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This paper focuses on development and validation of a viscous solver for the computation of
unsteady flows in turbomachinery blade rows and stages consisting of rotors and stators. The
code has been evolved from steady-state single flow solvers developed by Wiedermann based
on time-marching finite difference schemes. A two-equation eddy viscosity model is applied,
and the wall boundary conditions are determined by the y+-distance of the first grid line away
from the wall. For the solution of transient flow fields the original time-stepping algorithm is
replaced by a time-accurate scheme.
The emphasis of the code validation will be on blade-row interaction in a complete
turbomachinery stage. A 3-D example will be discussed and those parameters evaluated
which are important for actual blading design.
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1

INTRODUCTION

boundary layers and flow regimes dominated by
secondary flows in a single row of a turbomachine is
well established, and the codes can be run efficiently

The recent development of fast and powerful
workstations has favoured application of fully 3-D
Navier-Stokes solvers to the design of new turbomachinery blade rows (Miyawaki et al., 1996). With
respect to the complexity of the flow problem
involved accuracy has reached a level which is
acceptable for the designer (Rhie et al., 1994). In
particular the computation of details of turbulent

on either work stations or supercomputers (Dawes,

1988; Wiedermann, 1995).
Beyond the single-row flow analyses the numerical investigation of a turbomachinery stage consisting of rotor and stator is inevitable for the
prediction of turbomachinery blade row matching
in multi-stage machines. As fully time-dependent
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solutions of the complex 3-D turbulent flow for the
entire flowpath in turbines and compressors still
exceed the capacity of even the largest supercomputers available, alternative approaches for
the interaction of stationary and rotating blade
rows have been developed (Adamczyk, 1985). In
general, the coupling of the individual blade rows
is accomplished by so-called mixing planes where
pitch-averaged flow quantities are transferred
across the moving interfaces (Denton, 1992;
Arnone and Benvenuti, 1994). In strongly coupled
blade rows characterized by tight axial clearances
enforcement of circumferentially uniform flow distributions affects the accuracy of the results and
the blade pressure distributions, and may cause
numerical problems (Denton, 1992).
The approaches discussed above are, nevertheless, essential design tools and offer information about global rotor-stator interaction effects
at relatively low computational costs. However,
for the structural design of turbomachinery components transient boundary conditions have to be
extracted from CFD-analysis to predict aeroelastic
phenomena. Recently, Eguchi and Wiedermann
(1995) developed a 2-D Navier-Stokes solver for
the analysis of stalled and unstalled flutter prediction of compressor and steam turbine blade sections. They introduced body-fitted meshes which
are self-adapted to the motion of the blades. For the
prediction of aeroelastic stability charts results were
obtained for various interphase angles which were
realized by increasing the number of blade
passages. Other 2-D unsteady multi-passage solvers
have been developed to predict propagation of
rotating stall cells in axial compressor sections
covering the coupling of rotor and stator flow fields
(Kato et al., 1995). A multi-row multi-passage
solver developed by He (1993) simultanuously
includes integration schemes for the governing
equations of structural and fluid mechanics and
enables prediction of fluid-structural interaction.
The topic of this contribution is the 3-D
investigation of rotor-stator interaction in a
compressor stage. Gusts originated by wakes of
adjacent passing blade rows have a severe effect
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on structural excitation of the blades. Moreover,
the loss mechanism in the blade rows is influenced
by the mixing of wakes with patches of strong
turbulent intensities and their passing through the
following blade row (Hodson et al., 1992). For these
analyses, several computer codes have been developed, e.g. Gallus et al. (1994) and Rai (1987).
Basic research work is conducted with experimental and numerical investigations to describe
the effect of artificially produced wakes on turbomachinery blade rows which offer a useful framework for code verifications (Cho et al., 1993). From
the designer’s viewpoint, studies of predicted flow
topologies in an axial compressor stage by Dawes
(1994) are of particular interest and can be carefully utilized for the improvement of current
designs.

MOTIVATION AND SCOPE OF THE
PRESENT RESEARCH
Reviewing the current state of the art of transient
flow solvers one finds that excessively large running
times and computational costs prevent them from
becoming more frequent design tools. Moreover,
it is difficult to calibrate 2-D and 3-D unsteady
Navier-Stokes solvers, because the measurement
of time-dependent flow parameters itself is and will
remain a matter of actual research, e.g. Hodson
et al. (1992), Gallus et al. (1994). On the other hand,
numerical studies as those by Dawes (1994) provide
more understanding of the complex physics of
technical flows. With this thought in mind, the
authors decided to extend an existing 3-D NavierStokes solver developed by Wiedermann (1995)
for steady-state 3-D flow fields in single turbomachinery blade rows for the computation of transient flows. The aim of the projected numerical
studies of time-dependent fields is the systematic
study of the impact of jet-wake gusts on the development of the shear layer along the downstream
blades as well as to establish a numerical tool for
the determination of vibrational forces on the
blade rows due to rotor-stator interaction.

