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Results from a numerical simulation of the unsteady flow
through one quarter of the circumference of a transonic
high-pressure turbine stage, transition duct, and low-
pressure turbine first vane are presented and compared with
experimental data. Analysis of the unsteady pressure field re-
sulting from the simulation shows the effects of not only the
rotor/stator interaction of the high-pressure turbine stage
but also new details of the interaction between the blade and
the downstream transition duct and low-pressure turbine
vane. Blade trailing edge shocks propagate downstream,
strike, and reflect off of the transition duct hub and/or down-
stream vane leading to high unsteady pressure on these
downstream components. The reflection of these shocks from
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the downstream components back into the blade itself has
also been found to increase the level of unsteady pressure
fluctuations on the uncovered portion of the blade suction
surface. In addition, the blade tip vortex has been found to
have a moderately strong interaction with the downstream
vane even with the considerable axial spacing between the
two blade-rows. Fourier decomposition of the unsteady sur-
face pressure of the blade and downstream low-pressure tur-
bine vane shows the magnitude of the various frequencies
contributing to the unsteady loads. Detailed comparisons
between the computed unsteady surface pressure spectrum
and the experimental data are shown along with a discussion
of the various interaction mechanisms between the blade,
transition duct, and downstream vane. These comparisons
show overall good agreement between the simulation and ex-
perimental data and identify areas where further improve-
ments in modeling are needed.

Keywords Turbomachinery, Aeroelasticity, Forced response, High-
cycle fatigue, Unsteady flow

INTRODUCTION
Significant experimental and numerical research has been

performed over the last several years on highlighting and
understanding the unsteady aerodynamics of multi-stage
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turbomachinery (e.g., Reinmoller et al., 2001; Arnone et al.,
2001; Gombert and Hohn, 2001; Hohn, 2001; Dorney et al.,
2001; Clark et al., 2000; Busby et al., 1998; Rao et al., 1994;
Chen et al., 1994; Sharma et al., 1992; Takahashi and Ni, 1991;
Giles, 1990; Jorgenson and Chima, 1990; Rai, 1987; Dring et al.,
1992). Much of this work has focused on quantifying the un-
steady flow field resulting from the interaction between rotors
and stators in terms of aerodynamic performance and airfoil
surface unsteady pressure. Losses in aerodynamic performance
due to unsteady flows can be significant and the amplitude and
frequency of the unsteady airfoil surface pressure can result
in excessive stress levels that result in premature fatigue. The
drive to remove weight and cost from the engine has pushed
designs toward single-stage, transonic high-pressure turbines.
The rotor/stator interaction of transonic turbine stages has been
of particular interest recently because of the additional time-
average losses and unsteady interactions caused by the trail-
ing edge shock systems that exist at supersonic exit conditions
(e.g., Clark et al., 2000; Busby et al., 1998). Another factor re-
cently brought to light in transonic high-pressure turbine stages
is the interaction of the trailing edge shock system with transi-
tion ducts and the vanes of the downstream low pressure turbine.
These downstream components can produce significant reflec-
tions of the high-pressure turbine shocks back upstream into
the high-pressure turbine itself causing large unsteady pressure
amplitudes and possible stress problems. Also, recent numer-
ical investigations (Clark et al., 2000; Yao et al., 2002) have
also shown the importance of modeling actual blade counts in
unsteady-flow turbine multi-stage simulations for accurate pre-
diction of both entropy migration and the unsteady frequency
spectrum resulting from rotor/stator interaction.

In an effort to drive toward large-scale, multi-component,
multi-physics simulation capability, the Department of Energy
(DoE) launched the Accelerated Strategic Computing Initiative
(ASCI) Program. The goal of this program is to promote the
application and development of massively parallel computer
systems for the solution of large-scale engineering and science
problems. The current investigation, which is a part of the DoE
ASCI program, is focused on developing and demonstrating
large-scale simulation capability for flows in gas-turbine en-
gines (see Reynolds et al., 2001). Specifically, the current effort
has been focused on demonstrating the capability to compute un-
steady flows in multi-stages of a turbine and illustrating the flow
physics associated with high-/low-pressure turbine interaction.

