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This article deals with the development and validation of a three-dimensional, multipassage, Navier-Stokes
code for predicting the unsteady effects due to rotor-stator interaction in turbomachines. Prior work in two
dimensions has demonstrated the necessity of including multiple rotor and stator passages in order to closely
approximate the stator-to-rotor airfoil count ratio, and thus accurately predict the unsteady flowfield resulting
from rotor-stator interaction. In this article, this multipassage capability is extended to three dimensions.
Numerical results obtained from a multipassage (three stator and four rotor passages) calculation of an axial
turbine stage are presented. The stator-to-rotor airfoil count ratio (3:4) used in the present calculations is a
close approximation to that in the actual turbine configuration (22:28). The numerical results are compared
with experimental data wherever possible and to earlier single-passage calculations. The present multipassage
approach results in a more accurate computation of the unsteady flowfield than that possible from a single-
passage approach.

Introduction

T ECHNIQUES for the solution of the unsteady Navier-
Stokes equations in the complex passages of turbine or

compressor stages have been developed in recent years.1"13

These techniques consider the turbomachine stage as a com-
plete system (rather than considering individual airfoil rows),
and can predict the unsteady effects due to interaction be-
tween successive airfoil rows. The development of such un-
steady analysis techniques represents a major milestone in the
quest for a general predictive capability for flows in turbo-
machine stages.

This article deals with the techniques developed in Refs.
2-5 for predicting the unsteady effects due to rotor-stator
interaction. In Ref. 2, a multiple-zone patched-grid approach
was used to simulate the flow past the rotor-stator configu-
ration of an axial turbine. The unsteady, two-dimensional,
thin-layer, Navier-Stokes equations were solved in a time-
accurate manner to obtain the unsteady flowfield associated
with this configuration. The governing equations were solved
on a system of patched and overlaid grids with information
transfer from one grid to another taking place at the zonal
boundaries. The airfoil geometry and flow conditions used
were the same as those in Refs. 14-18. A good comparison
between the computations and experiment was obtained in
the case of time-averaged pressures on the rotor and stator
airfoils. Computed surface pressure amplitudes (correspond-
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ing to the pressure variation in time) also compared reason-
ably well with experiment, thus indicating the validity of the
computed unsteady component of the flow.

In Refs. 3 and 4 the approximation of two-dimensionality
was removed and the complete three-dimensional airfoil geo-
metries were used. In addition, the hub, outer casing, and
rotor tip clearance were all included in the calculation. As in
Ref. 2, time-averaged airfoil surface pressures were found to
compare well with experiment, but numerically obtained pres-
sure amplitudes were only in reasonable agreement with ex-
perimental data.

One approximation that was made in obtaining the results
of Refs. 2-4 was a rescaling of the geometry of either the
rotor or the stator. The experimental turbine configuration
of Refs. 14-18 had 22 stator airfoils and 28 rotor airfoils.
Therefore, an accurate calculation would require a minimum
of 25 airfoils (11 in the stator row and 14 in the rotor row).
In order to avoid the computational expense involved in such
a simulation, either the rotor or the stator airfoils were re-
scaled and it was then assumed that the number of airfoils in
both the stator and rotor rows were the same. This assumption
made it possible to perform a calculation with only one rotor
and one stator, thus reducing computation time by more than
an order of magnitude. The geometry rescaling is required in
order to keep blockage effects the same. For the two-dimen-
sional calculations in Ref. 5, this rescaling had little effect on
the time-averaged pressure distribution; its effect on the tem-
poral variations of the flow variables, however, was quite
significant. The unsteady results of Ref. 5, obtained using a
two-dimensional multipassage calculation that included three
stator and four rotor passages, showed considerable improve-
ment over the single-passage results.

