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ABSTRACT

This paper is the second part of atwo part paper, which de-
scribes in part one the experimental setup and results of a new
multistage turbine. Part two presents results of unsteady viscous
flow calculations based on cold flow experiments of that three
stage low pressure turbine. The present paper emphasizesthein-
vestigation of stator-stator interaction of a low pressure turbine
section of a commercia jet engine. Different positions for the
second and third stator are studied numerically and experimen-
tally with respect to the blade row interaction, unsteady blade
loading and unsteady boundary layer effects.

A time accurate Reynolds averaged Navier-Stokes solver is
applied for the computations. Turbulence is modeled using the
Spalart-Allmaras one equation model turbulence model and the
influence of modern transition models on the unsteady flow pre-
dictionsis investigated. The integration of the governing equa-
tionsin time is performed by a four stage Runge-Kutta scheme,
which is accelerated by atwo grid method in the viscous bound-
ary layer around the blades and alternatively by adual time step-
ping method. At the inlet and outlet reflecting or non-reflecting
boundary conditionsare used. Thequasi 3D calculationsare con-
ducted on a stream surface around midspan allowing a varying
stream tube thickness.

In particular, the flow field with respect to time averaged
and unsteady quantities such as surface pressure, vorticity, un-
steady velocity field and skin friction are compared with the ex-
periments conducted in the cold air flow test rig.

Ralf Gombert and Astrid Kraus
Institute of Aeronautical Propulsion
University of Stuttgart
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NOMENCLATURE

Caps Velocity

MMG meridional coordinate
P pressure

O, = ((E* — Ef)/E§)°
t time

T blade passing period
Un phase averaged hot film output voltage
Urms random hot film output voltage

pr  dynamic viscosity

Tw Wwall shear stress

Subscript

e entrance flow quantity

s static flow quantity

t stagnation flow quantity

vV vane

quasi wall shear stress

INTRODUCTION

Many research activities are presently conducted in the field
of unsteady blade row interaction in axial turbomachines, e.g.
Halstead et a. (1997), Hodson (1998), Fan and Lakshmi-
narayana (1996), Sharma (1998) and Solomon (2000).

The aim of this paper is to present the results of a computa-
tional method (Eulitz and Engel, 1998) which quantitatively pre-
dicts important unsteady transition effects in a three stage low
pressure turbine. The Abu-Ghannam and Shaw (1980) model is
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used to predict the onset of transition. It is one of the widely-
used modelsin both externa and internal flow simulations (Cou-
pland, 1995). A modification of the Abu-Ghannam Shaw model
conducted by Drela (1995) has been implemented into the used
Navier-Stokes solver (Eulitz et al., 1998). Other approaches
found in the literature either use algebraic turbulence modelsin
conjunction with the intermittency approach (Narasimha, 1990)
or two equation models , especially the low Reynolds number
k — & models (Savil, 1994). Eulitz and Engel (1998) and Eka-
terinaris (1995) demonstrated for turbomachinery and airfoil ap-
plications that the one-equation turbulence model of Spalart and
Allmaras (1992) is a good compromise between turbulent pre-
diction qualities and computational costs.

The present work is conducted within the German Engine-
3E turbine technology program (Niehuis, 1997). The final goa
of this project is to understand the underlying mechanisms of
turbine stator clocking, which denotes the interaction of an up-
stream wake of a stator with the next stator, which has the same
blade count. Although several studies on turbine clocking have
been presented (Dorney and Sondak, 2000; Dorney et al., 1999;
Huber et al., 1995), the phenomenonis not fully understood yet.

After the description of the experimental setup, the compu-
tational method used for steady and unsteady computations is
explained. The latter needs a steady state initial solution for the
time-accurate computation of the unsteady Reynolds averaged
Navier-Stokes equations. Moreover, the turbulence and transi-
tion model which are used are discussed. Finally, the results of
the steady state, time averaged unsteady and unsteady calcula
tions are compared with experiments conducted in alow pressure
turbine cold flow turbine test rig.

EXPERIMENTAL SETUP

The investigations are performed in a 3-stage cold-air LPT
rig with various operating conditions, see also part one of this pa-
per. All three stators carry the same number of vanes which can
be precisely adjusted circumferentially, see figure 1. In addition
to the Reynolds number the wheel speed can be varied.