This article presents the results from a numerical simula-
tion of unsteady flow through a single-stage, high-pressure tur-
bine, transition duct, and downstream low-pressure turbine vane.
These results are compared with experimental time-averaged
and unsteady surface pressure data. In order to obtain accurate
predictions of the loss migration and unsteady surface pressure,
one quarter of the circumference of the machine is simulated.
Details of the shock/blade/transition duct interaction are dis-
cussed along with an analysis of the unsteady pressure spec-
trum. The predicted time-average and unsteady surface pressure

distributions are compared with experimental data. These re-
sults highlight the flow physics and shock reflections from the
downstream transition duct and low-pressure turbine first vane
that lead to the unsteady surface pressure on the high-pressure
turbine blade. Finally, the computed time-average relative total
pressure loss for each blade-row is compared with that from a
steady, multi-stage analysis to quantify the unsteady effects on
aerodynamic performance.

CONFIGURATION
Figure 1 shows the high-pressure turbine stage, transition

duct, and low-pressure turbine first vane that was tested exper-
imentally at the Ohio State University Gas Turbine Laboratory
(Dunn et al., 1989; Clark et al., 2000) and used in the present
numerical investigation. This geometry is representative of a
modern high-pressure turbine design consisting of 36 and 56
high-pressure turbine vanes and blades, respectively, and 36 low-
pressure turbine first vanes. The simulation used 1/4 of these
counts in order to reduce the simulation size but yet maintain
the fundamental periodicity of the configuration. This led to a
9-vane1, 14-blade, 9-vane2 model for the simulation. This model
not only allowed for geometrical similitude between simulation
and experiment but also allowed comparisons to be made be-
tween the predictions performed here with those by Clark et al.
(2000).

The initial investigation by Clark et al. (2000) showed the
effect of blade-count and airfoil scaling on the unsteady pres-
sure field for this configuration. Their study showed that if air-
foil scaling was used on the blade (holding midspan axial gap)
to reduce the simulation to a 2-vane1, 3-blade, 2-vane2 model

FIGURE 1
High-pressure turbine stage, transition duct, 1st vane

low-pressure turbine configuration.
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(1/18th of the wheel), errors in the unsteady surface pressure am-
plitudes could arise. It was pointed out that these errors could
lead to under- or over-prediction of resonant stresses on excited
blades. Similar adverse effects of airfoil scaling were found
in the investigation of Yao et al. (2002) for a subsonic 1 1/2
stage turbine. In addition to showing the importance of model-
ing the actual blade-count, the simulation results of Clark et al.
(2000) showed some lack in agreement between their 9-vane1,
14-blade, 9-vane2 (1/4th of the wheel) predicted time-average
and unsteady pressures and the experimental data near the hub
and the tip of the blade. Unfortunately, no comparisons between
their predictions and the experimental data were shown for the
downstream second vane. The current investigation was per-
formed as a validation of the TFLO (Yao et al., 2001) procedure,
an independent verification of the results of Clark et al. (2000),
as well as a grid-refinement study to see if grid-density was
a major factor in prediction accuracy. As described below, the
computational grid density used in the current investigation was
approximately three times greater than that used by Clark et al.
(2000). Finally, the focus of the current investigation has been
on the interaction between the blade, transition duct, and down-
stream low-pressure turbine vane, which has not been previously
described.

The flow conditions used for this investigation correspond
to a design point corrected flow parameter of 7.69 × 10−4 (kg
K1/2/(Pa s). A uniform total pressure, total temperature, and ax-
ial velocity (zero swirl) profile were held as the inlet boundary
condition in the simulation. The exit static pressure profile mea-
sured in the rig was held as the exit boundary condition. The
inlet and exit boundary conditions were set at the design-intent
conditions established from a through-flow analysis. The inlet
total to exit static pressure ratio was 5.19 for the simulation (de-
sign intent) and 5.17 for the experiment. The corrected speed
parameter (rpm/K1/2) was 421 for the simulation and 419 for
the experiment. No blade/hub leakage flows were included in
the simulation. Further details of the flow conditions and rig
geometry are provided by Clark et al. (2000).

Unsteady surface pressure measurements were taken at 10%,
50%, and 90% span (as measured from the hub) on all 3 blade-
rows of the rig. Details of the experimental measurement system
and accuracy are reported in Clark et al. (2000) and Dunn et al.
(1989).

