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ABSTRACT
A study on the effects of the axial gap between stator and
rotor upon the stage performance and flow field of a single axial
flow turbine stage is presented in this paper. Three axial gaps
were tested, which were achieved by moving the stator vane in
the axial direction while keeping the disk cavity constant. The effect of the axial gap was investigated at two different conditions,
that is design and off-design conditions. The unsteady threedimensional flow field was analyzed by time-accurate RANS
(Reynolds-Averaged Navier-Stokes) simulations. The simulation
results were compared with the experiments, in which total pressure and the time-averaged flow field upstream and downstream
of the rotor were obtained by five-hole probe measurements. The
effect of the axial gap was confirmed in the endwall regions, and
obtained relatively at off-design condition. The turbine stage efficiency was improved almost linearly by reducing the axial gap
at the off-design condition.
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INTRODUCTION
The choice of an axial gap between blade rows is a critical parameter for turbomachinery design. The axial gap is related to not only the whole size of turbomachines, but also the
blade structural design, noise generation and aerodynamic performance. The latter are because unsteady effects of the blade
row interaction, which are caused by the relative motion between
rotor and stator, depend on the axial gap. The unsteadiness is
mainly characterized by the interaction of blade rows with the
upstream blade wakes and streamwise vortices, especially for
low-speed turbomachines. The chopping and transport of the
wakes and vortices, therefore, have been investigated by many
researchers [1–10].
As a matter of course, entropy generation in the mixing process of the wake has been discussed mainly [11, 12]. Several researchers have modeled the unsteady process of the wake/blade
row interaction to estimate the additional loss generated by such
unsteadiness [1–3]. Their models were basically developed from
the concept of so-called wake recovery proposed by Smith [5] .
The wake recovery meant a wake attenuation through blade rows

NOMENCLATURE
cp
: specific heat at constant pressure
Cs
: axial chord length of the stator vane
ṁ
: mass flow rate
P01 : stagnation pressure at the turbine inlet
P02 : stagnation pressure at the turbine exit
t
: time
T
: torque
T01 : total temperature at the turbine inlet
T02 : total temperature at the turbine exit
T1
: static temperature at the turbine inlet
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Table 1.

Turbine geometry and test condition

Number of Blades
Rotation Speed [rpm]
Hub-Tip Ratio
Mean Radius [mm]
Mid-Span Axial Chord [mm]
Mid-Span Chord [mm]
Blade Height [mm]
Radial Shroud Clearance [mm]
Mid-Span Inlet Angle [◦ ]
Mid-Span Exit Angle [◦ ]
Inlet Velocity [m/s]
Inlet Free-Steam Turbulence [%]

Stator

Rotor

50

68
1300/1650
0.763
278.8
32.0
36.4
75.0
0.7
42.0
-19.0

0.765
278.4
40.6
56.9
74.2
0.0
77.0
15.0
1.0

Bellmouth

Test section

Chamber

Air

Figure 1.

by inviscid and reversible manners. The mechanism of the wake
recovery was described as follows. Assuming two-dimensional,
inviscid and incompressible flow, the wake deficit is attenuated
without entropy generation by viscous dissipation as the wake is
stretched, because the circulation around the wake is constant by
Kelvin’s theorem. Accordingly, the loss produced by the wake
mixing is reduced if the wake undergoes this process passing
through a blade row. For compressors, the wake recovery explained the reason that higher efficiency was achieved as the axial gap was decreased, namely the performance benefit abovementioned was obtained by the wake recovery. In addition, as another unsteady effect of the wake, the negative jet due to the velocity deficit has been investigated in connection with loss redistribution and its transport inside blade rows [6,7]. Most unsteady
effects like the wake recovery, however, are relatively unclear for
turbines, since the convected wakes interact with the secondary
flows, vortices and even separation in the turbine blade row. The
unsteady process of the wake/blade row interaction is more complicated for modern turbines, which tend to employ high blade
loading and small size design. Recent researchers have demonstrated that higher stage performance can be achieved for shorter
axial gap in some turbine stages [8–10], contrary to past reports.
The first purpose of this paper is to demonstrate the effect of
the axial gap between stator and rotor on the aerodynamic performance in a single axial flow turbine stage. Three axial gaps
were tested, which were achieved by moving the stator vane axially while keeping the disk cavity constant. Moreover, these
tests were carried out at two different conditions; design and
off-design conditions, in each axial gap case. The second purpose is to numerically investigate details of the unsteady threedimensional flow field in the turbine by describing the upstream
wake transport and its interaction with the secondary flow field in
the downstream blade row. The unsteady three-dimensional flow
field was analyzed by time-accurate RANS (Reynolds-Averaged
Navier-Stokes) simulations. The simulation results were compared with the experiments, in which total pressure and the timeaveraged flow field upstream and downstream of the rotor were
obtained by five-hole probe measurements.