DEVELOPMENT OF VISCOUS SOLVERS

3

3.1

OUTLINE OF THE FLOW SOLVER
The Numerical Scheme

The newly developed unsteady flow solver is an
extension of a steady-state 3-D Navier-Stokes
code developed by Wiedermann (1995). To cover
flows with transonic regions the equations are
given in a conservative formulation. Spatial discretization is done with a central finite difference
scheme in a body-fitted coordinate system. Time
integration is performed by a three stage explicit
Runge-Kutta scheme, and the maximum allowable time step size is, therefore, restricted by the
smallest computational cell according to the
Courant-Friedrichs-Levy stability criterion. Stability of the solution is maintained with a blend of
2nd and 4th order differences. High-aspect ratios
of the computational cells are compensated by
balancing the spectral radii for each individual
spatial direction in the transformed numerical
plane.
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turbulent boundary layer coordinate y+, given by

y+

u-py

where u means friction velocity, p density, # the
dynamic viscosity and y the normal distance to
the wall, is about 30-50 in average which is an
acceptable range for the application of wall functions. The constants of the k- model are adjusted
to a low-Reynolds number model by Chien (1982).
Therefore, the actual wall boundary conditions are
controlled by the local values for y+, and the no-slip
boundary conditions are automatically applied
wherever y+ _< 10.

3.3 The Computational Mesh

For the transonic rotor-stator arrangement
studied in this paper, Fig. 1, body-fitted computational meshes are used which are non-overlapping
at the gliding planes between the stator and rotor
sections in a block-structured arrangement. A
typical blade-to-blade section is shown in Fig. 2.

3.2 The Turbulence Model

For the modelling of the turbulent flow a k-e two
equation model is applied. Although it is more
elaborate than the well-known algebraic BaldwinLomax model it has been preferred by the authors
because one of the objectives of the current research
is the study of the interaction of turbulent wakes
with shear layers of the downstream blade row.
Thus, an algorithm has to be chosen which supports
convection of turbulent vorticity and eddies after
they were shed from the trailing edge (Hodson et al.,
1992; Cho et al., 1993).
Since the allowable time step size for the explicit
time-marching scheme applied is restricted by the
size of the smallest cells, in general the turbulent
boundary layer cannot be resolved down to the
wall if the time increments shall remain large
enough for a practical computation. Thus, a fit to
the logarithmic velocity profile has been done
for the computational cell next to the wall. For
the grid points adjacent to wetted surfaces the

FIGURE
Single stage axial compressor tested at DLR,
Germany, as reference case. Blade counts: Rotor 28 blades,
Stator 31 vanes; Design pressure ratio: 1.51; Choke mass flux:
m= 17.58 kg/s (Dunker, 1983; Dunker et al., 1983).
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(1983). Their single-stage transonic test compressor
was designed for a stage pressure ratio of 1.51 and
a choke mass rate of 17.58 kg/s. The experimental
results are derived from detailed LDV-measurements and published for several operating conditions. Also investigations of the transient flow field
were carried out within the stator vane row
(Dunker, 1983) which are used by the authors to
validate the transient solutions of the solver. Figshows a picture of the arrangement consisting of a transonic rotor with 28 blades and a stator
with 31 Controlled Diffusion Airfoil-type vanes.

ure

4.1

Notes on the Runs with the
Time-dependent Solver

FIGURE 2 Computational mesh for the unsteady analysis at
mid span. Rotor: 110 35 39 nodes; Stator: 90 35 39 nodes.

The meshes are set up with an algebraic meshgeneration system. The computational mesh for our
analysis was built of 110 35 x 39 grid nodes for
the rotor and 90 x 35 39 nodes for the stator. At
the rotor--stator interface planes flow variables are
transferred between the moving domains at each
time step. To accommodate the requirements of the
computation of near-wall terms for the turbulence
models such as the boundary layer coordinate y+
the mesh was made as quasi-normal as possible as
large skewness has an unfavourable effect on the
accuracy of the results. At the inlet and exit sections
of the computational domain the mesh is extended
to avoid undesirable interactions with the boundary
conditions. As a consequence, the boundary conditions have to be moved away from the traverse
planes along the estimated streamlines applying
simple axisymmetric Euler relations.
4 VALIDATION OF THE SOLVER

In this chapter the validation of the 3-D unsteady
solver will be discussed. For this purpose a rotorstator configuration will be considered which was
investigated by Dunker (1983) and Dunker et al.