This study presents results obtained using a time-accurate,
three-dimensional Navier-Stokes code capable of handling
multiple stator and rotor passages, and provides further val-
idation of the techniques developed in Refs. 2-5. The two-
dimensional calculations described above clearly demon-
strated the necessity of using a stator-to-rotor airfoil count
ratio that was exactly (or close to) the actual ratio in order
to predict accurately the unsteady flowfield resulting from
rotor-stator interaction. Numerical results obtained from a
multipassage (three stator and four rotor passages) calculation
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of an axial turbine stage are presented in this study. The
stator-to-rotor airfoil count ratio (3:4, i.e., 21:28) used in the
present calculations is a close approximation to that in the
actual turbine configuration (22:28). This results in a more
accurate prediction of the unsteady flowfield than that pos-
sible from a single-passage calculation (where the airfoil count
ratio is assumed to be unity). The numerical results are com-
pared with experimental data, wherever possible, and to ear-
lier single-passage calculations. In addition, the rotor tip clear-
ance region is modeled more accurately than in previous
investigations. The calculations have resulted in a compre-
hensive description of the flowfield in the single-stage axial
turbine of Refs. 14-18; some representative results depicting
this flowfield are presented here.

The following sections briefly describe the grids used in the
calculation, the numerical methodology, and the various
boundary conditions employed. Hub-to-tip variations of time-
averaged pressures and pressure amplitudes (corresponding
to temporal pressure fluctuations) predicted by the multipas-
sage calculations are presented and compared with earlier
single-passage predictions4 and with experimental results where
available. Plots of limiting streamlines showing the influence
of the endwall secondary flow vortices are also included and
compared with experimental data.

Turbine Geometry and Flowfield Discretization
The single-stage axial turbine geometry considered here is

the same as that used in the experimental investigations of
Refs. 14-18. As mentioned earlier, the actual turbine consists
of 22 stator airfoils and 28 rotor airfoils. For the multipassage
computations reported here, it is assumed that there are 21
stator airfoils instead of 22. (The number of rotor airfoils is
not changed.) This assumption allows a three-stator/four-
rotor airfoil combination to be simulated, with the remaining
airfoils being accounted for through periodicity conditions.
To properly account for blockage effects, the stator geometry
is scaled up by a factor 22/21, keeping the pitch-to-chord ratio
constant. This scaling factor is quite small when compared
with the scaling factor of 22/28 used in the single-passage
computations.4 This rescaling strategy in effect alters the as-
pect ratio of the stator airfoil. For the single-passage com-
putations, the stator airfoil aspect ratio is increased by 28/22,
whereas for the multipassage computations it is reduced by
21/22. Figure 1 is a perspective view of the rotor-stator con-
figuration considered here with the outer casing removed.

A multiple-zone grid is used to discretize the turbine flow-
field. The complete three-dimensional grid consists of a se-

Stator hub Rotor hub

Stator airfoil
(pressure surface)

Rotor airfoil
(suction surface)

Stator outer
zone Rotor outer

zone
Rotor inner zone

Fig. 1 Perspective view of the rotor-stator geometry considered in
the multipassage computations.

Fig. 2 Computational grid at the midspan location for the multipas-
sage computations.

quence of two-dimensional grids that are stacked together in
the radial direction (from hub to tip). The two-dimensional
grids at each radial location are similar (except in the tip
clearance area). Figure 2 shows the grid at the midspan lo-
cation. The regions surrounding the airfoils are discretized
using "O" grids (inner zones). These inner zones are overlaid
onto their respective outer zones that are discretized using
"H" grids. The stator inner and outer zones are both sta-
tionary, while the rotor zones rotate with the rotor. Note that
the outer zones of the rotor and stator airfoils also overlap
each other. Information transfer between the various zones
is effected through interface boundary conditions at the zone
boundaries.

All the zones in Fig. 2 lie on a cylinder of constant radius,
leading to two-dimensional zonal boundaries; this reduces
interface logic considerably. Note also that, for the purpose
of clarity, Fig. 2 does not show all the grid points used in the
calculation.

In the tip clearance region, additional grids are provided
interior to the rotor airfoils. These are essentially O grids,
with the innermost O grid lines collapsing into double-valued
curves. Again, several of these interior grids are stacked in
the radial direction to form the grid in the tip clearance area
of each rotor airfoil. Note that the stator airfoils, on the other
hand, do not require such interior grids since they extend all
the way from the hub to the outer casting.