Meridional view of test rig

TEST APPARATUS
Test rig
The experimental data were acquired in a single axial flow
turbine stage. Figure 1 shows the overview of the test rig. In
this facility, two blowers, which were placed downstream of the
chamber, sucked the ambient air to drive the turbine rotor. A
dynamometer, which was directly-connected to the axis of the
turbine, controlled the turbine rotation speed and monitored the
torque (these are not shown in the figure). The flow rate was
measured by the orifice installed on the blower exit. The turbine
was originally intended for test in development of a steam turbine
and had a shrouded rotor downstream of a stator nozzle. The
turbine consisted of 50 stator vanes (40.6mm axial chord length)
on the upstream side and 68 rotor blades (40.6mm axial chord
length at hub) on the downstream side. Two different conditions
for the rotation speed, which were 1650 rpm and 1300 rpm, were
implemented to simulate design and off-design conditions. An
inlet velocity was set to 15 m/s. The turbine geometry and test
conditions are given in Table 1.
Axial gaps
Figure 2 shows a schematic of the test section to illustrate
the measurement planes and the mechanism to change the axial
gap. The turbine stage could be divided into two parts of the
stator and rotor, each casing of which was coupled by a flange.
Consequently, the stator part was able to detach from the rotor
to move in the axial direction. The axial gap was changed by
attaching the corresponding spacer ring to the flange face. In this
paper, the axial gap was defined as the distance from the stator
trailing edge to the rotor leading edge at the hub. Three axial
gaps were tested: 0.246 Cs (gap S), 0.369 Cs (gap M), 0.493
Cs (gap L). The axial gaps are summarized in Table 2. Cavities
were supposed to appear at the casing and the hub between the
stator and the rotor when the axial gap was increased. Therefore,
these cavities were sealed by attaching ’casing ring’ and ’gap
ring’ (shown in the figure) so as not to affect the main flow field,
and then were kept constant with the axial gap size. However,
2
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Table 2. Axial gaps between stator and rotor
Axial gap

X(mm)

X/Cs

10
15
20

0.246
0.369
0.493

Small(base)
Middle
Large

Spacer Ring

Flow

(a) Meridional view

Casing Ring
Traverse Plane

Stator
Vane
Cs

Rotor
Blade
X

Gap Ring
Figure 2. Schematic of the research turbine stage

(b) Blade-to-blade view
Figure 3.

Computational grid (every 3 lines)

there remained the disk cavity opening of about 1 mm.
Measurements
Area traverses were carried out to measure the timeaveraged flow fields downstream of the stator and rotor using
a five-hole pneumatic probe. The traverse planes were located
at the 0.197 Cs (8mm) upstream of the rotor leading edge and
the 0.542 Cs (22mm) downstream of the rotor trailing edge. It
should be noted that the distance from the stator trailing edge to
this traverse plane changed depending on the axial gap since the
slit for the upstream traverse to measure the downstream flow
field of the stator was made on the casing of the rotor part. The
probe was calibrated using the dedicated wind tunnel, and then
characteristic functions for the yaw and pitch angles were determined. The uncertainty for the angles was estimated to be about
± 1 ◦ . The total-to-total stage efficiency, which was defined as
follows, was used to evaluate the aerodynamic performance of
the turbine.
η=

Tω
}
{
κ−1
ṁc p T1 1 − (P02 /P01 ) κ

NUMERICAL ANALYSIS METHOD
Numerical scheme
The simulations in the present study were performed
by time-accurately solving the three-dimensional compressible
Navier-Stokes equations using an unfactored implicit upwind relaxation scheme [13, 14]. The numerical method used in the
present flow solver is outlined in the following. The threedimensional Reynolds-averaged Navier-Stokes equations were
discretized in space using a cell-centered finite volume formulation and in time using the Euler implicit method. The inviscid
fluxes were evaluated by a high-resolution upwind scheme based
on a TVD formulation, where a Roe’s approximate Riemann
solver of Chakravarthy [15] and a third-order accurate MUSCL
approach of Anderson et al. [16] with the Van Albada limiter
were implemented. The viscous fluxes were determined in a central differencing manner with Gauss’s theorem. As for turbulence
model, the k-ω turbulence model [17] was employed to estimate
the eddy viscosity. A point Gauss-Seidel relaxation method was
used in time integration without using the approximate factorization [13]. The scheme achieved up to second-order accuracy
in time by applying the three-point-backward difference approximation to the temporal derivative [14] and introducing an inner
iteration, so-called Newton iteration, at each time step [18].

