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teracted with the stator. Gaetani et al.(2006) and Yamada et al.(2006)
reported that it was possible to achieve higher turbine efﬁciency when
the axial spacing was decreased. One of the reasons for such trend
given by Yamada et al. is that the suppressing effect of counterrotating vortices generated by rotor-stator wake interaction on the passage vortex become weaker by increasing axial spacing. However,
further studies are still needed before drawing a general conclusion
with respect to the effect of axial gap.
This paper therefore provides experimental and numerical investigations of aerodynamic performance and unsteady ﬂow behaviors in
a single axial ﬂow turbine stage with three axial gaps. The purpose
of this study was to clarify the time-averaged and unsteady effects of
the axial gap, where the axial clearance from the downstream end of
the stator hub to rotor leading edge was kept constant in order to minimize the inﬂuence of the disk cavity to the main ﬂow which otherwise
would have happened when the axial gap was expanded. A ﬁve-hole
probe was used to measure time-averaged ﬂow ﬁeld and total pressure
loss distributions upstream and downstream of the rotor blades. In
addition, unsteady three-dimensional Navier-Stokes ﬂow simulations,
which was based on an implicit high-resolution upwind scheme using
TVD formulation, was performed to elucidate unsteady ﬂow ﬁeld in
the turbine stage and the interaction of the stator and the rotor.

ABSTRACT
The aim of the present study is to investigate effects of the axial gap
between rotor and stator upon the stage performances and ﬂow ﬁeld
of a single axial ﬂow turbine stage. In this paper experimental and
numerical studies are performed for three axial gaps by moving the
stator vane axially. Five-hole probe measurements are made to obtain
total pressure loss and time-averaged ﬂow ﬁeld upstream and downstream of the rotor blades. In addition, large-scale unsteady threedimensional RANS-based numerical simulation, in which blade-count
ratio is almost the same as that of the actual turbine stage, is executed
to understand interaction between the stator and the rotor. These results show that overall turbine stage efﬁciency with the smallest axial
gap is the highest among the three gaps. This is because the stator
wakes are diffused by expanding axial gap, inducing the growth of the
secondary ﬂow near the endwall.
INTRODUCTION
Experimental and numerical studies on unsteady ﬂow effects upon
turbine performance have been performed by many researchers to understand the mechanism of the loss caused by several factors such as
wake and passage vortices. The unsteady ﬂow ﬁeld in the turbomachinery is determined by the relative movement of the rotor against
the stator, which induces periodic interactions with each other. Unsteady interactions between stator and rotor has received much attention and understanding the ﬂow phenomena by these interactions is
very important to clarify the mechanism of loss generation in the turbine stages. Thus, it is necessary to make continual efforts to increase
knowledge on the unsteady interaction between stator and rotor in order to achieve further improvement of turbine efﬁciency.
Recently, a lot of studies have been made to investigate the unsteady
effects of wake passing upon aerodynamic performance of the turbine
stage, and some efforts among them revealed the importance of the
unsteadiness and the mechanism of the losses in the tubomachinery.
(for example, Pullan(2006), Denos et al.(2001), Hodson et al.(1998)).
Furthermore, some works, which intended to achieve much improvement of tubine stage efﬁciency, have been performed from the viewpoint of turbine stage conﬁguration, such as the solidity (Funazaki et
al.(2006)), injection ﬂow angle upstream of the turbine stage(Felipe et
al.(2003), Funazaki et al.(2005)).
As for the effect of axial gap, Gorrell et al.(2003) presented that
in transonic compressors additional losses were produced in narrow
axial spacing cases since a shock wave near the rotor leading edge in-
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EXPERIMENTAL FACILITY
The experimental facility used was an air-driven single-stage axial
ﬂow turbine (Figure 1) , where the air was sucked by two blowers at
the downstream of test section. Rotation of the rotor was controlled by
the dynamometer. Table 1 shows the main geometrical characteristics
and operational test conditions of this turbine stage.
Figure 2 represents an enlarged illustration of the test section,
where the stator vanes were located upstream of the shrouded rotor
blades. The test turbine was designed so that stator-rotor axial gap was
changeable by moving the stator vane in the axial direction, where the
gaps used were listed in Table 2. Since the ﬂow ﬁeld was likely to be
affected by the disk cavity ﬂow when the stator-rotor gap increased,
the axial clearance between stator and rotor on the hub side was kept
constant (about 1 mm) by attaching several rings to the hub section of
the stator. On the contrary, casing cavity was existed. It was assumed
that the casing cavity had only localized effect on the ﬂow around the
tip region. Measurement planes were located at the downstream of the
stator(TS) and rotor(TR).

