in those regions. Three meshes, with 250,000,
500,000, and 750,000 points, were used in the steady � ow analysis
of the blade. Views of the � rst mesh on the blade surface and at the
hub section are shown in Fig. 3. Figure 4 shows the same mesh at
midsection. The advantagesof the semistructuredmeshing strategy
can be seen from a study of Figs. 3 and 4. A good resolution of the
boundary layer is obtainedby generatingan O-type grid that blends
smoothly to the unstructuredpart away from the boundary layer. In
the radial direction, where the � ow variation is much less than that
in the axial and circumferential directions, the mesh density can be
adjusted easily by virtue of being structured in that direction while
still keeping a good resolution of the leading and trailing edges.
Furthermore, the approach naturally allows the addition of a tip
gap mesh by triangulating the blades tip and mapping extra layers
over the tip. Figure 5 shows a cut across the blade showing the tip
gap mesh. Typically, 5–10 layers of cells, for example, about 4,000
points for the second mesh, are used to discretize the tip gap region.

The solution for the � rst grid was obtained using wall functions,
whereas the � ow equations were solved up to the wall for the sec-
ond and third meshes. It was found out that changes in the solution
were negligible for meshes � ner than the second mesh. Thus, the
second and third solutions can be consideredto be mesh converged.

Fig. 7 Pressure contours at pressure side of the blade.

Fig. 8 Pressure contours at suction side of the blade.
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The results will be presented for the second mesh and compared
to those of the � rst mesh in some cases. Figure 6 shows the Mach
number contours at 90% and 50% blade span, whereas Figs. 7 and
8 show the pressure contours on the suction and pressure sides, re-
spectively. The � ow features are typical of a fan operating close to
its rated speed.2 Near the tip section,a lambda shockstructureexists
where the bow shock at the leading edge interacts with the passage
shock on the pressure side. The shock on the suction side is curved
toward the trailing edge and interactswith the boundary layer, a fea-
ture resulting in a much thicker boundary layer behind the shock.
Farther down the blade, the suction side shock moves forward until
it gets expelled outside the passage near the midsection. Figure 9a
shows a velocity vector plot on the pressure side of the blade. It

Fig. 9 Vector plots at suction side.

Fig. 10 Mach number contours in the tip gap region.

Fig. 11 Predicted and measured radial pro� les of pressure rise at out-
� ow.

can be seen that there is a � ow migration up the blade behind the
shock. Figure 9b shows the details of the � ow near the tip. There is
a change of direction behind the shock that is due to the � ow mi-
gration. Figure 9c shows the details of the trailing-edge secondary
� ow near the hub section, another typical feature of a fan blade at its
rated speed. Additionally,Fig. 10 shows the Mach number contours
at the midlayer in the tip gap. It can be seen that both the tip vortex
and the leading-edgevortex are resolved resonably well.

Fig. 12 Predicted and measured radial pro� les or temperature rise at
out� ow.

Fig. 13 Sector mesh for rotor/stator interaction calculations.

Fig. 14 Rotor/stator mesh at the hub section.



SAYMA ET AL. 951

Fig. 15 Rotor/stator mesh at the periodic boundary.

Fig. 16 Predicted and measured steady pressure pro� les along the ro-
tor blade chord.

The comparisonwith the experimentaldata was done by comput-
ing the standardperformanceparameters at the out� ow section.The
predicted and measured � ow quantities were circumferentially av-
eraged and plotted as a function of the radius. Two such quantities,
pressure rise and temperature rise, are plotted in Figs. 11 and 12.
The agreement with the experimental data is generally very good,
the discrepancynear the tip sectionprobablybeingdue to the tip gap
size, the value of which is dif� cult to estimate during the operation
of the fan. Note that typically the grids used result in typical y +

values of around 150, 100, and 70, repcetviely,for the three meshes
used. The computer time required to obtain a steady-state � ow so-
lution for the 500,000 point mesh is about 8 CPU h on a 266 MHz
Linux personal computer. Convergence was achieved by a drop of
5 orders of magnitude in the residual values.

Rotor/Stator Interaction
A coupled rotor/stator interaction case was studied next using a

well-known turbine test rig geometry, RT27, for which extensive
steady and unsteady � ow measurements were conducted at the
Osney Laboratory, Oxford.34 , 35Because there are 36 stator and 60
rotor blades, a periodic sector of 2 stator and 5 rotor passages was
selected without having to change the blade numbers or to conduct
a whole-annuluscalculation.