(1)

where P01 is an inlet stagnation pressure acquired with the miniature Pitot tube upstream of the stator at mid-span, P02 is a massaveraged stagnation pressure at the rotor exit, T is a torque, and
ṁ is a mass flow rate.
3

c 2009 by ASME
Copyright °

Computational grid
The whole turbine stage simulation required too much computational resource to be carried out with a desired grid resolution. The real stator-rotor blade-count of 50 : 68 was modelled
in the simulation as 51 : 68 by adding only one stator vane to
give the 3 : 4 ratio. The cross-sectional profile of the stator vane
was accordingly scaled down with its height unchanged to keep
the original throat area, that is, not to change the stator solidity.
The computational grid is shown in Fig. 3. The computational
grid was separated into two domains, which are stator and rotor
domains, to calculate in different frames of reference. A structured H-type grid system was generated in each domain of the
stator and rotor. As for the stator domain, it was also divided into
two zones of upstream and downstream not to suffer from grid
skewness around the trailing edge by applying the multi-block
grid system. The stator grid per passage consisted of 112 cells
in the streamwise direction and 64 cells in the pitchwise direction for the upstream zone, and 44 cells (gap S) in the streamwise direction, which was changed to 60 cells (gap M) and 79
cells (gap L) depending on the axial gap, and 133 cells in the
pitchwise direction for the downstream zone. Concerning the
spanwise direction, 89 cells were distributed. The rotor grid per
passage had 224 × 89 × 64 cells in the streamwise, spanwise
and pitchwise directions, respectively. For the simulation at the
design condition, a tip region radially-expanded downstream of
the stator, which is colored red in Fig. 3. The clearance region
was taken into account in order to predict more accurately the tip
flow field of the rotor. Each of the stator and rotor grid systems
had more than 1 million cells per passage. The whole grid system, which consisted of 3 stator passages and 4 rotor passages,
had about 11.5 million cells in the case of the gap L simulation.
The ratio of the minimum grid spacing on solid walls to the stator
axial chord length was less than 1.0 × 10−6 , which satisfied the
condition of y+ < 1 at the walls. This permits evaluation of the
viscous fluxes at the walls by applying the no-slip and adiabatic
conditions without using the wall function method.

1

Fraction of Span
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Figure 4.
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Comparison of pitchwise-averaged flow characteristics down-

stream of the stator (smooth lines: calculation, symbols: experiment)

(a) gap S

Setup conditions
A nondimensional time step size normalized by the stator
outer radius and the inlet sound speed was set to 0.001. The blade
passing period of the rotor corresponds to 0.576 in the nondimensional time; in other words, it contained more than 570 time
steps. The multi-block parallel algorithm was introduced into
the present code and implemented using MPI (Message Passing
Interface). The present simulations were performed by the use
of a PC-cluster built in the Aerospace Laboratory of Iwate University, in which 32 nodes with a Dual-Core processor per node
were interconnected with a gigabit Ethernet, resulting in a total of 64 processor cores and 64 GB memories. In the present
study, it took more than 150 hours CPU time for each simulation
case to finish. As for the boundary condition, fictitious cells, in

(b) gap L
Figure 5.

Comparison of normalized stagnation pressure downstream of

the stator (left:experiment, right:calculation)