Fig.2 Enlarged view of test section (GapL case)

located 8mm upstream of the rotor leading edge and TR is located
22mm downstream of the rotor trailing edge for all gaps.
The measuring grid at the measurement planes TS consisted of 61
pitchwise traverses points along the vane pitch (corresponding to two
stator pitch) and 28 spanwise stations, leading to about 1,700 measuring points in total. The grid at TR consisted of 16  28 stations in the
pitchwise, spanwise direction, respectively.
NUMERICAL SIMULATION
To enhance the understanding of the ﬂow ﬁeld in the turbine stage,
numerical simulation was performed by solving the compressible
Navier-Stokes equations using an unfactored implicit upwind relaxation scheme with inner iterations.
The Reynolds-averaged Navier-Stokes equations were discretized
in space using a cell-centered ﬁnite volume formulation, and in time
using the Euler implicit method. As for turbulence model the k-Ȱ
turbulence model was employed to estimate the eddy viscosity. A
nondimensional time step normalized by the rotor tip radius and inlet
sound speed was set to be 0.001. The multi-block parallel algorithm
was introduced into the present code and implemented using Message
Passing Interface (MPI).
In order to abate memory requirement and CPU time, the number
of the stator vanes was changed from 50 to 51. The passage count
ratio of stator to rotor was 3:4, which was nearly equal to the real
turbine blade count ratio. However, since the blade-count ratio was
not completely the same as that of the real turbine, the cross sectional
proﬁle of the stator blade was scaled down while the height of the
stator vane remained unchanged to maintain the solidity and throat
area as they were. The calculations were performed by applying the
periodical boundary condition in the circumferential direction and the
level of turbulence was 1.0%.

Fig.1 Schematic diagram of the test apparatus

Table 1 Main geometrical and operational characteristics
Rotational Speed
1300rpm
Inlet Velocity
15.0 m/s
Stator
Rotor
vane/blade number
50
68
axial chord [mm]
39.2
Hub radius [mm]
241.3
241.3
Tip radius [mm]
315.5
316.3

Gap
S
M
L

Table 2 Axial Gap
Stator-Rotor axial gap [mm]
10
15
20

Computational grid
Figure 3 presents the computational grid system used in this study.
The computational domain consisted of three regions, which were stator, rotor and aft-rotor regions. Each of the ﬂow ﬁelds was calculated
in different frame of reference. All grids were structured by H-type
grid system. In the actual case, there are rotor shroud and tip clearance
between the rotor shroud and the casing. In the numerical simulation,
however, those features of the actual turbine were not modeled neither.
Instead, the aft-rotor block expanded in the spanwise direction.
As for the stator region, the composite-grid system was employed
to avoid grid skewness around the trailing edge, and the stator region
was divided into two zones, i.e., upstream and downstream zones. The