Instrumentation and Measurements

The test rig is instrumented in order to study the physics
of stator clocking. The total isentropic efficiency is determined
by measuring the representative total pressure and total temper-
ature at the turbineinlet and outlet, where mixing losses are not
taken into account. Since the inflow conditions to the down-
stream stator of each clocking pair vary for the circumferential
positions comprehensive unsteady instrumentation is provided at
mid span. The leading edges are fitted with steady total pressure
probes, the suction sides as well as the pressure sides of the pro-
files are equipped with surface mounted hot-film sensors. Static
pressure holes are used to measure the time averaged pressure on

the stator blades at midspan. Behind each stator and the last ro-
tor the total pressure and total temperature aswell as all velocity
components of the flow are measured. Hot film probes are used
to detect the position of the wake of upstream stator blades at
downstream stator blades.

Figure 1. EXPERIMENTAL SETUP.

COMPUTATIONAL METHOD

The unsteady flow equations, i.e. the Reynolds-averaged,
compressible Navier-Stokes equations, are solved along the
three-dimensional stream-tube with varying radial thickness and
radius (Eulitz and Engel, 1998). The convective fluxes are dis-
cretized using Roe's upwind scheme (Roe, 1991) in combination
withvan Leer'sMUSCL approach (van Leer, 1979) to obtain sec-
ond order accuracy in space. The viscous terms are discretized
with central differences. At the solid blade wall the no-dlip con-
dition is used. At the streamtube boundaries towards the tip and
the hub the kinematic boundary condition is applied. The steady
state equations are marched in time using an implicit scheme
(Eulitz et al., 1998). The unsteady flow equations are solved us-
ing a four stage Runge-Kutta scheme in combination with He's
time accurate two-grid method (He, 1993). For the steady state
solution at the inlet and outlet boundaries of the computational
domain, quasi-three dimensional non-reflecting boundary condi-
tions are applied (Saxer and Giles, 1993). For the unsteady com-
putations non-reflecting boundary conditions according to Hoy-
ing (1997) as well as reflecting boundary conditions based on
Riemann invariants can be used. At the rotor-stator interface the
sheared cell technique (Giles, 1991) is employed for the unsteady
computations, whereas the circumferential averaged characteris-
tic variables are exchanged at the steady rotor-stator interface.

The used multi-block solver is parallelized based on domain
decomposition and message passing using communication rou-
tines of the MPI library. In order to achieve good parallel perfor-
mance and efficiency, explicit or block local solution strategies
are implemented (Engel et a.,1996).
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Turbulence and Transition Modeling

In order to close the Reynol ds averaged Navier-Stokes equa-
tions the Boussinesq hypothesis is used (Bousinesg, 1877) to-
gether with the Spalart and Allmaras one equation turbulence
model (Spalart and Almaras, 1992).

Transition onset is determined from a correlation as pro-
posed by Drela (1995) for his viscous/inviscid interaction code
MISES, which isamoadification of the well known Abu-Ghanam
Shaw (1980) criterion. In the laminar part of the boundary layer
the transport equation of the one equation turbulence model is
solved without turbulent production. When the Drela correlation
signalsthe start of transition, the production term is switched on.

Configuration and Computational Mesh

A low pressure model turbine with 3 stages, as shown in
figure 2, is considered for this study. A blade count ratio of 1
has been assumed in order to limit the computational costs. The
96 rotor blades were geometrically scaled to a blade number of
102, i.e. the number of stator blades, in order to keep loading
of the blades the same as in the unscaled case. Moreover, the
axial gaps between the blades in the calculations are kept the
same as in the experiments. The Mach number at the entry of
the turbine is 0.2 and the total pressure ratio is approximately
1.3. The Reynolds number based on the exit flow and the chord
length of the first vane is 180000. For the turbulent calculation
using thetransition model theturbulencelevel is2.5% at theinlet
of the computational mesh. The computational mesh consists of
two O-blocks around the airfoils and four H-blocks in the blade
passage with a total number of 21000 mesh cells for each blade
passage. They™ values of the first mesh points off the surface are
below 1.25 in order to accurately resolve the turbulent boundary
layer and 20 to 35 mesh points are in the boundary layer in the
aft section of the blades.