Since a goal of the present study is to assess the predictive
capability for magnitudes of unsteady forcing in a transonic-
turbine environment, every effort was made to ensure that the
comparisons in the frequency domain between experimental and
predicted results were consistent. For example, the numerical
simulation was “sampled” over a time-interval for which the
flow-field was periodic. This was the time over which a single
blade traversed 90◦, passing 1/4 of the 36 vanes that composed
the vane rings. This guaranteed that the passing frequencies of
interest were evenly divisible by the spectral resolution of the
sampled signal. The experimental data was in turn sampled for
an interval corresponding to an integer number of rotor revolu-

tions. Consequently, the passing frequencies in the experiment
were also integer multiples of the experimental spectral resolu-
tion. In this way, picket fencing effects were avoided in both the
predicted and experimental spectrum estimates. Also, although
the experimental time-histories were nominally periodic on a
once per revolution basis, random unsteadiness in the flow-field
as well as electromagnetic pickup combined to ensure that the
experimental signals were never truly periodic on any time inter-
val. Therefore, the nominally periodic experimental signals were
multiplied by a Hanning window-function to force periodicity
in the data over the sample interval and thereby to avoid spec-
tral leakage in the frequency-domain results (see Ifeachor and
Jervis, 1996). However, the window function acted to broaden
the peaks of interest in the spectrum estimates and reduce the
amplitudes of the airfoil passing events by a factor of approx-
imately 2.0. Therefore, the same window function was applied
to the time histories predicted in the simulations even though
they were truly periodic. In the results that follow, the authors
concentrate on the Fourier-component magnitudes at the funda-
mental airfoil passing-frequency and its first harmonic. This is
in keeping with the results of Clark et al. (2000) that showed that
over 90% of the predicted signal power was contained in those
frequencies for this turbine geometry under these flow-field con-
ditions. The fundamental airfoil-passing frequencies and its first
harmonic are both well below the experimental and computa-
tional Nyquist frequencies, and low-pass filters were employed
in the experiment to avoid aliasing (Dunn et al., 1989).

NUMERICAL SIMULATION
The three-dimensional, multi-block, parallel flow solver,

TFLO (Yao et al., 2001) has been developed under the DoE ASCI
program in an effort to step up to large-scale parallel steady-
and unsteady-flow multi-stage turbomachinery simulations. The
unsteady Reynolds-averaged Navier-Stokes (RANS) equations
are solved in the TFLO procedure using a cell-centered dis-
cretization on arbitrary multi-block meshes. The solution algo-
rithm is based on an efficient implicit, dual time-step procedure
(Jameson, 1991) in which an explicit Runge–Kutta integration
scheme coupled with multi-grid, implicit residual smoothing,
and local time-stepping convergence acceleration techniques are
used in an inner iteration for each time-step. Wilcox’s (1998) k-ω
two-equation turbulence model is used to predict the turbulence
viscosity in the field. The solver is parallelized using domain de-
composition, a Single Program Multiple Data (SPMD) strategy,
and the Message Passing Interface (MPI) standard.

The mesh sizes used in this calculation, in the axial × circum-
ferential × radial directions, can be summarized as follows: 1st
vane: 209 × 57 × 73, rotor: 217 × 57 × 73 for the main passage,
and 73 × 17 × 17 for the tip gap; 2nd vane: 281 × 57 × 73.
This resulted in approximately 31.3 million points. A total of
97, 73, and 97 points were used in the axial direction along the
airfoil chord between the leading and trailing edges for the first
vane, blade, and second vane, respectively. This grid density is
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approximately 3 times (63% more streamwise, 16% more pitch-
wise, and 28% more spanwise) that used by Clark et al. (2000)
and was chosen to determine the effect of grid resolution on the
agreement between the unsteady surface pressure and the ex-
perimental data. Since a focus of the current investigation has
been on the interaction between the blade and the downstream
components, most of the additional grid density has been added
in this region of the configuration.

The blade tip gap flow was solved as part of the overall simu-
lation. The tip gap was uniform and equal to 1.15% of the blade
span. Based upon numerical experience, the grid resolution of
73 × 17 × 17 points has been found to adequately resolve the
flow in this region. The computational grid is clustered near the
blade tip and near the casing to resolve the high flow gradients
and viscous flow in this region.

In order to accurately resolve the wave-forms corresponding
to the stator-rotor-stator interaction, a total of 100 time steps
were used to rotate one blade past one first vane passage. This
resulted in the use of 1400 time steps for one global period cor-
responding to 1/4 of the turbomachine circumference. For each
time step, 30 multi-grid cycles were performed to ensure the
convergence of the inner iteration. The use of 30 inner itera-
tions for each time-step is not a general requirement but was
chosen in the current investigation to ensure second-order tem-
poral accuracy.