which the physical quantities were given so as to meet the boundary condition, were introduced just outside all the boundaries of
the computation domain. The axial velocity was set to 15 m/s
at the inflow boundary to match the experiment. At the outflow
boundary, static pressure was specified. Details of the boundary
conditions are given in [10].
4
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RESULTS AND DISCUSSION
Stator Exit Flow Field
Figure 4 shows a comparison between the experiment and
simulation in terms of the spanwise distribution of pitchwiseaveraged flow characteristics downstream of the stator. The yaw
and pitch angles in the figure are positive in the direction of rotation and radially inward, respectively. It was found that the
difference in the axial gap resulted in changes in the flow field
upstream of the rotor. In the axial velocity distribution, the flow
was decelerated on the hub side as the axial gap was decreased,
while it was accelerated on the casing side. According to this,
the yaw angle overturned on the hub side and underturned on
the casing side in the case of gap S compared to the other axial gap cases. As shown in the pitch angle distribution, the flow
was swayed more inward in the radial direction for smaller axial gap. A radial pressure gradient was generated to balance the
force with the swirling flow in the downstream of the stator. The
low energy fluid in the wake was convected toward the hub by
the pressure gradient because of its low centrifugal force, which
resulted in the inward radial flow. As stated in ’Measurements’,
the distance between the stator trailing edge and the measurement plane was extended as the axial gap was increased. Therefore, the wake has decayed more in the larger axial gap cases.
As a result, the inward radial flow was decreased as the axial gap
was increased, and then this brought about the variations in the
axial velocity and yaw angle distributions. The influence of the
wake must have been overestimated in the experiment due to the
coarse measurement grid, which resulted in the quantitative differences between the experiment and the simulations. However,
the simulations were able to capture the same trend of the flow
field downstream of the stator.
Figure 5 shows normalized stagnation pressure contours
downstream of the stator. The wake and secondary flow vortices
from the stator vane could be identified by low stagnation pressure as well as the endwall boundary layer. It should be noted
that the boundary layer on the hub was absent in the experiment,
because the probe used for the measurement was not able to be
traversed very close to the hub. It was found that the boundary
layers on the endwall developed markedly as the axial gap was
increased, despite the small difference in the axial distance. This
was because the actual length of the flow path from the stator
was much longer than the axial gap owing to the very large swirl
angle at the stator exit. As seen in the figure for the gap L case,
the wake decay on the hub side seemed relatively slow compared
to that on the casing side, although the flow path lengths were the
same between the casing and hub sides due to a constant exit angle in radial direction in the present turbine stator. This resulted
from the convection of low energy fluid inside the wake toward
the hub side by the radial pressure gradient inside the axial gap
region. In the gap S case, the simulation showed a deeper and
less diffusive wake than the experiment. The main cause for this
was that the measuring grid in the experiment was too coarse to

(a) off-design condition

(b) design condition
Figure 6. Instantaneous entropy contours at mid-span (left:gap S,
right:gap L)

Figure 7.

Closeup around rotor blade of instantaneous entropy contours

at mid-span in gap S case (left:off-design condition, right:design condition)

represent the wake, although it was suspected that the turbulence
model would fail to provide an accurate prediction of the diffusion of the wake. In fact, the simulation showed good agreement
with the experiment in the gap L case, especially with respect to
the decay of the wake and deformation of the passage vortices
near the endwall as well as the wake diffusion. The flow field
upstream of the rotor, which was characterized by the wake and
passage vortices from the stator, was well predicted by the simulation.
Rotor Flow Field
Figure 6 represents instantaneous entropy contours at the
mid-span. The wake that was chopped by the leading edge of the
5
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(a) t/τ = 0

(a) off-design condition

(b) t/τ = 1/3
(b) design condition
Figure 8.

Limiting streamlines on blade suction surface of the rotor

(left:gap S, right:gap L)

rotor blade is subjected to a pitchwise pressure gradient inside
the rotor. Therefore, it is found that the wake was transported to
the blade suction side until the rotor exit in the same reason as
the secondary flow on the endwall. In each condition, the way
of chopping and transporting the wake was similar between the
two axial gap cases. Naturally, more decayed and diffused wakes
were entering into the rotor passage in the gap L case. The periodic interaction of the wake on the blade suction surface, therefore, was considered to be more effective. Namely, more effects
of the wake interaction, such as the negative jet, were expected to
be obtainable in the case of the small axial gap. It was found from
a comparison between the design and off-design conditions that
the entropy of the wake and its region inside the rotor passage
were larger in the off-design condition and the cycle of the wake
passing through the rotor was shorter due to the difference of the
rotation number. In addition, a leading edge separation occurred
in the off-design condition. As a result, high entropy appeared
near the rotor leading edge and in the subsequent downstream
boundary layer on the suction surface, as shown in Fig. 7.
Figure 8 shows limiting streamlines on the blade suction sur-

(c) t/τ = 2/3
Figure 9.

