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ABSTRACT
This paper describes experimental results from detailed
measurements of aerodynamic performance of a single stage in the
turbine test rig of Iwate University, focusing on effects of the
rotor-stator axial gap in the turbine stage. The measurements using
a 5-hole Pitot tube provide time-averaged flow information such
as stagnation pressure distributions and velocity vectors behind
the stator as well as the rotor. Time-accurate three-dimensional
flow analyses are also made in this study using an in-house N-S
code. Realistic flow analyses are achieved in terms of blade-count
ratio only by adding one stator vane, resulting in 3:4 blade-count
ratio for the present simulation. Aerodynamic characteristics at the
exits of the stator as well as the rotor for three axial gap cases are
examined in detail through the experimental data and the
numerical results. It follows that the increase in the axial gap gives
rise to small increment in exit flow angle from the stator,
seemingly affecting the flow structure near the hub as well as tip
regions around the rotor blades. Furthermore, the turbine stage
efficiency slightly decreases with the axial gap enlargement.
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1. INTRODUCTION
It has become a widely accepted idea that unsteady effects
should be taken into account not only in aero-mechanic design
process but also in aerodynamic design process of turbomachines
to make them more efficient along with lower noise emission and
longer life. Wake-blade interaction, which is one of the dominant
unsteady flow events in turbomachines, is significantly influential
to the aerodynamic performance, noise and blade-stimulating
force. Concerning the aerodynamic loss, there is a long-lasting
discussion among the researchers that the rotor-stator axial gap
should be shorter or longer to achieve higher aerodynamic
performance of turbines [1] [2] [3] [4] and compressors [5, 6] [7]
[8]. A theory of so-called wake recovery [9] tells us about
favorable and adverse effects of the axial gap for turbine stages,
while shorter axial gap may bring about favorable impact upon the
aerodynamic performance of compressor stages. In reality,
however, three-dimensionality of the flow field, especially for the
low aspect ratio case, could offset some advantage attained by
longer or shorter axial gap. Further investigation is therefore
necessary for better understanding of the effects of the axial gap in
realistic flow situations.
This study introduces experimental and numerical efforts
made in order to clarify how and to what extent the rotor-stator
axial gap of turbine stage can change its flow field and
aerodynamic performance.
A single-stage turbine test rig of Iwate University was used
for this purpose, focusing on the effects of the rotor-stator axial
gap. The axial gap was changed from 10 mm up to 20 mm at the
hub region by inserting several rings between the stator and the
rotor. The measurements using a pneumatic 5-hole Pitot tube then
acquired time-averaged quantities of the flow field such as
stagnation pressure distributions and velocity vectors behind the
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axial chord length of stator vane
axial chord length of rotor blade at the hub section
axial gap between the stator and the rotor
mass flow rate
rotation per minute
time-mean inlet stagnation pressure
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time-mean stagnation pressure at the rotor exit
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angular speed
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stator as well as the rotor. Time-accurate three-dimensional flow
analyses were made in parallel for much better understanding of
the flow field inside the turbine stage using the unsteady
Reynolds-averaged Navier-Stokes equations solver developed by
Yamada et al. [10]. Since the stator-rotor blade-count ratio of the
turbine stage in the test rig was 50:68, only adding one vane to the
stator made realistic flow analyses possible, where the resulting
blade-count ratio was 3:4 for the present simulation.
Through detailed comparisons between those experimental
and numerical data, it is shown that the axial gap had a
considerable impact upon the flow field of the turbine stage. In
particular, the rotor-stator interaction was found to have a great
influence to the hub or tip region flows. Also shown is that the
stage efficiency exhibited a decreasing tendency as the axial gap
increases.

blade ( C R ) were 39 mm and 44 mm, respectively, where C R was
defined at the hub section. Since the design method applied to the
stator vane as well as the rotor blade was rather classical,
cross-sectional profiles of the vane and the blade were
conventional and no three-dimensional blade stacking scheme was
used. Therefore trailing edge lines of the stator vane and the rotor
blade were both straight ones, which can be easily identified in
Figure 3.