Figure 2. COMPUTATIONAL MESH.

Figures 3 and 4 show the details of the mesh for stator 2.
Around the blade 250 points on the profile are used. In order
to resolve the vorticity- and pressure waves accurately 70 mesh
points are used in the H-mesh in the pitchwise direction.

II\\I\\\\\

\
Iy

I
it l\\‘\\\‘

It

Figure3. COMPUTATIONAL MESH STATOR 2, every 2nd mest

point shown.

Figure 4. COMPUTATIONAL MESH STATOR 2, trailing edge.

Steady State Calculation

The steady state multistage calculation is initialized by lin-
ear interpolation of the calculated flow angle and Mach number
and pressure for each blade by the values obtained from the S2
design procedure used at MTU. The Reynolds averaged Navier-
Stokes equations are marched in time by a fully implicit time
integration scheme (Eulitz et a., 1998). For the fully turbulent
calculations approx. 3000 timesteps are needed to achieve full
convergence using a CFL number of 10. For the calculations us-
ing the transition correlation the first 500 time steps are used to
develop the turbulent boundary layer and then approx. 5000 time
steps are required to achieve a converged steady state solution.
At the stator-rotor interface passage averaged flow quantities are
exchanged and the wakes are mixed out at the blade row bound-
aries. The steady state calculation is used as initial solution for
the unsteady time accurate cal culations.

Time-Accurate Calculation

When starting the unsteady cal culation with the steady state
result asinitial solution, atime periodic solution does not evolve
until all wakes are convected through the computational domain.
Using the two-grid method the timestep can be set to a CFL num-
ber of 6.0 inthe O-grid, where the smallest cells arefound in the
viscous boundary layer. 24 blade passing periods are computed
to obtain a periodic unsteady flow field, which is proved by the
computation of the unsteady overall efficiency. The unsteady cal-
culations are mainly performed on a CRAY T3E using up to 44
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processors.

RESULTS
Steady State Results

In order to study the basic performance of the transition
model steady state calculations are performed for the complete
setup on the streamline around midspan in a Q3D fashion. The
boundary conditions for the numerical computations are taken
from the S2 design method used at MTU.

KA
Figure 5. STEADY STATE SURFACE PRESSURE DISTRIBU-
TION, STATOR 1.

Figure 5, 6 and 7 show the surface pressure distribution at
midspan for the stator blades normalized with thetotal inlet pres-
sure. Good agreement between the time averaged unsteady mea-
surements and the steady calculation is found in general.

The steady computations show no significant differencesbe-
tween the fully turbulent computations and the results obtained
using the transition model. Only, in the rearward region of the
suction side differences are found in the pressure distribution in-
dicating the transition from laminar to turbulent flow: Close to
the trailing edge on the suction side of the first stator blade the
laminar flow separates, transition occurs and the turbulent flow
reattaches again. On the suction side of stator 2 and stator 3
only avery small transition like pressure distribution is found at
MMG = 0.75. The flow does not separate, which is confirmed by
the experimental investigations.

Time Averaged Unsteady Results
Thefigure 8, 9 and 10 show the time averaged surface pres-
sure distribution for the experiments and the computations con-
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Figure 6. STEADY STATE SURFACE PRESSURE DISTRIBU

TION, STATOR 2.
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Figure 7. STEADY STATE SURFACE PRESSURE DISTRIBU

TION, STATOR 3.

ducted using the Navier-Stokes equations incorporating the tran-
sition model for the stators of the low pressure rig at midspan.
In general good agreement with the experiments is found for a
certain stator position (stator one in position a, i.e. the same
as in part one of this paper), which confirms the applicability
of the used quasi three-dimensional method towards the investi-
gated problem. The time averaged unsteady results are close to
the steady results, which indicates no large non-linear unsteady
effects.

Only stator two and three show small differences between
the steady and the time averaged unsteady results due to the un-
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Figure 8. TIME AVERAGED SURFACE PRESSURE DISTRIBU-
TION, STATOR 1.
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Figure9. TIME AVERAGED SURFACE PRESSURE DISTRIBU-
TION, STATOR 2.

steady interaction of the rotor wakes with the downstream stator
(seedsofigures 11, 12 and 13).