Entropy distributions and secondary flow vectors of fluctuation

velocity on cross plane at 80% chord in the rotor (off-design condition,
gap S)

face of the rotor. These figures were obtained using the LIC (line
integral convolution) visualization technique [19]. As stated before, there is the leading edge separation in the off-design condition. The separation occurred over almost the full span and the
corresponding reattachment lines were found in the figure. The
low energy fluid in the leading edge separation near the tip enhanced the development of the secondary flow on the tip side.
The strong tip-side secondary flow thereby was seen in the off6
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the wake caused the entropy fluctuation in the rotor passage vortices. This means that the strength of the rotor passage vortices
was fluctuating with time and then decreased in a time-averaged
sense. Figure 10 shows time-averaged entropy contours downstream of the rotor. In the off-design condition, the rotor passage
vortices were enlarged and moved apart from the endwall in the
gap L case. In the design condition, the entropy distribution on
the hub side for each gap was similar to that in the off-design
condition and the hub-side passage vortex was downsized in the
gap S case. Contrary to the off-design condition, however, the
tip-side passage vortex was found to become larger in the gap S
case.

(a) off-design condition

The spanwise distribution of pitchwise-averaged flow characteristics downstream of the stator are shown in Fig. 11. As for
the adiabatic efficiency, which is defined as follows, the numerical results are shown normalized by the mass-averaged values
for the gap L case.

η=
(b) design condition
Figure 10.

1 − T02 /T01
1 − (P02 /P01 )

κ−1
κ

(2)

Time-averaged entropy contours downstream of the rotor

(left:gap S, right:gap L)

where T01 and T02 are total temperature at the inlet and outlet of
the turbine stage, respectively. There is a discrepancy in the yaw
angle distribution of the off-design condition. In the simulation
at the off-design condition, the tip clearance region was not taken
into account, as stated in the above section: Computational grid.
This resulted in that discrepancy, hence the discrepancy has been
improved in the design condition simulation. The effect expected
such as the wake stretching was not observed around the midspan in each condition case as well as any change in the flow field
downstream of the rotor, even though there was the difference
in the wake decay upstream of the rotor depending on the axial
gap. On the other hand, changes in the rotor exit flow field with
the axial gap could be seen near the endwall. Accordingly, the
adiabatic efficiency also changed around there. It should be said
that the effect of the axial gap was confirmed near the endwall.

design condition. In each condition, the secondary flow on the
hub was stronger than that on the casing. This was related to the
fact that the boundary layer on the hub drastically developed in
the axial gap region, and also the low energy fluid of the stator
wake was convected toward the hub side upstream of the rotor
and accumulated on the hub. The hub-side secondary flow was
relatively suppressed for the small axial gap case, and especially
in the off-design condition the tip-side secondary flow was as
well. It should be considered that such suppression of the rotor
secondary flow was attributed to the wake interaction that was
enhanced because of less decayed wake in small axial gap.
Figure 9 shows the entropy distributions and secondary flow
vectors of fluctuation velocity on the cross plane at 80% chord
downstream from the leading edge of the rotor in the off-design
condition of the gap S case. In the figure, τ indicates the rotor blade passing period. The fluctuation velocity is defined by
the difference of velocity vector between instantaneous and timeaveraged results, and projected onto the cross plane to describe
the secondary flow field. At t/τ = 0, the wake was interacting
with the blade suction surfaces in three rotor passages, which
were seen near the hub in the third passage from the right, from
the hub to the tip in the second passage from the right, and near
the tip in the rightmost passage. It was found that the secondary
flow in the wake was impinging with the suction surface when
the wake was interacting. As a result, this periodic interaction of

As discussed above, the secondary flow induced inside the
wake and the passage vortices from the stator periodically interacted with the suction surface of the rotor blade, suppressing the
development of the rotor passage vortices near the endwall. Such
effect of the wake interaction has been confirmed in another turbine stage [8] as well. Except for the tip side in the design condition, reducing the axial gap resulted in the improvement of the
efficiency near the endwall in the present turbine, since the wake
interaction prevented the rotor passage vortices from growing in
the time-averaged sense. In the design condition, that effect of
the wake interaction did not work well on the tip side because of
the weak tip-side secondary flow.
7
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Figure 12. Mass-averaged entropy in three radial regions at the rotor exit
(top:off-design condition, bottom:design condition)
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Figure 11. Comparison of pitchwise-averaged flow characteristics downstream of the rotor (smooth lines: calculation, symbols: experiment)
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Hub