2. EXPERIMENTAL SETUP
2.1 Test Rig
Figure 1 shows a schematic layout of the test rig used in this
study. This test rig consisted of an air intake, a single turbine stage,
a chamber downstream of the turbine, two air-sucking blowers to
drive the rotor and a dynamometer that controlled the turbine
rotational speed and monitored the torque. Two orifice plates,
attached to the exit sides of the blowers, gauged the total flow rate
of the sucked air from the turbine intake.
The inside view of the turbine stage is depicted in Figure 2.
The turbine stage could be split into two parts from the flange, as
shown in Figure 3, where the front part of the stage contained the
stator and the aft part held the rotor, respectively. The stator
consisted of 50 nozzle vanes and the rotor included 68 blades.
Since the turbine was originally designed as an experimental
turbine unit for the development of steam turbine, the trailing edge
of the nozzle vane was very thin and the exit flow angle measured
from the axis direction was large. Each of the rotor blades featured
the tip shroud, and two ring-shaped seal plates were fixed on the
casing surface facing the blade tips. As for the annulus geometry,
the tip-side radius of the flow passage was not constant along the
streamwise direction. The tip-to-hub radius ratio of the stator
( RST RH ) was 1.308 and the ratio of the rotor ratio ( RRT RH )
was 1.311, where RRT was defined as the length from the turbine
axis to the inner surface of the tip shroud of the rotor blade. As
can be seen in Figure 2, the expansion of the flow passage
appeared just downstream of the rotor at the tip-side.
The axial distance between the stator and the rotor ( d ) was
changeable by attaching spacer rings to the flange face, where the
axial distance was defined as the length between the trailing edge
of the stator vane and the leading edge of the rotor blade on the
hub. Besides, the casing of the test rig had two slits; one slit was
for the aerodynamic measurement of in-between flow field of the
stator and the rotor (Slit 1), the other was for the measurement of
the flow field downstream of the rotor (Slit 2). It should be
mentioned that the distance between Slit 2 measurement plane and
the rotor trailing edge remained unchanged even when the spacer
rings were applied, while it was not the case for the distance
between the stator trailing edge and Slit 1 measurement plane. The
relevant detailed information on the measurement planes will be
given later.
Axial chord lengths of the stator vane ( CS ) and the rotor

Figure 1 Top view of the test rig
2.2 Measurements
2.2.1 Instruments
A pneumatic 5-hole probe was used to measure time-mean
flow fields downstream of the stator vanes as well as the rotor
blades. The measurement planes, schematically shown in Figure 4,
extended over one nozzle pitch in the circumferential direction
and full blade span length. The pneumatic probe with 3 mm
sensing head was traversed over the measurement plane using the
traversing mechanism that was controlled by computer. Deliberate
calibration of the 5-hole probe was executed at the exit of the
contraction nozzle of the calibration wind-tunnel, taking full
advantage of the automatic and highly accurate probe-positioning
unit. Pressure-transducers used were differential-pressure type
ones with excellent accuracy and linearity up to 4 kPa. A large
amount of the pressure data from the probe for a wide range of
probe angular positions (yaw angle  and pitch angle  ), along
with the information on flow velocity and stagnation pressure,
were then reduced to several characteristics functions that related
flow information such as velocity or stagnation pressure to the
yaw and pitch angles. Besides, a miniature Pitot tube measured the
inlet velocity and stagnation pressure. Also used was a
thermocouple to detect the inlet temperature.
A single personal computer automatically controlled the data
acquisition process and probe traversing. Two data acquisition
units were employed to capture voltage signals from the pressure
transducers and the thermocouples, converting them to digital data
that were then stored into the computer.
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regions, the measurement points were accordingly clustered there,
while the points were equally spaced in the pitchwise direction.
2.2.3 Data Process
The measurements using the 5-hole probe provided
information on time-mean velocity vectors and stagnation pressure
distributions over the two traverse planes. From these data,
pitchwise averaged flow characteristics such as axial velocity
profiles or yaw angle profiles were obtained. Note that yaw angle
of the flow was defined to be positive in the counter-clockwise
direction when viewed from the downstream toward the upstream.
The defined direction corresponded to the rotation direction of the
rotor. Pitch angle was positive when the flow was directed
towards the hub.
To evaluate aerodynamic performance of the turbine stage
for three different axial gap cases, total-to-total stage efficiency
defined by the following equation was calculated.
T
=
,
(1)
( 1) 
RT1 (  1) 1 P02 P00
m