The 9–14–9 blade-count simulation was executed on 192 pro-
cessors of the DoE Frost IBM SP3 at Lawrence Livermore Lab-
oratory. The total memory required was approximately 16 giga-
bytes distributed over the 192 processors. Each time step (with 30
inner iterations) required approximately 16.5 minutes of clock
time including the computational and restart file input/output
time. The parallel computational efficiency of the TFLO code
for up to 1024 processors is documented in Yao et al. (2001)
demonstrating its linear scalibility. Two global cycles (or 18
vane passings by the blade or 28 blade passings by a vane) were
executed to achieve a solution in which the airfoil unsteady sur-
face pressures were time-periodic. Thus, the turn-around time
for this simulation with the 192 IBM SP3 processors would be
approximately one month.

TIME-AVERAGED PRESSURE AND PRESSURE
ENVELOPES

The computed time-averaged and minimum/maximum pres-
sure envelopes for the blade have been compared with experi-
mental data reported by Clark et al. (2000). In addition, similar
new comparisons are shown below for the downstream low-
pressure turbine vane.

Figure 2 shows a comparison of the time-averaged surface
pressures and the minimum/maximum pressure envelopes at
10%, 50%, and 90% span postions from the unsteady simulation
with the experimental data reported by Clark et al. (2000). This
figure shows that the computed suction side pressure levels and
envelopes, in general, compare very well with the experimen-

FIGURE 2
High-pressure turbine blade pressure distributions.

tal data at the 10% span and mid-span positions. The computed
pressure levels are under-predicted on the suction side at the 90%
spanwise position on the front half of the blade section, however.
The computed pressure side envelopes are in good agreement
with the experimental data but the computed pressure levels are
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high on the front half of the blade at all three spanwise positions.
The predicted results shown by Clark et al. (2000) are very sim-
ilar to those shown in Figure 2 leading to the possibility that
either the blade shapes and/or the inlet profiles used in the simu-
lations are slightly different than the experiment. As previously
reported, the data at the 30% axial chord position on the suction
side at the 90% spanwise position is suspect.

A similar comparison between the computed and the ex-
perimental time-averaged and minimum/maximum pressure en-
velopes for the low-pressure turbine vane is shown in Figure 3
(note that the pressure scale of this figure is different than that
shown in Figure 2 to show more detail). The computed pressure
levels and envelopes shown here are in better agreement with
the experimental data than those previously predicted (but not
shown) by Clark et al. (2001) indicating that either the increased
computational grid density or different turbulence model has had
a favorable effect. The absolute differences between the com-
puted pressures and the experimental data for the low-pressure
turbine vane are approximately the same as the differences ob-
served for the blade (but appear larger due to the different pres-
sure scales).

At 10% span, the pressure side pressure levels compare very
well with the experimental data but the pressure envelope is
predicted to be too large. This difference may be due to the
lack of including blade leakage flows at the blade hub that
exist in the experiment. The leakage flow, as a percentage of
the mainstream flow in the experimental rig, leaving the main-
stream and going into cavities just up- and downstream of the
blade were estimated to be approximately 1% and 0.5%, re-
spectively. These leakage flows, although small in magnitude,
could be responsible for reducing the boundary-layer thick-
ness and flow unsteadiness downstream of the blade along the
hub in the experiment. Also, as mentioned above, comparison
of the present unsteady pressure results with those of Clark
et al.’s (2000) for the low-pressure turbine vane show that agree-
ment with the experimental data has definitely improved as a
result of the increased computational grid density. However,
since Wilcox’s (1998) k-ω turbulence model was used in the
present investigation compared to the Baldwin–Lomax (1978)
algebraic model used by Clark et al. (2000), there is the possi-
bility that the turbulence model could be responsible for some
improvement.