The grid points are densely packed close to the airfoil sur-
faces in the inner zones to resolve the viscous effects. The
stacking of the two-dimensional grids in the radial (spanwise)
direction reflects the presence of the hub and tip boundary
layers; the two-dimensional grids are densely packed near the
hub and outer casing. At each radial location the inner grid
around each airfoil contained 2121 points (101 x 21), and
the outer grid around each airfoil contained approximately
1800 grid points (58 x 31) and (60 x 31). The interior rotor
grid contained 1111 grid points (101 x 11). In the radial
direction, 51 two-dimensional grids were stacked together,
with the last 10 corresponding to the rotor tip clearance. The
total number of grid points used was 1.43 million. This is in
contrast to the 0.41 million grid points used in the single-
passage computations.4

Numerical Methodology
The unsteady, thin-layer Navier-Stokes equations in three

spatial dimensions are solved using an upwind-biased finite-
difference algorithm. This algorithm is third-order accurate
in space and second-order accurate in time. It is set in an
iterative, factored, implicit framework in which several iter-
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ations are performed at each time-step so that the fully implicit
finite-difference equations are solved. In this scheme, factor-
ization and linearization errors can be driven to zero at each
step. Details regarding the method can be found in Refs.
2-5 and are omitted here for brevity.

Boundary conditions at the various natural boundaries of
the flow domain are implemented in an implicit manner within
the framework of the iterative scheme. Subsonic inflow and
outflow boundary conditions are imposed at the stator inlet
and rotor exit, respectively. At the stator inlet, four quantities
(a Riemann invariant, the entropy, and the radial and tan-
gential flow velocities) are prescribed while the fifth quantity
(also a Riemann invariant) is extrapolated from the interior
of the solution domain. At the rotor exit, only one quantity
needs to be specified; the other four quantities can be ex-
trapolated from the interior. Here, a constant pressure is
imposed at midspan at the rotor exit. The pressures at all
other radial locations at the rotor exit are obtained from the
radial equilibrium condition. Periodicity boundary conditions
are imposed on the upper and lower boundaries (Fig. 2), over
a composite three-stator (or four-rotor) pitch. No-slip, adi-
abatic wall, and zero normal pressure derivative conditions
are imposed on the airfoil surfaces and on the hub and outer
casing.

In addition to the above, the use of a zonal approach results
in several zonal boundaries where boundary conditions must
be prescribed. In the interest of brevity, the implementation
of these zonal boundary conditions is not discussed here. De-
tails may be found in Refs. 2 and 3 and the references cited
therein.

Results
The results obtained for the multipassage computations of

the rotor-stator configuration shown in Fig. 1 are presented
in this section and compared with earlier single-passage
computations4 and experimental results. The results were ob-
tained by integrating the governing equations and the bound-
ary conditions described earlier. Four iterations of the iter-
ative algorithm were performed at each step. Approximately
five rotor cycles (a rotor cycle corresponds to the motion of
the rotor through an angle equal to 27T/N, where N is the
number of rotor airfoils) were required to eliminate the initial
transients and establish a solution that was periodic in time.
The results of earlier single-passage computations were used
to provide a starting solution for the present computations.
All calculations were performed at a constant time-step value
of about 0.08 (this translates into 1000 time steps per cycle).
Each cycle required about 72 h single-processor CPU time on
the NASA Ames Cray YMP8/832.

A modified version of the Baldwin-Lomax turbulence
model19'20 was used to determine the eddy viscosity. The ki-
nematic viscosity was calculated using Sutherland's law. The
inlet Mach number used for the calculation was 0.07, the flow
coefficient was 0.78, and the Reynolds number was 100,0007
in.

Time- Averaged Pressures
Figures 3a-c and Figs. 4a-c show the predicted and ex-

perimental time-averaged pressure coefficient Cp as a function
of the nondimensional axial distance at various spanwise lo-
cations for the stator and rotor airfoils, respectively. The pres-
sure coefficient is defined as

cp =
where pavg is the static pressure averaged over one stator (or
rotor) cycle, pn and pt are the average total pressure and
density, respectively at midspan at the inlet, and a) is the
velocity of the rotor at midspan. The axial distance is non-
dimensionalized by the axial chord. In Fig. 3 (and in subse-
quent figures) the dashed lines represent the single-passage
results while the solid lines represent the multipassage results.
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Fig. 3 Spanwise variation of time-averaged pressure distributions on
the stator: a) 2% span, b) 50% span, and c) 98% span.