Figure 2 Schematic of a turbine stage of the test rig
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where P00 is the inlet stagnation pressure acquired with the
miniature Pitot tube located upstream of the stator at the mid-span,
P02 is mass-averaged stagnation pressure at the rotor exit.
2.3 Flow Conditions
The turbine stage operated using the two blowers that sucked
the ambient air from the intake of the test rig, therefore the inlet
stagnation pressure P00 was almost the same as the ambient
pressure. Inlet flow velocity U in was set to be 15 m/s and the
rotational speed of the rotor remained to be 1300 rpm by use of
the dynamometer with a feedback-controlling unit.

Figure 3 Photos of the separated turbine stage

3. NUMERICAL SIMULATION
3.1 N-S Solver
This study adopted an in-house code for analyzing the flow
field around the turbine stage of interest. The code, developed by
Yamada et al. [10], is a fully implicit cell-centered FVM-based
flow solver, in which Reynolds-averaged compressible
Navier-Stokes equations are discretized over hexagonal cells in
the computational domain. The code employed Wilcox’s k- 
model [11] as the turbulence model. MUSCL-type high-order
TVD scheme is used for estimating advection terms of the
equations, while any viscous terms are evaluated by central
difference. The resultant simultaneous equations are solved using
the point-by-point relaxation method. In each of the timewise
integration, Newton’s iteration is used to achieve second-order
accuracy. This code is also capable of dealing with multiple
computational blocks by use of MPI method. Validation of this
code was made through a number of comparisons with
experimental data or other numerical simulations, for example in
[12] [13] using the benchmarking test case of NASA Rotor 37.
Besides, an additional verification of the code capability is made
in this study using the experimental data acquired by Funazaki et
al. [14], who examined the flow field downstream of the
two-dimensional low pressure turbine cascade. As shown in
Figure 5, the present code has reproduced the stagnation pressure
loss distribution to a satisfactory degree even when a separation
bubble existed on the blade suction surface, not to mention the
static pressure distribution on the cascade blade surface.

Figure 4 Measurement plane downstream of the stator
2.2.2 Measurement Planes
In the original configuration of the test rig, Slit 1
measurement plane was separated from the trailing edge of the
stator vane by 3 mm. As the axial gap increased from the original
value (10 mm or d CS = 0.255) to 15 mm ( d CS = 0.383) or 20
mm ( d CS = 0.510), the distance between Slit 1 and the vane
trailing edge then varied from 3 mm to 8 mm or 13 mm. On the
other hand, Slit 2 measurement plane was located about 22 mm
downstream of the rotor blade trailing edge, irrespective of the
change in the axial gap. The traverse plane for Slit 1 consisted of
31 (pitchwise) x 28 (spanwise) measurement points, while the
traverse plane for Slit 2 included 16 x 28 measurement points.
Since the previous studies using the same test rig had revealed the
existence of relatively large vortical structures near the tip and hub
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Figure 6 shows the three-dimensional view of the numerical
model used in this study, where several important features of the
turbine stage, such as tip clearance of the rotor blade, the cavity
between the space of the stator hub and the rotor disk, were not
taken into account for the sake of simplicity. Also ignored in the
model was the expansion of the tip-side radius just downstream of
the rotor. The computational grids for the stator and rotor are
depicted in Figure 7. These H-type grid systems were constructed
by using a commercial grid generator Gridgen (Pointwise Inc.).
The grid system of the one stator passage consisted of 171
(streamwise) x 69 (pitchwise) x 99 (spanwise) points, with about
1.2 million grid points. The grid system of the one rotor passage
contained 166 x 69 x 99, with about 1.1 million grid point. In total,
the grid points amounted to about 8 million. Note that the outlet
boundary of the rotor grid system was located considerably away
from the blade trailing edge in order to avoid any unfavorable
effects from the outlet boundary. The grid points nearest the blade
surface were positioned at the place where the corresponding y
plus was less than unity.