On the suction side at the 10% span location, the pressure
level and pressure envelope are overall in very good agreement
with the experimental data. Only the pressure level at the 10%
axial chord location is over-predicted. At mid-span, the com-
puted pressure levels and envelope are in very good agreement
with the experiment on both sides of the airfoil and at all ax-
ial locations. At 90% span, the pressure side pressure levels
are in good agreement with the experiment but the envelope is
predicted to be too great compared with the data. The pressure
level of the experimental data at the 20% axial chord location
seems obviously too low and is suspect. On the suction side at
the 90% span location, the computed pressure levels are in good

FIGURE 3
Low-pressure turbine vane pressure distributions. (Note

different pressure scale compared to blade.)

agreement with the data but the computed pressure envelope
is again too large compared with the data for most of the sur-
face. The unsteady pressure envelope at this spanwise position
is significantly influenced by the blade tip-clearance flow. The
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over-prediction in the unsteady pressure levels at the 90% span
location indicates that the computed blade tip-vortex flow does
not mix enough as it convects along the endwall through the
transition duct.

Comparison of Figures 2 and 3 shows that the largest un-
steady pressure envelopes are on the blade suction surface near
the leading edge due to the interaction with the first vane. The
magnitude of the unsteady pressure in this region of the blade is
approximately twice as large as that anywhere else on the blade
or on the downstream low-pressure turbine vane. The interaction
between the blade and the downstream vane is weaker than that
between the first vane and the blade primarily due to the much
larger axial spacing between the blade and downstream vane as
well as the radius change between the high- and low-pressure
turbine.

Unsteady Flow Characteristics
The unsteady pressure signals on the blade surfaces are post-

processed using Fast Fourier Transforms (FFT) to obtain infor-
mation in the frequency domain. Clark et al. (2000) showed that
the fundamental and first harmonic of the pressure make up over
90% of the pressure envelope over most of the surface. Figure 4
shows contour plots of the normalized amplitude of the unsteady
pressure at the fundamental (vane-pass) frequency (36E) and the
first harmonic (72E). The pressure amplitudes are plotted as a
percent of the upstream total pressure. Each blade is unwrapped
along the trailing edge line for plotting purposes. The locations
of the Kulites used to measure the unsteady pressure are also
shown in these figures.

Figure 4 shows that the peak pressure amplitude of the funda-
mental (36E) and first harmonic (72E) frequencies are located
on the pressure side of the blade near 10% span and on the
suction side just downstream of the leading edge. These high
unsteady pressures are due to the interaction between the blade
and upstream vane. Moderately high pressure amplitudes also
exist at both frequencies on the suction side of the blade between
80% axial chord and the trailing edge and between the hub and
70% span. This region of high unsteady pressure results from
the interaction between the blade and the downstream transition
duct and vane. This interaction will be discussed further below.

A comparison between the computed and experimental un-
steady surface spectrum at points on the blade surface where
the amplitude of the unsteady pressure is greatest is shown in
Figure 5. The two points selected on the pressure side are at
10% span around mid-axial chord where the unsteady pressure
is greatest due to the interaction with the upstream vane. The
computed pressure spectrum are in good agreement with the ex-
perimental data. On the pressure side of the blade, the maximum
differences between the computed and experimental amplitudes
of the fundamental and first harmonic are around 0.1% of the in-
let total pressure. This represents a 10–15% difference between
the computed and the experimental amplitudes. The amplitude
of the fundamental mode is slightly under-predicted whereas the
amplitude of the first harmonic is slightly over-predicted.

FIGURE 4
High-pressure turbine blade computed fundamental and 1st

harmonics of pressure (experimental data acquisition locations
shown as black squares).

The two points selected on the suction surface of the blade
for comparison are again located at 10% span and at 30 and 75%
axial chord. The point at 30% axial chord has high unsteady pres-
sure due to the interaction with the upstream vane. The point at
75% axial chord is located downstream of the blade throat in
the region of interaction with the adjacent blade’s pressure-side
trailing edge shock and the reflected waves from the downstream
vane. Figure 5 shows that the agreement between the computed
and experimental pressure spectrum at the 30% axial chord po-
sition is fairly good with the maximum difference being around
0.25% of the inlet total pressure. This represents a difference of
20% between the computed and experimental amplitude. Once
again, the amplitude of the fundamental mode is under-predicted
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FIGURE 5
Computed and experimental spectrum on blade surface.

whereas the amplitude of the first harmonic is over-predicted.
Larger differences exist between the computed and experimen-
tal amplitudes at the 75% axial chord position, however. Here,
the simulation over-predicts the fundamental mode amplitude
by 0.2% of the inlet total pressure which corresponds to a 50%
greater amplitude. The difference in the amplitude of the first
harmonic is much larger (0.6% of the inlet total pressure) with
the simulation significantly over-predicting the amplitude.