gap / Cs
0.255
0.383
0.510

INSTRUMENTATION
Time-averaged ﬂow measurements have been made by means of
a ﬁve-hole probe at TS and TR as shown in Figure2, where TS is
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stator grid consist of 122 cells in the streamwise direction and 64 cells
in the pitchwise direction for the upstream zone, and 44 cells(GapS),
60 cells (GapM) and 79 cells (GapL) in the streamwise direction and
133 cells in the pitchwise direction for the downstream zone. Each
zone had 89 cells in the spanwise direction. The rotor grid consisted
of 224  89  64 cells in the chordwise, spanwise and pitchwise
directions, respectively. Besides, rotor exit expansion block consists
of 44  64  15 cells. The total grid points allocated to the three
stator and the four rotor passages amounted to approximately 10 million cells in the GapL case. The ratio of the minimum grid spacing
on solid walls to the blade tip chord length was less than 1  10−5 ,
which ensured that the dimensionless distance(y + ) of the closest grid
point was less than unity needed to evaluate the viscous ﬂuxes at the
walls by applying the no-slip and adiabatic conditions with no wall
function method applied.

(a) GapS

(b) GapM
Fig.3 Computational grid

RESULT
Stator Exit
Figure 4 and 5 show measured contours of total pressure ratio and
vorticity distributions downstream of the stator for three axial gap
cases, where θs was stator blade angular pitch. Note that the white
bands appearing in the contours indicate regions which were not covered by the probe traverse.
Total pressure ratio distributions provide a general idea of the total pressure loss features downstream of the stator vane. Figure 4(a)
demonstrates three main loss regions.
1. the secondary loss regions located at 85% of the blade height and
near the hub on suction side.

(c) GapL
Fig.4 Total pressure ratio downstream of stator

2. the proﬁle loss regions located along with the span vane.
3. the wall boundary layer loss region located on the casing.

Figure 5(a) represents two passage vortices characterized by positive values (counter-clockwise) near the casing and by negative values near the hub. Both vortices remained on the suction side of the
vane and around the endwalls. Moreover, two vortices counter rotating against the passage vortices appeared, which can be identiﬁed as
the shed vortices.
The measured vorticity reduced and stretched circumferentially
with the expansion of axial gap, partially because the distance from

The secondary loss regions were dominated by passage vortices and
secondary ﬂow, which expanded in circumferential direction with the
enlargement of the axial gap. The proﬁle loss regions expanded circumferentially like the secondary loss regions. The wakes shed from
the stator trailing edge diffused in the circumferential direction. The
wall boundary layer loss region on the casing was caused by the
growth of boundary layer on the casing, which tended to enlarge with
the increase in the distance of axial gap.
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Fig.5 Stremwise vorticity downstream of stator

Fig.6 Pitchwise mass averaged radial distribution of (a) Yaw angle, (b)
Axial velocity, (c) Total pressure ratio downstream of stator

the stator trailing edge to the measurement plane was also enlarged
with the axial gap. In addition, the core of vorticity seemed to move
downward, which was because the pressure gradient in the radial direction transported the low-energy ﬂuid to the hub side.
Figure 6 shows pitchwise mass averaged radial distribution of yaw
angle, axial velocity and total pressure ratio for three axial gap cases.

Figure 6(a) shows the appearance of underturning and strong overturning of the ﬂow at approximately 85% span in the experiment, which is
indicative of the interaction between the passage vortex and the secondary ﬂow at the casing. There is a major distinction near the hub
observed in Figure 6(a) and Figure 6(b), which was due to the inﬂu-
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Fig.7 Pitchwise mass averaged radial distribution of (a) Absolute yaw angle, (b) Axial velocity, (c) Total pressure ratio downstream of rotor

tional results, there is reasonable agreement between both results. In
terms of distributions in Figure 6(a), the computational results failed
to predict signiﬁcant variation of the yaw angle near the casing. Also
the total pressure ratios of the computational results were higher than
these of the experimental results, as shown in Figure 6(c). These
trends can be attributed to the fact that uniform velocity proﬁle was
speciﬁed at the inlet.

ence of the radial pressure gradient as shown in Figure 5. Also the
expansion of the axial gap triggered the increase of the exit swirl angle from midspan to the casing and the decrease of it from the hub to
midspan. The total pressure distribution near the casing for the larger
axial gap became low by the growth of boundary layer on the casing,
as shown in Figure 4.
From a comparison of the experimental results with the computa-