It must be noted that the experimental data presented in
these figures were obtained with an axial gap of 50% ,14 whereas
the numerical data were obtained with an axial gap of 15%.
However, the results14 indicate that for this turbine configu-
ration the axial gap has negligible effect on time-averaged
stator surface pressures, and at most a weak effect on time-
averaged rotor surface pressures. Hence, the following com-
parisons between computations and experiment are valid.

Figures 3a-d show experimental and numerical Cp distri-
butions on the stator at 2, 50, and 98% of the span, respec-
tively. In general, the comparison between the computations
and experiment is good. Additionally, the results from the
single- and multipassage calculations agree well with each
other. Both calculations predict a small separation bubble
(seen as a spatial fluctuation in pressure) at the trailing edge.

Figures 4a-c show the time-averaged Cp distributions on
the rotor airfoil at 2, 50, and 98% of the span, respectively.
The increasing effect of the tip-leakage vortex on the rotor
surface pressures in the region close to the rotor tip is evident
from the lower pressure values at about 70% chord (Fig. 4c)
on the suction side. Figures 4a-c show reasonable agreement
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Fig. 4 Spanwise variation of time-averaged pressure distributions on
the rotor: a) 2% span, b) 50% span, and c) 98% span.

between the numerical results and the experimental data. The
major difference between the single- and multipassage com-
putation is in Fig. 4c, where the multipassage results show
closer agreement with the experiment. This is because the tip
clearance region is properly accounted for in the present com-
putation; the single-passage computation used a much smaller
tip clearance (0.4% of span) than in the experiment (1% of
span).

Thus, in general, the time-averaged pressures obtained from
the single- and multipassage calculations are almost identical,
except in the vicinity of the rotor tip clearance region.

Pressure Amplitudes
The amplitude of the temporal pressure fluctuations is a

measure of the unsteadiness of the flow. The available ex-
perimental data,14 for an axial gap of 15% average chord,
includes pressure amplitudes on the rotor and stator airfoils
at the midspan location. Figure 5 shows pressure amplitudes
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Experiment
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Y
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Fig. 5 Pressure amplitude distribution on the stator at midspan.

Cp on the surface of the stator plotted as a function of the
nondimensional axial distance. The quantity Cp is defined as

where pmax andpmin are the maximum and minimum pressures
that occur over a cycle at a given point. The single-passage
calculations predict a wider large-amplitude region than that
found experimentally^ the predicted peak is also shifted to
the left of the experiment. The multipassage calculations are,
however, in much better agreement with the experiment. The
predicted location and magnitude of the pressure amplitude
minimum on the suction side agrees well with the experiment;
the extent of the large amplitude region around the stator
trailing edge also agrees well with the experiment. The only
discrepancy is in the level of the peak amplitude which is
probably related to the grid resolution.

The improved results with the multipassage calculation stem
directly from the fact that the stator-to-rotor airfoil count
closely matches that of the experimental turbine. In addition,
for the actual turbine, with a stator-to-rotor airfoil count ratio
of 22:28, it can be shown from a simple acoustic analysis21

that only the higher harmonics in time give rise to propagating
waves, the lower harmonics give rise to decaying signals. When
the single-passage approximation is made, a similar analysis
shows that every harmonic in time results in a propagating
wave in the axial direction. These relatively large calculated
pressure waves are reflected by the exit boundary and distort
the unsteady pressures everywhere.

Figure 6 Shows the Cp distribution on the rotor. The agree-
ment between the multipassage results and experiment is much
better than with the single-passage results. Both the location
and magnitude of the suction side amplitude peak is well-
predicted. It is interesting to note that earlier two-dimensional
calculations5 of this turbine configuration, with the same 3:4
stator-to-rotor airfoil count ratio, did not result in similar
agreement with experiment in terms of the rotor pressure
amplitudes. Furthermore, two-dimensional calculations (un-
published), with the exact stator-to-rotor airfoil count ratio
of 11:14, did not show any improvement over the above. Thus,
the agreement between the present results and experiment is
due to a combination of including three-dimensionality and
the multipassage approach.