Unsteady Results

The figures 11, 12 and 13 show the unsteady surface
pressure distribution for the computations conducted using the
Navier-Stokes equations incorporating the transition model for
the stators of the low pressure rig at midspan at four time steps
during one blade passing period T in comparison with the time
averaged unsteady results.
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Figure 10. TIME AVERAGED SURFACE PRESSURE DISTRI-
BUTION, STATOR 3.
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Figure11. UNSTEADY SURFACE PRESSURE DISTRIBUTION.
STATOR 1.

The results on stator one show no major difference between
the unsteady and the time averaged results. Thisis dueto the fact
that the stator feels only minor influence on the rear suction side
due to upstream running pressure waves of the first rotor. The
wakes of the upstream rotor of stator 2 and 3 create a stronger
unsteady surface pressure distribution, which is due to the time
varying incoming flow for the stator 2 and 3 and yieldsa moving
of the pressure minimum on the suction side of the stator blades
in time. However, the time mean of the surface distribution dif-
fersonly dlightly from the steady pressure distribution.

Corresponding results give a Fourier decompositionin time
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Figure 12. UNSTEADY SURFACE PRESSURE DISTRIBUTION,
STATOR 2.
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Figure 13. UNSTEADY SURFACE PRESSURE DISTRIBUTION,
STATOR 3.

for the unsteady static surface pressure distribution of stator 2 in
figure 14, where only the pressure amplitudes are shown. The
fundamental component has higher amplitudes for a meridional
coordinate MMG = 0.2 up to MMG = 0.8 on the suction side
with a maximum at MMG=0.5, which is consistent to the high
unsteady pressure fluctuations at these axial positions. The max-
imum is approximately at the same position on the pressure side
with an amplitude of about 1/3 of the peak value on the suc-
tion side. Another maximum is found at the leading edge due to
the passing of the rotor wake with about the same amplitude as
the respective values on the suction and the pressure side around

0.003

—— 1st harmonic
— - 2nd harmonic
- -~ 3rd harmonic
-~ 4th harmonic

0.002

0.001

=

MMG

UNSTEADY SURFACE PRESSURE Fourier decom:
position, STATOR 2.

Figure 14.

midchord. The 2nd harmonic has about 1/3 of the amplitude of
the 1st harmonic on the suction as well as on the pressure side.
The higher harmonics are much smaller and can be neglected.

Figures 15, 16, 17 and 18 show the different vortex structure
of the wakes represented as vorticity leaving the blades and im-
pinging on the downstream blade row at different time instants
during one blade passing period T. Of interest is, for example,
the wake of the first stator (S1). It consists of a double vortex,
whichisseen asared and blue part of the wake leaving the stator
one blade row representing counter-rotating vortices. The sta-
tor 1 wake is interacting then with rotor one and its boundary
layer. As seen from the different time instants the stator wake
is stretched and distorted by the so called negative jet effect in
the rotor passage. For the given stator one position (stator onein
position a) the wake enters the passage of stator 2 (Sl in figure
15) and passes along the rearward section of the suction side of
stator 2 (S1infigure 16). Theisalso evident in figure 23, where
the stator 1 wake (S1) leads to higher wall shear stresses. Asthe
wake of stator 1 moves further it shows some tendency to merge
with the wake of rotor 1 (R1+S1 in figure 18). A very similar
interaction process takes place within the next three blade rows,
i.e. stator 2, rotor 2 and stator 3. However, due to the interac-
tion of the wakes with the upstream wakes it is more difficult to
clearly identify the origin of each wake.

In front of the stator 2 leading edge, see the cross in the
figures 21 and 22, a hot film probe is mounted in order to detect
the wake of stator 1 and rotor 1.