Mid
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Mass-Weighted Entropy
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Aerodynamic Performance
Figures 12 and 13 show a comparison of entropy at the
downstream plane of the rotor among the three regions: hub,
mid-span, and tip regions. The entropy was mass-averaged in
Fig. 12 and mass-weighted in Fig. 13. That was normalized by
the total value of the gap L case in each figure. As mentioned
in the previous section, the effect of the axial gap was found in
the hub and tip regions, that is, near the endwall. The entropy
in the hub region was decreased with decreasing axial gap for
both the design and off-design conditions. As for the tip region,
however, the design and off-design conditions produced different trends. In the off-design condition the entropy was decreased
with the smaller axial gap as was the case for the hub region.
In the design condition the entropy in the tip region indicated a
countertrend; it was increased with decreasing axial gap. In the
design condition, because of the lack of leading edge separation,

1
0.8
0.6
0.4
0.2
0

Figure 13. Mass-weighted entropy in three radial regions at the rotor exit
(top:off-design condition, bottom:design condition)

the rotor passage vortex on the tip side was small compared to
the off-design condition. Consequently, the wake interaction had
little effect near the tip. It seemed as if the wake passing helped
the development of the rotor passage vortex on the tip side rather
than behaving in the same way as on the hub side. Since the stator wake and passage vortices are convected toward the hub in the
8
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Variation of stage efficiency with the axial gap

0
Stator
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Total

action effect. This might result in the counter trend in the design
condition. However, the deformation of the passage vortices interacting with the rotor secondary flow was more complicated
than the wake, and thus further investigations are necessary for
the evaluation of their mixing loss. The mass-weighted entropy
indicated that the largest amount of loss was generated near the
hub. The variation of the mass-weighted entropy with the axial
gap showed the same trend as the mass-averaged result since the
axial velocity profile was almost unchanged by the axial gap as
shown in Fig. 11.
Figure 14 shows a entropy increase in axial direction. The
abscissa axis is a distance from the rotor leading edge, which is
normalized by the stator chord length. As might be expected, the
entropy increase up to the rotor inlet became larger as the axial
gap was increased. In addition, the benefit from the wake interaction effect inside the rotor was obtained in the smaller axial gap
case of the off-design condition. In the design condition, however, the entropy increase through the turbine stage was almost
the same in each axial gap case despite the difference in the axial
gap. This was because the effect of the axial gap on the tip and

1.2
1

Entropy

0.8
0.6
0.4
0.2
0
Stator

Gap

Rotor

Total

Figure 15. Entropy increase in three regions of the turbine stage (top:offdesign condition, bottom:design condition)

gap region, in the gap L case at the design condition, the casingside stator passage vortex is identified independently apart from
the rotor passage vortex. This means that there is little interaction between the stator and rotor passage vortices, and also the
variation in mixing process of the passage vortex with the axial
gap has become dominant near the tip instead of the wake inter9
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hub sides canceled each other. Figure 15 indicates the entropy
increase within the three separated regions in the axial direction:
stator, gap, and rotor regions. In the turbine stage, the entropy
that was generated within the rotor was found to be higher than
that within the stator. There was a variation in the entropy increase within the rotor due to the axial gap, while the entropy
generated within the stator was constant for each axial gap. That
variation with the axial gap was different between the design and
off-design conditions since the effect of the axial gap worked in
the different way in each condition.
Figure 16 compares the aerodynamic performance of the turbine using the stage efficiency. The stage efficiency for the simulation result was calculated by averaging a mass-weighted adiabatic efficiency over the downstream cross plane of the rotor.
The ordinate axis represents the difference in the stage efficiency
from each gap L case. In the figure, there are quantitative differences between the experiment and the simulation, which are
considered to come from the difference of the stage efficiency
definition. Even so, the same trends as the experiment were obtained in the simulation results for both conditions. It was found
that the effect of the axial gap in the design condition was different from that in the off-design condition. As discussed before,
the wake passing has the opposite effect between the tip and the
hub in the design condition. In other words, the benefit from
the wake interaction effect near the hub has been reduced by the
opposite effect near the tip. As a result, the performance improvement from the gap L case was almost the same between the
gap S and M cases. It could be said that high aerodynamic performance can be achieved by reducing the axial gap if there is a
strong secondary flow near the endwall in the rotor and the wake
interaction effect is expected; namely in the case such as a low
aspect ratio turbine.

the size of the rotor passage vortices was decreased with a
decreasing axial gap.
3. In the off-design condition, higher stage performance was
achieved as the axial gap was decreased since there were
large passage vortices generated in the rotor to be suppressed
by the wake interaction. This fact was supported by both
experimental and numerical results.
4. In the design condition, the axial gap had a different effect
near the tip, which was opposite to that of the wake interaction near the hub. As a result, there was not such a linear
variation of the stage performance with the axial gap as in
the off-design condition.
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