Time-Averaged Limiting Streamlines
The nature of the flow close to the surfaces of the rotor

and stator airfoils and the hub surface can be better under-
stood from the pattern of limiting streamlines on these sur-
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Fig. 6 Pressure amplitude distribution on the rotor at midspan.
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Fig. 7 Stator suction surface flow visualization. Time-averaged lim-
iting streamlines from a) single-passage computations, and b) multi-
passage computations.

faces. The results presented here were obtained by releasing
particles on the grid surface just above the airfoil surface and
then tracking these particles as they were converted by the
time-averaged velocity field. The motion of the particles was
restricted to the grid surface on which they were originally
released (i.e., the out-of-surface component of velocity was
not used to move the particle).

The limiting streamlines on the stator pressure surface ob-
tained from the multipassage computations were nearly iden-
tical to those obtained from the single-passage computations4

and are therefore not shown here. The flow was noted to be

two-dimensional nearly everywhere except in a small region
near the endwalls in the vicinity of the leading edge (where
the incoming boundary layer separates and foriif s a horseshoe
vortex).

The limiting streamlines on the stator suction surface are
compared in Figs. 7a and 7b. In both figures, the upward
motion of the fluid particles near the hub (0-15% span) is
caused by the hub secondary flow vortex generated by the
neighboring stator airfoil. The upper half of the figures is
qualitatively a mirror image of the lower half. The secondary
flow vortex associated with the casing has a sense of rotation
that is opposite to that of the hub secondary flow vortex.
Therefore, it induces a radially inward flow on the stator
suction surface that extends almost all the way to midspan.
The casing secondary flow vortex, just like the hub secondary
flow vortex, is pulled toward the hub because it contains low
total pressure fluid. However, unlike the hub secondary flow
vortex which gets confined to the hub region because of its
downward motion, the casing secondary flow vortex gets elon-
gated, and thus affects a greater portion of the stator surface.
The midspan flow on the suction side is largely two-dimen-
sional.

Figures 8a and 8b show limiting streamlines on the rotor
airfoil pressure surface. Both figures show a strong radial

b)

Tip

Trailing
edge

Fig. 8 Rotor pressure surface flow visualization: a) time-averaged
limiting streamlines from single-passage computations, b) time-aver-
aged limiting streamlines from multipassage computations, and c) ex-
perimental results.
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outflow in the first 30% of the chord from the leading edge
due to the "relative-eddy" effect.16 Beyond this, the flow is
almost two-dimensional. Experimental flow visualization
results17 are shown in Fig. 8c for comparison. In general, there
is good qualitative agreement between the numerical results
of Figs. 8a and 8b, and the experimental data of Fig. 8c.
However, the multipassage results shown in Fig. 8b are in
better agreement with the experiment.

The rotor suction surface limiting streamlines are shown in
Figs. 9a and 9b. It is only in these figures that marked dif-
ferences between the single- (Fig. 9a) and multipassage (Fig.
9b) calculations are noted. As in the case of the stator, the
endwall secondary flows induce strong radial components in
the surface velocity field. Both figures clearly show the two
lines of separation caused by the endwall secondary flow vor-
tices, the two separation lines move toward each other and
the midspan region. In the multipassage results, an additional
line of separation caused by the tip leakage flow can also be
seen. There is also evidence of the interaction between the
casing secondary flow vortex and the leakage flow in the aft
portion of the rotor in Fig. 9b. Although these features do

Tip secondary flow

Trailing
edge

Leading
edge

c) Hub

Fig. 9 Rotor suction surface flow visualization: a) time-averaged lim-
iting streamlines from single-passage computations, b) time-averaged
limiting streamlines from multipassage computations, and c) experi-
mental results.

not appear in Fig. 9a, a close examination of the single-pas-
sage results also revealed a similar line of separation very
close to the rotor tip. Since the tip clearance in the single-
passage calculation was much smaller, the leakage vortex was
weaker and did not interact with the casing or hub secondary
flow vortices. Experimental flow visualization results are shown
in Fig. 9c. In general, results from both the single- and mul-
tipassage computations agree qualitatively with experiment.
However, detailed features predicted by the present calcu-
lation (Fig. 9b) of the tip leakage flow and the flow in the aft
portion of the rotor airfoil cannot be clearly discerned from
the experiment.