Figure 5 Verification of the prediction code using the
data taken from the low pressure turbine cascade
experiment [14]

3.2 Numerical Model and Grid System
Since the stator-rotor blade-count ratio of a turbine stage is
one of the influential factors to the unsteady flow field induced by
the stator-rotor aerodynamic interaction, it is crucial for the
unsteady flow analysis to make this ratio as close to the true value
as possible. However, in reality, it is not easy to achieve the true
blade-count ratio without using a large number of blade-to-blade
passages when constructing its numerical model. This was also the
case for the present study because the greatest common divisor of
the stator and rotor blade counts was 2. Fortunately, it was found
that the greatest common divisor became 17 by adding only one
vane to the stator, meaning that a realistic flow simulation was
possible using three passages for the stator and four passages for
the rotor. Care was necessary in this case to minimize any side
effects from the change in the vane count. Thus, in order to keep
the vane solidity and the total throat area unchanged, the
cross-sectional profile was slightly scaled downed to about 98%
(= 50/51) of the original size while the vane height stayed the
same.

Figure 7 Grid systems for the stage analysis

3.3 Block Division and Boundary Conditions
The computer used in this study was a PC-cluster high
performance computing system constructed in the Aerospace
Laboratory of Iwate University. That computing system, using
LINUX as operating system, consisted of more than 70 CPUs and
100 GB main memories, each of which was connected each other
via gigabit Ethernet. In order to take full advantage of these
computer resources as well as the analysis code’s capability for
handling multiple blocks, each of the blade-to-blade passages for
the stator and the rotor was divided into a couple of blocks,
usually 3 blocks. Each of the blocks featured ghost cells around it
to exchange flow field information with the surrounding blocks.
Note that some interpolation was used to exchange the
information between the stator and rotor blocks. In the meantime,
the introduction of multiple blocks was beneficial not only for
reducing computational time until the convergence but also for
achieving high quality grid system, especially in term of
orthogonality on the wall boundaries.
Uniform inflow condition with no swirl was specified on the

Figure 6 Numerical model of the turbine stage with the
vane count modified from 50 to 51
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inlet boundary, where the axial velocity was 15 m/s, the stagnation
pressure was the same as the ambient pressure and the stagnation
temperature was 288.73 K. On the walls such as blade surface or
hub surface, the non-slip condition was imposed, except on the
casing surface to which the moving wall condition was applied.
As for the outlet boundary, since no information on the static
pressure or its radial distribution on the outlet boundary was
available, the following procedure was taken. First, steady-state
flow analysis, using relatively large time step without Newton’s
iteration, was executed under the condition of fixed mass flow rate
from the outlet boundary. The converged solution provided the
resultant static pressure distribution on the outlet boundary, which
was then employed in the unsteady analysis as the outlet
condition.

Figure 10 Comparison of stagnation pressure ratio at
the stator exit between CFD and experiment for the
intermediate axial gap case (gap M)

4. RESULTS
4.1 Stator Exit Flow Field
Figure 8 illustrates experimental and calculated profiles of
pitchwise averaged flow characteristics, i.e., axial velocity and
yaw angle at the downstream of the stator vane. The axial gaps
normalized with the stator axial chord length were 0.255, 0.383
and 0.510, each case being called S, M and L, respectively.