A serious problem is the different blade count of the
rotor and the stator which must be represented by
an equivalent number of passages to enable the
application of periodic boundary conditions at the
circumferential boundaries of the computational
domain in the vaneless regions ahead and downstream of the vaned passages. For the current
geometry, only a block-structured mesh with 28
passages for the rotor flow field and 31 for the
stator would be the exact computational model to
simulate all details of the transient phenomena.
This is beyond the computer capacity available and,
therefore, a simplified model has to be built for the
present analysis. Here, an equal blade count was
achieved by reducing the number of stator vanes
from 31 to 28 which enables an efficient analysis
with only one passage for each row. As a change in
the blade count of the transonic rotor would have a
stronger effect on the rotor performance than the
decrease of stator vanes the current assumption can
be accepted as an engineering model. However, it
must be pointed out that the stator solidity was not
adjusted to the new operating condition, and as a
consequence experimental and numerical results for
the stator have to be compared with great care.
One blade passing period was divided into 1,000
time steps, and a periodic solution could be
achieved after about five passing cycles if a steadystate solution was assumed as an initial guess.
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Typical computational times are about l1/2 days on a
workstation for 10 cycles with a total of 10,000 time
steps. The initial guess for the computation were
either the flow distribution of another operating
point or the results of a steady-state analysis with
the same solver running in the time-dependent
mode on the identical mesh. For this analysis the
boundary conditions at the gliding plane between
rotor and stator domains were replaced by a circumferential mixing plane treatment which results
in circumferentially uniform distributions of some
of the flow variables.
For one case the density residuals are shown in
Fig. 3. Global blade force histories serve as additional convergence criteria and will be discussed in
Chapter 4.4.
4.2 Evaluation of Time Averaged Results

For the evaluation of 3-D Navier-Stokes solvers
applied to turbomachinery flow fields the comparison of computed and measured averaged quantities at the inlet and outlet planes is of crucial
importance for the application of the solver in a
design system. Here, the averaged flow variables of
the unsteady solver (Case 1) are compared against
experimental data (Dunker et al., 1983), the results
of the steady-state analysis with mixing planes
which was done prior to the unsteady analysis to
provide the initial conditions (Case 2), and the
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computation with the single row 3-D solver by the
author (Case 3). For the last case the computational
meshes consist of 127 49 59 grid nodes in axial,
pitchwise and spanwise directions for the rotor
and 127 49 49 grid points for the stator. This
reference computation was done with the original
blade count of the stator. Unlike the unsteady
analysis the boundary layer was fully resolved, and
the mesh was clustered along the wetted surfaces to
achieve sufficiently small values of y+ for the first
couple of grid points away from the wall. During
the computation the boundary conditions at the
interface between rotor and stator are updated
after every other 10th time step by comparing
the spanwise distributions of flow variables in the
individual domains to achieve a coupling of the
row-by-row solutions.
Spanwise distributions of the mass-averaged
quantities at the inlet and the exit planes of the
rotor are shown in Fig. 4. As mentioned above, the
graphs contain the reference results with the fine
mesh (Case 3), a multi-stage analysis with the mesh
shown in Fig. 2 and a snap-shot of the transient
flow field. The agreement between all the cases is
fairly good for the rotor flow field, and obviously
the coarser mesh with the match to the logarithmic
velocity profiles for the first point away from wetted
surfaces for the transient solver seems to be
justified. However, near the tip the total pressure
profiles are underpredicted with the coarser meshes
especially for the multi-stage analysis (Case 2).
Here, the spanwise distributions of the flow
quantities are obviously affected by the mixing
plane which enforces circumferentially uniform
boundary conditions at the interface between rotor
and stator due to the steady-state analysis.
The spanwise distributions for the stator flow
field show stronger discrepancies between the
results where obviously the quality of the solutions
depends on the resolution of the endwall boundary
layer, Fig. 5. Both, the multistage analysis with
mixing planes (Case 2) and the transient analysis
overpredict the effect of the tip clearance vortex
on the stator flow field which could not be confirmed by experiments. The high loss level of the
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FIGURE 4 Comparison of mass-averaged flow quantities at the rotor exit plane.