Total Pressure Contours at the Exit to the Stator and Rotor
A better understanding of the endwall secondary flow struc-

ture can be obtained from contours of total pressure at the
exits to the stator and the rotor. The endwall secondary flow
vortices contain fluid from the endwall boundary layers and
the airfoil surface boundary layers and, therefore, represent
low total pressure regions (compared with freestream total
pressure values). The difference in vortex total pressures and
freestream total pressure enables one to clearly observe sec-
ondary flow vortex structure by studying total pressure con-
tours at appropriate locations.

Figures lOa-c compare the time-averaged total pressure
contours, in the absolute frame of reference, at the exit to
the stator (8.8% of the stator chord downstream of stator

Pressure side

c) Hub

Fig. 10 Absolute total pressure contours at the exit to the stator:
a) single-passage computations, b) multipassage computations, and
c) experimental results.
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Fig. 11 Relative total pressure contours at the exit to the rotor:
a) single-passage computations, b) multipassage computations, and
c) experimental results.

trailing edge). Figure lOa presents results from the single-
passage calculation, while Fig. lOb presents results from the
multipassage calculation. Three distinct entities are clearly
seen in the figures: 1) the hub secondary flow vortex, 2) the
casing secondary flow vortex, and 3) the stator wake. The
hub secondary flow vortex is seen to be confined to a region
close to the hub. The casing secondary flow vortex is elon-
gated and occupies a relatively larger portion of the span; the
location of the vortex core is further away from the casing
for the multipassage calculations and agrees better with the
experimental results shown in Fig. lOc. Note that Figs. lOa
and lOb also show the endwall boundary layers in the form
of highly clustered total pressure contours at the lower and
upper boundaries.

Time-averaged relative total pressure contours downstream
of the rotor (at a location 36% chord aft of the rotor trailing
edge) are presented in Figs, lla and lib for the single- and
multipassage calculations, respectively; experimental results
are presented in Fig. lie. The endwall secondary flow vortices
appear to have merged into a single low total pressure region
with its center at about 60% span. Overall, there is better
agreement between the multipassage and experimental re-
sults. Clearly, the tip leakage vortex structure predicted by
the multipassage computation is in close agreement with the
experiment. As in the case of the stator exit plane, the endwall
boundary layers are also clearly seen at the upper and lower
surfaces.

Summary
A three-dimensional, multipassage, Navier-Stokes code has

been developed for predicting unsteady turbomachinery flow-
fields. This code extends the capabilities of the single-passage
code developed earlier by allowing the simulation of multiple
passages in the stator and rotor airfoil rows. This multipassage
capability permits the accurate geometric representation of
typical turbomachine stages by including the exact stator-to-
rotor airfoil count ratio (or a close approximation to the same).
This in turn results in a more accurate computation of the
flowfield than that possible with the single-passage approach.

In order to validate the code, a multipassage (three stator
and four rotor passage) calculation of an axial turbine stage
configuration has been performed. The stator-to-rotor airfoil
count ratio (3:4) used in the present calculations is a close
approximation to the actual turbine (22:28). In general, the
results from the present calculation compare well with ex-
perimental data. For the geometry considered here, both the
single- and multipassage computations yielded the same time-
averaged pressures on the strator and rotor airfoil surfaces.
However, as expected, marked differences were noted in the
pressure amplitudes predicted by the two computations, with
the multipassage computations being in better agreement with
the experiment. The small discrepancy between the predicted
maximum pressure amplitude on the stator airfoil and ex-
periment is probably a result of inadequate grid resolution;
the grid resolution studies required to resolve this discrep-
ancy, however, are currently too expensive to undertake.

Another aspect of the present computation was the use of
the correct tip clearance. As a result, better agreement with
the experimental time-averaged pressures in the rotor tip re-
gion was achieved. In addition, comparisons of surface
streamline patterns and endwall secondary flow vortex struc-
ture clearly showed better agreement between the multipas-
sage computations and experiment.

The results presented here demonstrate the overall capa-
bility of the multipassage code in accurately resolving the
various features of the complex, unsteady flowfield in a tur-
bomachine. Such a multipassage approach is crucial to the
accurate prediction of more intricate details of the flowfield,
such as far-field acoustics and noise.
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