Figure 11 Comparison of stagnation pressure ratio at
the stator exit between CFD and experiment for the
largest axial gap case (gap L)
It appeared that the calculated axial velocity and yaw angle
profiles agreed with the experimental data for the original gap
case (gap S). As the axial gap was enlarged, the measured yaw
angle, i.e., exit flow angle increased by more or less 2 deg. The
numerical simulation for gap L case almost captured this behavior.
However, the simulation for gap M yielded almost the same
results with those of gap S and did not succeed in reproducing the
experimental data. Interestingly, the exit flow angle profile
measured for gap M case was similar with that of gap L case.
Since the change in exit flow angle from the stator means the
change in incidence against the rotor, it is very important to
discover the reason why the exit flow angle increased only with
the axial gap. The relevant discussion will be given later.
Arrows in Figure 8 were introduced to trace the tip-side peak
observed in those two profiles, where the peaks were due to the
effect of passage vortex occurring near the tip. As indicated by the
arrows, the peaks shifted upwards when the axial gap increased.
However, the calculations did not capture this tendency properly.
Figures 9, 10 and 11 demonstrate comparisons of stagnation
pressure ratio between the calculation and the experiment for the
three axial gap cases. These comparisons are undoubtedly useful
to find out the cause of the discrepancy. The wakes in the
calculations became wider than those of the measurements,
especially for longer axial gap cases, which could be attributed to
the numerical diffusion probably due to lack of appropriate grid
resolution in those cases. In addition, the calculated casing wall
boundary layer was very thin in comparison with that observed in
the experiment, and improper specification of the inlet flow
condition was apparently the cause of the thin wall boundary layer

Figure 8 Comparison of pitchwise averaged flow
characteristics at the stator exit

Figure 9 Comparison of stagnation pressure ratio at
the stator exit between CFD and experiment for the
original axial gap case (gap S)
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in the calculations. Therefore, it may be concluded that the
difference in the development of casing wall boundary layer
between the simulation and the experiment eventually gave rise to
the discrepancy observed near the tip casing. Improvement of the
grid resolution and the inlet boundary condition is now underway.
It was also found out in Figure 8 that the measured data at the
hub region clearly differed from the calculated results. This
disagreement seems to be induced by any unexpected flow
phenomena at the widened interface between the main flow and
the disk cavity, particularly for the longer axial gap cases. Further
investigation is strongly needed.
Figure 12 shows snapshots of instantaneous entropy
distributions at the mid-span of the turbine flow field calculated
for two axial gap cases (gap S and gap L). Several distinct
differences between both cases are observed. One of them is the
wake width of the stator vanes. It is evident that the wake width of
gap S case was meaningfully larger that that of gap L. Since the
grid system of the stator vane passage for gap L was in effect the
same as that of gap S, except for an extra block added to the outlet
boundary of the grid system for gap S, it can be concluded that
this relatively thicker wake for gap S case was due to the
thickened boundary layer near the stator trailing edge influenced
by the downstream potential field of the rotor, which ended up
with the above-mentioned relative decrease in the exit flow angle.

gap S

gap L
Figure 12Calculated instantaneous entropy contours at
midspan for two axial gas cases

Figure 13 Sequential snapshots of the rotor exit flow
field for gap S

6

Copyright © 2007 by ASME

Figure 14 Sequential snapshots of the rotor exit flow
field for gap M

Figure 15 Sequential snapshots of the rotor exit flow
field for gap L
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As a consequence of the relative increase in the yaw angle
from the stator for gap L case, the incidence against the rotor
blade accordingly increased for that case, leading to the
occurrence of separation bubble near the leading edge on the
suction surface, followed by thicker boundary layer thereafter.
4.2 Rotor Exit Flow Field
Figures 13,14 and 15 are sequential five snapshots of the
rotor exit flow fields during one nozzle-wake passing period,
which are represented by entropy contours and velocity vectors for
gap S, gap M and gap L cases, respectively. The velocity vectors
appearing in these figures were the projection of the resultant
vectors calculated by subtracting time-averaged values from the
instantaneous velocity vectors. It should be recalled that the axial
distance between the measurement plane and the rotor trailing
edge was constant in contrast to the stator exit flow measurements.
It is quite obvious that the width of wake from each of the
rotor blades tended to increase as the axial gap enlarged. This was,
as discussed in the previous section, due to the increment of
incidence from gap S case to gap L case. Because of shorter axial
distance from the stator trailing edge, the stator wakes and passage
vortices for gap S case (in Figure 13) were easy to spot. They
moved through the rotor blade passage, forcefully interacting with
the rotor blade boundary layers as well as with the rotor passage
vortices. Consequently, the high entropy regions that appeared
near the hub and tip were clearly being changed with respect to
the shape and the peak value with the circumferential propagation
of the stator wakes and passage vortices. This can be also
confirmed by looking at the magnitude and the behavior of the
velocity vectors in these figures since they represent kind of
deviation from the time-averaged flow field.
Paying attention to the high entropy regions near the hub and
tip in Figures 14 and 15, it is also clear that they became larger
than those of Figure 13. Figure 16 illustrates snapshots of the
entropy contours inside the rotor for gap S and gap L cases,
indicating that the high entropy regions near the hub and tip
originated from boundary layers on the hub and casing walls. As
these simulations predicted, since the wall boundary layers for the
longer axial gap cases became thicker before entering the rotor,
the high entropy regions tuned out to be larger than those of
shorter axial gap cases.
Quite interestingly, in addition to the movement of the
velocity vectors near the hub, the deformation of hub-side high
entropy regions in Figures 14 and 15 was still evident. This is in
contrast to the tip-side flow field, which were less energetic.