Comparison between the current predicted blade unsteady
surface pressure spectrums and those of Clark et al. (2000) at
the experimental data locations show that the two independent
predictions are in good agreement. As pointed out above in the
discussion of the time-averaged pressure and pressure envelopes
for the blade, the mismatches between both predictions and the
experimental unsteady blade surface data at some locations on
the blade are likely due to different blade shapes and/or the
inlet profiles than the experiment. However, as pointed out by
Clark et al. (2000) both predictions would generally lead to
conservative blade designs as a result of their over-prediction of
the pressure amplitudes.

The pressure amplitude at the fundamental (56E) and first
harmonic (112E) frequencies on the surface of the downstream
low-pressure turbine vane is shown in Figure 6. Again, the sur-
face of the airfoil is unwrapped around the trailing edge and
the locations of the Kulites used to measure the unsteady sur-
face pressure are shown similar to the blade. Figure 6 shows the
peak unsteady pressure amplitude to be located on the pressure
side between the leading edge and mid-axial chord between the
hub and mid-span. This region of high unsteady pressure arises
from the interaction of the blade trailing edge shock system with
the low-pressure turbine vane. Another region of high unsteady
pressure is located near the tip leading edge on the suction side of
the airfoil. This high unsteady pressure is due to the interaction
of the vane with the blade wake/tip-vortex.

A comparison between the computed and experimental pres-
sure spectrum at points on the vane surface are shown for the
first time in Figure 7. The points chosen for comparison were
located in the regions of peak unsteady pressure located on the
pressure surface at 10% span between 20 and 40% axial chord
and on the suction surface at 90% span near the leading edge. The
agreement between the computed and experimental amplitude of
the fundamental mode of unsteady pressure is fair with a differ-
ence varying between 0.25 and 0.8% of the upstream total pres-
sure. This corresponds to an over-prediction in the amplitude of
the fundamental mode ranging from 45 to 160%, however, with
the largest difference at the 90% span, 20% axial chord position.
At this position, the computation predicts a stronger interaction
with the blade wake/tip-vortex. The computed amplitude of the
first harmonic is in good agreement with the experiment, how-
ever. On the pressure surface of the low-pressure turbine vane at
the 10% span position, the simulation consistently over-predicts
the amplitudes and interaction due to the blade trailing edge
shock system. This over-prediction is consistent with the over-
predicted amplitudes on the blade suction surface downstream
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FIGURE 6
Low-pressure turbine vane computed fundamental and 1st

harmonics of pressure (experimental data acquisition locations
shown as black squares).

of the throat at 10% span which are affected by the reflection
of the blade trailing edge shocks from the low-pressure turbine
vane. Although the amplitude of the unsteady pressure is over-
predicted in the regions of high interaction at the 10 and 90%
span positions (near the endwalls) on the second vane, Figure 3
shows that the unsteady pressure amplitude at mid-span agrees
very well with the experiment.

Comparison between the current low-pressure turbine vane
unsteady surface pressure spectrums and those of Clark et al.
(2001) at the experimental data locations show that agreement
with the unsteady experimental data has generally improved
in the current investigation as a result of the increased com-
putational grid density and use of Wilcox’s (1998) turbulence

FIGURE 7
Computed and experimental spectrum on second vane surface.
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FIGURE 8
Computed instantaneous entropy contours at 10, 50, and 90% span.

model. However, as pointed out above in the discussion of the
time-averaged pressure and pressure envelopes, further improve-
ment in the agreement may be possible through the inclusion of
blade hub leakages. Also, recent investigations (Knight et al.,
2002; Liou et al., 2000; Dolling, 2001; Sinha et al., 2004)
have shown that two-equation turbulence models, like that
used in the current investigation, often fail to accurately pre-
dict the pressure field and boundary-layer characteristics for
shock/boundary-layer interactions, especially when the flow is
unsteady. So further improvement in the predicted unsteady
surface pressure spectrum for this transonic turbine may also
be possible with appropriate modifications to the turbulence

FIGURE 9
Computed instantaneous pressure contours at 10, 50, and 90% span.

model for the unsteady, shock/boundary-layer flow. Further re-
search and numerical simulations are necessary to resolve these
issues.