multistage analysis are caused by the numerical
production of entropy at the mixing plane and the
deficit of total pressure compared with the experiments. One source of the discrepancies might be in
the change of the stator vane counts. For the time
being, no analysis to evaluate the effect of the
different solidities on the stator flow field results
has been done.
4.3 Transient Flow Field iResults
contrast with steady-state results the evaluation
of the time-dependent solutions is much more
difficult because only a limited number of measured
information about the transient flow fields is
available. Therefore, the verification of the solver
|n

must partly rely on the capabilities to predict time-

averaged results properly. |n addition, time-dependent flow fields will be validated more or less
qualitatively, and it shall be demonstrated that the
present solver is capable to predict at least trends of
the rotor-stator interaction in accordance with the
measured results.
Figure 6 shows the results of the isentropic Mach
number distributions for the mid span section of the
rotor and stator airfoils at three different rotor
settings. The blade pressure distribution of the
rotor is more strongly affected at the suctions side.
On the other hand the time dependency of the flow
is more pronounced at the pressure side of the
stator, which is due to the movement of the wake
sheets through the passages.
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FIGURE 5 Comparison of mass-averaged flow quantities at the stator inlet and exit planes.
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Concerning the interaction of the wake with the
downstream stator flow field essential features can
be predicted in good qualitative agreement with
the experiments of Dunker (1983), Figs. 7 and 8.

et al.

The distributions of the computed turbulent
kinetic energy contours disclose similar structures
for the corresponding rotor settings, Fig. 7. It is an
essential observation that the turbulence intensity
(a) experiments
(Dunker, 1983)

(a) experiments
(Dunker, 1983)

TQ

(b) CFD

(a) experi
(b) CFD

%ax

(a) experiments

(a)

experiments

(b) CFD

Rotor

CDA-stator
FIGURE 7 Comparison of predicted contours of the turbulent kinetic energy k with measured turbulent intensities
(Dunker, 1983). Mass flux: 17.3 kg/s.

Rotor

CDA-stator

FIGURE 8 Comparison of predicted Mach number contours with measured velocity contours (Dunker, 1983). Mass
flux: 17.3 kg/s.
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of the wake strongly interacts with the wall
boundary layers and create local clusters of high
turbulence levels. The traces of the wake can be also
found in the relative Mach number distributions
and agree fairly well with the measured deformations of the velocity contours, Fig. 8. It can be seen
that the velocity fluctuations are more pronounced
near the pressure side of the stator vhich is also
reflected by the blade isentropic Mach number
graphs previously discussed (Fig. 6). The response
of the rotor flow field to the time dependent results
is relatively weak.
Interesting pattern of the predicted turbulent
eddy viscosities are shown in Fig. 9 for blade
sections near mid span and at 75% span. In

mid span
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particular at the near tip region large domains of
high turbulence level are generated in the transonic
region of the rotor and the tip leakage flow. The
boundary layer of the stator suction side becomes
thick and separates. Interesting details are the
clusters of strong turbulence intensities close to
the blade boundary layers of the stator which are
also found in the measured pattern. However, it is
difficult to evaluate in how far the predicted eddy
viscosities really correspond with the measured
turbulence intensities.
4.4

Computation of Global Blade Forces

Finally a short look shall be given to the blade
forces which are important input parameters for a
structural analysis of the airfoils. As expected the
amplitudes of the flow induced forces are considerably larger for the stator, Fig. 10. Among the components of the forces, the radial component is the
most dominant for the rotor due to the centrifugal
forces. The stator is characterized by large axial
components and negligible radial load. It is shown
that the force distributions become almost periodic
after about 3 or 4 rotor passing periods and settle
fairly fast for the stator. At present no experiments
are available for comparison.
5 CONCLUDING REMARKS

In this paper a new numerical scheme is presented
to solve time-dependent viscous flow fields in

75% span

FIGURE 9 Predicted eddy-viscosity contours at mid span
and 75% span sections of the axial compressor. Mass flux:
17.3 kg/s.

turbomachines. The code has been evolved from a
3-15) time-marching scheme and includes a twoequation k--e turbulence model. For the verification
a one-stage transonic compressor was considered
which was investigated in detail by Dunker (1983).
In order to reduce the computational effort the real
configuration was modified by assuming equal
blade count for both stators and rotors. Although
this assumption can be accepted as an engineering
approach, the authors are aware that some properties of the transient interaction inherent with
different blade counts get lost in the simplified
model.
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FIGURE 10 Time histories for the absolute force components acting on mid span sections of rotor and stator blades.

The comparison of the results with experiments
demonstrates that the solver is capable to predict
time-averaged quantities which are of practical
interest for the design as well as important features
of the interaction of the turbulent wake with the
boundary layers along the downstream profiles. It
contributes to a more comprehensive investigation
of the complex physics in turbomachinery flow
fields. Another important property of the solver is
the estimation of transient blade loads and the
magnitude of amplitudes which can be used as
input parameters for a structural analysis at an
earlier design stage.
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