Rotor Exit
Figure 7 shows pitchwise mass averaged radial distribution of yaw
angle, axial velocity, total pressure ratio downstream of the rotor for
three axial gap cases. Figure 7(a) shows that the ﬂow proﬁles had
complex three-dimensionality, indicating convex and concave in the
span height direction.
It appears that the experimental and computational results matched
qualitatively with some quantitative discrepancies except for near the
tip. The experimental results exhibited less inﬂuence of the axial gap
than the computational results. For the computational results, the local
peaks of yaw angle locating around 25% blade height shifted upward
with the expansion of the axial gap. Similarly, the axial velocity and
the total pressure decreased as the gap increased. Differences of these
distribution near the tip were caused by leakage ﬂow between the rotor
shroud and the casing.

(a) GapS
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Entropy

Fig.8 Time-averaged entropy distributions on cross ﬂow planes in the
rotor passage

Fig.9 Pitchwise mass avetaged radial distribution of Entropy downstream of rotor
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Time-Averaged Flow Field
Figure 8 shows the time-averaged entropy distribution on some
cross ﬂow planes in the rotor passage. Planes I-to-VI locates at 0%,
20%, 40%, 60%, 80%, and 100% chord, respectively. Plane I for the
GapS case indicates there was the stator passage vortex at 80% of the
chord height, but in GapL case it could not be identiﬁed clearly. It
can be concluded that the vortices downstream of the stator were diffused due to expansion of the axial gap. As seen in the Plane VI, high
entropy region appeared near the suction side, where the low-energy
ﬂuid in the stator wake was transported from the pressure side to the
suction side by the circumferential pressure gradient in the rotor passage. Besides, the passage vortices, which arose in the rotor passage,
also yielded high entropy near the casing and appearing around the
hub.
Compared to the GapS case, two entropy regions at about 70% and
20% the blade height seems to be larger in the GapL case, as shown
in Figure 9. This is because the diffused vortices and wake induced
stronger interference with passage vortex and secondary ﬂow in large
axial spacing. As a result, the total turbine loss was increased by the
expansion of axial gap.
Unsteady Flow Field
Figure 10 shows instantaneous entropy distributions at midspan. As
shown in this ﬁgure, the stator wakes were chopped with the rotor
leading edge, then bowed and stretched in the streamwise direction.
While passing through the rotor passage, the wakes were transported
to the suction side because of the ”negative jet”. The wake tended to
accumulate on the suction surface, advecting toward the aft-passage
of the rotor. It is evident that the enlargement of the axial gap diffused
the entropy by mixing before it entered the rotor compared to the small
axial gap case.
Figure 11 shows the entropy distribution and secondary ﬂow vectors of velocity ﬂuctuation on the cross ﬂow plane at 100% chord in
the rotor for the GapS case, where Trt is the time for the rotor blade
to pass through one stator pitch. The velocity vector in this ﬁgure is
deﬁned by the difference of velocity vectors between instantaneous
and time -averaged results, representing the secondary ﬂow ﬁeld. The
high entropy regions along the rotor blade span were the proﬁle loss.
Also the stator wake and two passage vortices on the suction side were
clearly identiﬁed by high entropy region. The stator wake was transported from the hub side to the casing side through the rotor passage.
The ﬂow ﬁeld on the suction side was widely rolled up by the interaction with the stator wake, the passage vortex and the boundary layer
on the suction surface, where the direction of these vortical motions
was changing irregularity. The effects of the stator wake on the rotor
casing sections were less than that on the hub sections. In comparison
with casing side, the interaction of stator and rotor strongly affected
the ﬂow ﬁeld near the hub.
Figure 12 shows the entropy distribution and secondary ﬂow vectors
of velocity ﬂuctuation for the GapL case. In comparison with the
results of GapS case, the stator wake was diffused circumferentially
and the intensity of the wake was lower. The high entropy regions
near the casing and hub, which were caused by passage vortices, were
larger than that of the GapS case both in the radial direction and the
circumferential direction while the rotation cycle at any time. When
the stator wake passed at the hub side, the passage vortex was more
mightily lifted up in the radial direction. The intense ﬂuctuations of
the passage vortex and the secondary ﬂow ﬁeld near the hub were
triggered by the interaction of the stator and the rotor while the stator
wake passing through the rotor. The extent of the ﬂuctuations were
wider than that of the GapS case. On the contrary, the effect of the
unsteadiness near the casing was hardly seen likewise in the GapS
case.
As seen in Figure 11 and Figure 12, the region affected by the stator
wakes tended to become wide with the axial gap, being located mostly
on the hub side. It can be concluded that the increase of the axial gap
caused the increase of the entropy on the hud side.