Figure 19 and figure 20 show the computed absol ute vel ocity
Caps and the computed viscosity pr together with the phase av-
eraged anemometer output voltage U, and the random unsteadi-
ness of the anemometer output voltage U,ms in the sl-plane at
midspan for three blade passing periods. Good agreement in
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phase is found between the computed rotor wake (R1) repre-
sented as minimum in the velocity plot, the computed maximum
of the viscosity, the maximum of the phase averaged anemometer
output voltage and the random unsteadiness of the anemometer
output voltage dueto the rotor wake (R1). Theresultsare consis-
tent with the contour plots given in figure 21 and figure 22, where

the vorticity is shown for t/T=0.28 and t/T=0.73. At t/T=0.73 the
rotor wake (blue vortex) hits the hot film probe and yields high
anemometer output voltage. Figure 19 and figure 20 show also
the wake of stator 1 (S1), which can aso be seen in figure 21
right in front of the hot film probe (cross). The stator 1 wake
(S1) creates a local minimum in the computed velocity, see S1
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in figure 19, and alocal maximum in figure 20 for the phase av-
eraged anemometer output voltage U, and random unsteadiness
Urms. However, the computed viscosity in figure 20 shows only
one maximum, rather than two due to the rotor 1 and stator 1
wake.
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Figure 19. HOT FILM PROBE, inlet stator 2, computed velocity
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Figure 20. HOT FILM PROBE, inlet stator 2, computed viscosity
pragainst measured phase asgedanemometer output voltage
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Figure 23 shows the space time diagram of the wall shear
stress on the suction side of the stator blade two for the unsteady
computation with transition for three blade passing periods for a
distinct stator one position (position a) for the first clocking pair.
The wake passing of the rotor wake, indicated by the trajectories

Figure 21. COMPUTED VORTI
CATED WITH A CROSS.

Figure 22. RTICITY HO" F'Il M PROBE INDI-
CATED WITH A CROSS.

of the leading edge and the trailing edge of the rotor wake (R1),
yields a higher skin friction at the wall for the meridional coor-
dinate MMG at values of about 0.5 and the dimensionless time
of about 0.8 for the numerical results as well as the experiments.
Theinfluence of the wake gives also higher wall shear stress lev-
els at the trailing edge (MM G=0.95, t/T=1.5), whichisin agree-
ment with the experimental datain figure 24 given as quasi wall
shear stress. Moreover, the stator one wake (S1) leads to an-
other local maximum at MMG = 0.75 and a dimensionless time
of 0.5, which cannot be detected in the experiments. The global
minimum found in the experiments at MM G=0.85 and t/T=0.9
isaso predicted in the numerical results but slightly downstream
at MM G=0.95. The so-called equalizing effect mentionedin part
one of this paper due to the stator wake is visible in the numeri-
cal aswell asthe experimental results. It leadsto asmaller local
increase of wall shear stressin the wake induced path of the rotor
wake for the numerical results aswell asthe measurementsat the
trailing edge.

Figure 25 shows the space time diagram of the wall shear
stress on the suction side of the stator two for the computation
with transition for three blade passing periods for another dis-
tinct stator one position (position b) of the first clocking pair.
The numerical results given in figure 25 and the experimental re-
sultsin figure 26 show clearly the wake induced path (R1) which
leads to higher (quasi) wall shear stress level. The computations
do not show a second local minimum as observed for the stator
one position a in agreement with the experiments, which does
not show the so-called equalizing effect described in part one
of this paper. The global minimum found in the experiments at
MMG=0.85 and t/T=0.8 is predicted in the numerical results as
well, however at a dightly different position.
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CONCLUSIONS

A time-accurate Navier-Stokes solver is applied towards the
unsteady flow interaction in three stage low pressure turbine. A
modern one equation turbulence model coupled with avariant of
an AGS transition model is used to predict the transition on the
blade surface.
The steady and unsteady time averaged results show good agree-
ment with the experimentsfor the surface pressure distribution at
midspan.
The unsteady interaction of the wake of an upstream stator with
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TOR 2, experiments, position b for stator one.

the following rotor and the next stator is correctly predicted as a
comparison of the contour plot and available hot film probe data
shows.

Reasonabl e qualitative agreement between numerical results and
experimental data is found for the wall shear stress for two dis-
tinct stator one positions. Future investigations will show if a
better agreement can be achieved.

The present results show that the wake of the stator one has a
strong impact on the hot film probe measurements in front of
stator two as well as on the hot film data on the suction side of
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stator two and only a weak influence on the unsteady pressure
distribution.
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