Again a semistructured mesh was generated for one stator and
one rotor passage, and the sector mesh was assembled by duplicat-
ing these passages. A view of the three-dimensional mesh, which
contains about 106 points, is shown in Fig. 13. The mesh at the
hub section is shown in Fig. 14 and that at the periodic bound-
ary is shown in Fig. 15. The rotor blades are unshrouded, and,
thus, a tip gap mesh was also included. A steady-�ow analysis
was performed for isolated stator and a rotor passages at � rst. The
boundary conditions were provided by the circumferentially aver-
aged measured values. The boundaryconditionsfor the rotor in� ow

a)

b)
Fig. 17 a) Convergence to periodic state; b) zoom of the last part of
panel a.
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Fig. 18 Entropy and pressure contours at midsection.

Fig. 19 Vector plot across the rotor blade normal to axial direction.

steady-statecalculationswere obtained by averaging the values ob-
tained from the steady-statesolution for the stator. Figure 16 shows
a comparison between the predicted and measured steady pressure
pro� les around the rotor blade at three different positions: near the
hub, midspan, and near the tip. Good agreement is observed for all
three cases.

The steady � ow solution was used as a starting point for the un-
steadycomputations.At the interfaceboundary,the informationwas
exchanged between the stator and rotor domains using an interpo-
lation procedure that preserves linearity in a simillar fashion to the
multigrid interpolationalgorithm of Ref. 36. Unlike for their struc-
tured counterparts,3 the implementationof a conservativeexchange
of information between two general unstructured grids can be dif-
� cult and expensive. However, for the type of semistructured grids
used here, it is possible to performa pseudo-three-dimensional con-
servative exchange of information by considering data from each
radial layer separately. Such an approach can be justi� ed for most
turbine � ows that are predominantly in the axial direction.

To ensure convergence to periodic state, the unsteady � ow anal-
ysis was run for 12 cycles (Fig. 17). Figure 18 shows instantaneous
entropy and pressure contours at the midsection, from which it can
be seen that the � ow is subsonic. The localized effect of the tip gap
can be seen from Fig. 19, where the secondary� ow vectors are plot-
ted at sections normal to the axial direction. It can be seen that the
leakage� ow causesa small secondary� ow recirculationbubble that
extends to a small fractionof the blade span only. The predicted and
measured unsteady time historiesare shown in Fig. 20. The Fourier
transform of the time history of Fig. 19 is given in Figs. 21 and 22,
and the predictedand measured unsteadypressure time historiesare
compared in Figs. 19, 23, and 24. The predicted and measured un-
steady time histories near the hub section and pressure surface are
shown in Fig. 25. It can be seen that there is good overall agreement
with the experimental data. The computer time required to obtain a
periodicallyconvergedsolutionwas about120 CPU h on a 266 MHz
Linux personal computer.The single passage steady-state solutions
were obtained in about 4 CPU h for both the stator and rotor blades
using single-passagemeshes.

Fig. 20 Predicted and measured unsteady time histories: midheight
suction surface.

Fig. 21 Harmonic content of the unsteady pressure in Fig. 20: fast
Fourier transform (FFT) of unsteady total pressure, x//c = 0:19.
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Fig. 22 Harmonic content of the unsteady pressure in Fig. 20: FFT of
unsteady total pressure, x//c = 0:33.

Fig. 23 Predicted and measured unsteady time histories: midheight
pressure surface.

Fig. 24 Predicted and measured unsteady time histories: near tip, suc-
tion surface.

Fig. 25 Predicted and measured unsteady time histories near hub sec-
tionand pressure surface: ——, computed x//c = 0:8,and , experimental
x//c = 0:8.

Conclusion
1) A numerical model for the steady and unsteady � ow analyses

of turbomachinery blades was presented. The model uses unstruc-
tured hybrid grids and has an edge-based data structure. Implicit
dual time stepping is employed during the unsteady computations.
A further possibility is the implementation of a multigrid scheme,
but more work is needed to devise ef� cient and robust implemen-
tations to unsteady viscous � ows with deforming grids required for
aeroelasticity computations.

2)Two testcasesarepresentedto validatethemodelagainstexper-
imental data: steady-state� ow in transonic fan and unsteady� ow in
turbine rotor/stator interaction. In both cases, good agreement with
experimental data was obtained.

3) The model is found to be computationally ef� cient, and it
will be possible to undertake large unsteady viscous � ow simula-
tions with current computing power. A natural progression of the
work is the consideration of moving meshes so that aeroelasticity
computationscan also be undertaken.Parallelizationon distributed
memory machines is currently in progress, and it is expected that
whole-annulusmultibladerowcomputationswill become common-
place before the end of the century.Such issues will be discussed in
a forthcoming paper.
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