Figures 8 and 9 illustrate the various phenomena that lead to
the unsteady interactions between the three components, espe-
cially those between the blade, transition duct, and low-pressure
turbine vane. These figures show the instantaneous entropy and
pressure contours at the 10% span, mid-span, and 90% span
planes. Figure 9 shows the pressure jump associated with the
blade trailing edge shock system. As the blade rotates, the blade
trailing edge shock extends to the downstream vane where it
strikes and sweeps forward along the vane pressure side. As
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shown in Figure 4, the blade tip radius is approximately 31.6 cm.
The shock sheet generated from the blade trailing edge shock
system propagates downstream at a constant radius so that only
radial positions below 31.6 cm are directly struck by this shock.
The peak unsteady pressure on the vane pressure side is lo-
cated near the leading edge and around 31.6 cm for this rea-
son. Some moderate levels of unsteady pressure are also located
on the vane near and above mid-span. The source of this un-
steady pressure is the blade trailing edge shock reflections off
of the transition duct into the vane. Another area of high un-
steady pressure is at the vane tip leading edge near the 90%
span location. The unsteady pressures at this location are at-
tributed to the blade tip vortex that migrates inboard some-
what as it convects through the transition duct as previously
described.

As shown in Figure 8, the wakes at mid-span from the up-
stream first vane mix with the blade wakes into bands of high
entropy that are clocked to the leading edge of the downstream
low-pressure turbine vane. Several investigations (Dorney et al.,
2001; Cizmas and Dorney, 1998; Dorney and Sondak, 2000)
into blade wake clocking in multi-stage turbomachinery sug-
gest that the current vane wake clocking could provide optimal
performance. The blade wakes strike the downstream vane at
the leading edge and, along with the first vane wakes, tend to
migrate to the suction side of the low-pressure turbine vane. At
the 10 and 90% span locations, the secondary and tip vortex
flows mix with the first vane wakes more thoroughly such that
the entropy going into the second vane is more uniform. The
blade tip vortex strikes the low-pressure turbine vane leading
edge and migrates to the pressure side of the vane. There are
typically two blade/tip vortex wakes in the low-pressure turbine
vane passage at any instant in time.

Inspection of Figure 9 reveals that the shock wave eman-
ating from the trailing edge of the blade impacts the pressure
side of the low-pressure turbine vane and sweeps forward on
that surface as the rotor revolves around the turbine axis. This
physical process is evident in the experimental data and is cap-
tured very well by the simulation, even though there are some
misses in the predicted magnitudes of the unsteady shock inter-
action on the downstream vane pressure and suction sides near
the endwalls. Figure 10 is a plot of results from 2-point space-
time correlations (Ifeachor and Jervis, 1996) of the time-resolved
pressure field evaluated on the surface of the low-pressure tur-
bine vane pressure side at 10% span. The figure is presented as
a set of shock trajectories along the second vane pressure side
with the sensor at 40% axial chord acting as the reference, and
both experimental and predicted shock trajectories are shown.
To obtain a single point on each of the trajectories, the cross-
covariance coefficient between the signal of the reference sensor
and another sensor (e.g., that at 20% axial chord) is calculated
for both positive and negative time lags on a range from zero to
an absolute value greater than the period of blade passing. The
time-lag at which the maximum cross-covariance coefficient oc-
curs is taken to be the propagation time of the shock as it travels

FIGURE 10
Computed and experimental shock trajectory on second vane

pressure surface.

between the reference sensor and the local sensor. That time is
then normalized by the period of blade passing and plotted on
the ordinate of Figure 10, while the percent axial chord is plotted
on the abscissa.

The trajectory of the blade trailing-edge shock along the sec-
ond vane pressure side is very well predicted, and this gives
credence to the physical description of the flow-field embodied
in Figure 9. This level of agreement also implies that the blade
shock angle is well captured by the simulation. Also, the mea-
sured time-mean loading on the blade suction side near the trail-
ing edge, as shown in Figure 2, is well predicted by the sim-
ulation, and that is indicative of the trailing edge free-stream
Mach number and blade shock strength. Again, Figure 3 shows
that the over-prediction of the pressure envelopes/amplitudes
occurs primarily at the 10 and 90% span locations near the
endwalls whereas the mid-span unsteadiness is predicted quite
well. Therefore, the blade shock angle and strength are well
predicted and the physics of the blade/second vane shock in-
teraction is well captured by the simulation, but the magnitude
of that interaction near the endwalls tends to be over-predicted.
A similar over-prediction in the second vane unsteady pressure
amplitudes was also observed in the simulations of Clark et al.
(2000). A likely reason for the discrepancy in both simulations
is the inability of the turbulence models to “react” properly to
the inclined shock (i.e., unsteady shock/boundary layer interac-
tion) as it penetrates the low-pressure turbine vane pressure-side
boundary layer/secondary flow and the clocked first vane/blade
wakes, and/or in the mixing of the endwall flows. Another point
to note is that the gradients in the unsteady pressure are also
quite large around the islands of peak unsteady pressure ampli-
tude. As a result, a small error in the predicted size and location
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TABLE 1
Comparison of Computed Relative Total Pressure