Figure 16 Development of high entropy regions near
hub and tip inside the rotor passage

Figure 17 Comparison of pitchwisely averaged flow
characteristics at the rotor exit
4.3 Stage Efficiency
Stage efficiency defined by Eq. (1) was calculated for each of
the axial gap case and plotted in Figure 18. The ordinate of this
plot represents the stage efficiency normalized with the value for
gap S case. Although it should be very cautious to draw a
conclusion with a limited number of the experimental, the stage
efficiency in the present case tended to decrease almost linearly
with the axial gap. The efficiency reduction attained at the longest
axial distance case was about 1.6 %.

Figure 17 shows comparisons between the experiment and
the simulation in regard to pitchwise averaged flow characteristics
at the rotor exit. The simulation captured several important
features of the experimental profiles of axial velocity and yaw
angle qualitatively, and quantitatively to some extent. However, it
overestimated the effects of the axial gap upon the rotor exit flow
characteristics. In particular, the variation of tip- and hub-side
peaks in the yaw angle profiles failed to be reproduced by the
simulation. This can be attributed to the improper numerical
model that took no account of disk cavity and tip clearance. More
realistic numerical model is now being constructed to overcome
several difficulties mentioned above.

Figure 18Variation of stage efficiency with the axial gap
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CONCLUSIONS
This paper described detailed measurements of aerodynamic
performance of a single stage in the turbine test rig. Focus of this
study was on the effects of the rotor-stator axial gap of the turbine
stage. Time-accurate three-dimensional flow analyses were also
made, where realistic flow analyses was made in terms of
blade-count ratio only by adding one stator vane, resulting in 3:4
blade-count ratio for the simulation. Aerodynamic characteristics
at the exits of the stator as well as the rotor for three axial gap
cases were examined in detail through the experimental data and
the numerical results. The findings obtained through this study can
be summarized as follows;
1.
The measurements of the stator exit flow field revealed that
the increase in the axial gap tended to give rise to small
increment in exit flow angle from the stator. The numerical
simulation provided similar results with the experiment.
The variation of the exit flow angle eventually led to the
increase in incidence against the rotor blade, causing the
promotion of suction side boundary layer development.
2.
The change in the exit flow angle from the stator was at this
moment attributed to the effect of potential influence of the
rotor, for longer axial gap cases, inducing relatively thinner
suction side boundary layer close to the trailing edge of the
stator vane.
3.
It also followed from the numerical simulation that the
extended axial gap resulted in the growth of the hub- and
tip-side wall boundary layers in front of the rotor. These
thicker wall boundary layers were found to be a source of
high entropy regions appearing near the tip and hub region
at the rotor exit flow field.
4.
Tip-side flow structure downstream of the rotor was
intensively influenced by the upstream stator wakes and
passage vortices for the shortest axial gap case. This was
not the case for longer axial gap cases, while hub-side flow
field was still disturbed by those upstream flow structures.
5.
Turbine stage efficiency slightly decreased with the axial
gap enlargement.
6.
Some discrepancies were identified between the
measurements and the numerical simulation. Apart from
improper specification of inlet boundary conditions,
inaccurate modeling of the flow field, which ignored tip
clearance and disk cavity, probably caused the problem.
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