(a) GapS

(b) GapL
Fig.10 Instantaneous entropy distributions at midspan

STAGE PERFORMANCE
Figure 13 shows total stage efﬁciency, which was calculated by
Eq.(1) and Eq.(2), based on the turbine torque and on the total temperature, respectively.
η

ηCF D

=

=

Tq · ω


κ
κ−1 RT1

1−

P t2
P t1

T 0 − T2
κ
t2 κ−1
T 0 − T0 ( P
P t0 )

κ
κ−1



(1)
·m
(2)

where Tq is turbine torque, ω is angular speed. It is obvious that
the total stage efﬁciency was reduced with the expanding gap, which
was corresponded to the studies of Yamada et al.(2006) and Gaetani
et al.(2006). One of the reasons of this trend was probably that the
low-energy ﬂuid was accumulated toward the hub downstream of the
stator vane in the GapL case and it intensively interacted with passage
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Fig.11 Entropy distributions and secondary ﬂow vectors of ﬂuctuation
velocity on crossﬂow plane at 100% chord of rotor (GapS)

Fig.12 Entropy distributions and secondary ﬂow vectors of ﬂuctuation
velocity on crossﬂow plane at 100% chord of rotor (GapL)
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Fig.13 Stage efﬁciency
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the Flow Field in a HP Turbine Stage for Two Stator-Rotor Axial
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vorticies and the boundary layer on the hub while passing through the
rotor, resulting in the deterioration of the turbine efﬁciency near the
hub. It can be concluded that the increase in the axial spacing between stator and rotor yielded the considerable impact on the turbine
efﬁciency.

P.Gaetani,G.Persico,V.Dossena,C.Osnaghi,2006, “Investigation of
the Flow Field in a HP Turbine Stage for Two Stator-Rotor Axial Gaps - Part II : Unsteady Flow Field”, ASME Paper GT200690556.pp.

CONCLUSIONS
Experimental and numerical investigations were executed on a single staged turbine with variable rotor-stator axial gap. In the experiment, time-averaged ﬂow ﬁeld and pressure loss were captured by the
measurement by using ﬁve-hole probe. In the numerical simulation,
unsteady three-dimensional Navier-Stokes ﬂow simulation, where the
blade-count ratio was almost the same as that of the real turbine was
performed, to elucidate unsteady behavior of the whole ﬂow ﬁeld and
interaction of stator and rotor. The ﬁndings in the present study are
summarized as follows;

K.Yamada,K.Funazaki,K.Hiroma et al.,2006, “Effect of Wake
Passing on Unsteady Aerodynamic Performance”, ASME Paper
GT2006-90783.pp.

1. The passage vortices and the wakes in the stator passage were
more diffused and the incidence was increased due to the pressure gradients in the radial direction caused by the enlargement
of axial gap.
2. The diffused vortices and wake upstream of rotor induced the
stronger interference with the passage vortex and secondary ﬂow
in the large axial gap, comparing with the small axial gap, which
results in increase of pressure loss.
3. The unsteady effect to interact between the stator and the rotor
appeared near the hub, where the ﬂuctuations of the passage vortex and the secondary ﬂow ﬁeld near the hub became more intense according to the expansion of the axial gap.
4. The turbine efﬁciency tends to slightly reduce by expanding axial
gap.
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