Loss Coefficients

Predicted Predicted
time-averaged steady

Blade-row relative loss relative loss

HPT vane 0.043 0.029
HPT blade 0.104 0.094
LPT vane 0.040 0.038

of the peak regions can translate into a large difference between
the computed and experimental unsteady pressure amplitude.

AERODYNAMIC LOSSES
A comparison between the time-averaged, relative total pres-

sure loss and the relative total pressure loss computed from
the steady-flow analysis using the TFLO procedure with inter-
blade mixing planes is given in Table 1. The differences between
the two computed loss levels are an indication of the effect of
the unsteady flow on the aerodynamic losses for each blade-
row. The relative total pressure loss coefficient in Table 1 is
given as the change in relative total pressure across a given
blade-row non dimensionalized by the inlet total pressure to
that blade-row, �(PT)/PTin. The total pressure was not mea-
sured in the experiment except at the inlet to the high-pressure
turbine vane and at the exit of the low-pressure turbine vane
due to space and flow constraints in the rig. Therefore, the rela-
tive total pressure loss for each blade-row could not be obtained
experimentally.

Table 1 shows that the predicted losses from the time-average
of the unsteady simulation are all larger than those from the
steady, multi-stage simulation. The time-averaged loss for
the first vane is significantly larger due to the interaction with the
blade and the reflected shocks/waves described above. The time-
averaged loss for the blade as well as the downstream low-
pressure turbine vane are only slightly greater than the steady,
multi-stage values, however. This implies that although the in-
teraction between the blade and the low-pressure turbine vane
increases the unsteady pressure levels in both blade-rows, it does
not seem to result in significant aerodynamic loss penalties. This
is probably due to the large axial spacing between these two
blade-rows.

CONCLUSIONS
The use of large-scale, massively parallel computer systems

is making it possible to simulate true blade counts over increas-
ing numbers of blade-rows in a turbomachine. New Reynolds-
Averaged Navier-Stokes solution procedures, such as TFLO, are
continuing to be developed to take advantage of these computer
systems, and to be validated and demonstrated for large-scale
turbomachinery applications. Further research and development
of these massively parallel computer systems and simulation

tools should be performed to make computations, such as the
current one, routine and affordable.

In the current investigation, interrogation of the computation
along with the experiment has uncovered new multi-component
interaction flow mechanisms that are unique to transonic, high-
pressure turbine stages. These interactions between the high-
and low-pressure turbine and transition duct affect the unsteady
pressure field as well as the aerodynamic performance. These
interactions include shock and pressure waves that propagate
from the blade to the downstream components and reflect back
upstream to the blade itself.

The current investigation has also shown that the computed
time-averaged pressure distributions and unsteady pressure en-
velopes generally agree well with experimental data. In addi-
tion, the predicted interaction between the high-pressure vane
and blade agrees well with the data. Similar agreement exists
for the blade/low-pressure turbine vane interaction around mid-
span. However, the unsteady pressure envelopes and unsteady
pressure amplitudes on the low-pressure turbine vane are gener-
ally over-predicted near the endwalls suggesting room for fur-
ther improvement in endwall turbulence and leakage modeling.
Finally, comparison between the losses computed from the time-
averaged, unsteady and steady simulations show that the largest
loss in relative total pressure resulting from the unsteady inter-
action occurs in the high-pressure turbine vane due to the close
axial spacing from the blade.

NOMENCLATURE
Bx axial chord of airfoil section (cm)
Corrected Flow Parameter ṁ

√
T tin/Ptin

Corrected Speed Parameter RPM/
√

T tin
P pressure (Pa)
Pt stagnation pressure (Pa)
T temperature (K)
Tt stagnation temperature (K)
R radius (cm)
RPM blade rotational velocity (rotations

per minute)
X axial distance (cm)

Subscripts
inlet inlet mass-average of blade-row
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