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ABSTRACT

An axial flow turbine for a turbocharger is used
as a test turbine, and the local heat transfer coeffi-
cient on the surface of the shroud is measured under
uniform heat flux conditions. The nature of the tip
clearance flow on the shroud surface and a flow pattern
in the downstream region of the rotor blades are
studied, and measurements are obtained by using a hot-
wire anemometer in combination with a periodic multi-
sampling and an ensemble averaging technique. Data are
obtained under on- and off-design conditions. The
effects of inlet flow angle, rotational speed and tip
clearance on the local heat transfer coefficient are
elucidated. The mean heat transfer coefficient is
correlated with the tip clearance, and the mean
velocity is calculated by the velocity triangle method
for approximation. A leakage flow region exists in the
downstream direction beyond the middle of the wall
surface opposite the rotor blade, and a leakage vortex
is recognized at the suction side near the trailing
edge.

NOMENCLATURE

Bh : mean blade height, mm
C : absolute velocity at blade tip, m/sec
Cm	mean absolute velocity (-(C3+C4)/2), m/sec
Cr	chord length at blade tip, mm
h	local heat transfer coefficient, W/(m 2 K)
N	rotor revolution, rpm
Nu : Nusselt number (=h Cr/,A)
R : inlet flow angle at blade tip against axial

direction,
Re : Reynolds number (=Cm Cr/v)
AT	temperature difference between wall temperature

while being heated and not heated, °K
U : blade tip speed, m/s
u	velocity component of X direction, m/sec
v : velocity component of Y direction, m/sec
W : relative velocity at blade tip, m/sec
w : velocity component of Z direction, m/sec
X : distance of axial direction, mm
Y	distance of tangential direction, mm

Z	distance of radius direction, mm
d	blade tip clearance, mm

relative blade tip clearance (=d/Bh)
thermal conductivity, W/(m K)

v : kinematic viscosity, m 2 /sec
T : time, sec
C	stagger angle,

Subscripts
3	rotor inlet
4	rotor outlet

Superscripts
( ) : average

INTRODUCTION

Recently, in order to achieve high utilization
efficiency in gas turbines, many efforts have been made
to raise the turbine inlet temperature. It is neces-
sary, for the development of these high-temperature gas
turbines, to develop more effective cooling and thermal
isolation techniques not only for rotor blades (Metzger
et al., 1973; Kumada et al., 1981; Crawford et al.,
1980) and stator vanes (Dunn and Hause, 1982), but also
for flow path walls (Karimova et al., 1973; Guenette et
al., 1985). In connection with the design of these
components, further reliable data by which the heat
transfer coefficient can be accurately predicted are
still needed.

On the other hand, particularly the flow on the
shroud surface opposite to the rotor blade tips is
significantly affected by the turning and acceleration
of the high-temperature and high-speed gas flowing
through the blade row. This complex flow phenomenon on
the shroud is attributed to a mutual interaction of the
end-wall boundary layer, tip leakage flow, blade pas-
sage secondary flow, and the blade-surface boundary.
Several efforts have been made to clarify this complex
flow by means of a five-hole probe, a hot-wire anemom-
eter and a LDV anemometer, due to the need for higher
efficiency or more reliable designs which minimize the
loss in an axial flow compressor rotor (Hunter and
Cumpsty, 1982; Lakshminarayama at al., 1982; Inoue and
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Kuroumaru, 1989). Furthermore, numerical studies have
been performed for three-dimensional viscous flow
inside a rotor, including tip clearance flow (Pouagare
and Delaney, 1986 ; Dawes, 1987). These results are
useful in understanding the basic phenomena that take
place in the tip region, namely, the strong interaction
of leakage flow with blade passage flow, vortex roll-up
and a separating zone between the leakage flow and the
incoming main flow. However, as results were obtained
only for model engines (Hunter and Cumpsty, 1982;
Lakshminarayama et al., 1982; Inoue and Kuroumaru,
1989) , it is uncertain whether the data are applicable
to real gas turbines. Moreover, these studies (Dunn and
Hause, 1982; Karimova et al., 1973; Guenette et al.,
1985 ; Hunter and Cumpsty, 1982; Lakshminarayama et al.,
1982; Inoue and Kuroumaru, 1989; Metzger et al., 1991)
have not yet clarified how the structure varies with
conditions of operation, that is, inlet flow angle.

Atlthough many heat transfer studies have been
devoted to measuring the heat transfer coefficient
around a rotor blade for the axial flow turbine, there
are few studies (Dunn and Hause, 1982; Karimova et al.,
1973; Guenette et al., 1985; Metzger et al., 1991)
examining the coefficient on a shroud. Under the
condition of uniform wall temperature, the empirical
equation for the mean heat transfer coefficient was
obtained by Karimova et al. (1973), who discussed the
effect of tip clearance, but no measurements of the
flow field were performed. It is not clear, in par-
ticular, to what degree their results are applicable to
the general case. The flow field of the region near the
shroud is unsteady, and it has an effect on the
characteristics of the local heat transfer coefficient
in connection with the shapes and sizes of the turbine
stage.

In a previous report (Kumada et al., 1988),
quantitative data were presented for the local heat
transfer coefficient on the shroud in the radial flow
turbine for the turbocharger. In the present study, an
axial flow turbine for the turbocharger was used for
the test turbine. The local heat transfer coefficient
on the shroud under the conditions of on- and off-
design, which are equivalent to the conditions of zero,
positive and negative incidence, was measured, and an
accurate measurement of tip clearance flow was made by
inserting a hot-wire probe.

In this series of studies, the target is to
establish a numerical prediction scheme for thermal
stress in order to develop a ceramic abradable shroud.

EXPERIMENTAL APPARATUS AND PROCEDURE

All measurements were performed for an axial flow
turbine of the IHI VTR-161-type turbocharger, which
has 53 rotor blades (169-mm-dia. rotor, hub/tip
ratio=0.76). This turbocharger was chosen to facilitate
handling and measurement. The principal experimental
conditions and the rotor blade geometry are shown in

Table 1. The basic velocity triangle for this machine
is shown in Fig. 1. The blade profile corresponds to
the tip section of the test turbine, and the blades
have a three-dimensional and twisted shape as like as

Table 1 Principal experimental conditions and rotor
blade geometry     

it is in the actual case.
Driving air supplied by a blower through scroll

and inlet guide vanes turned the rotor. The mass flow
rate was linearly related to the rotational speed. The
resultant uncertainty in the mass flow rate presently
measured was ±5.5 % at 20:1 odds, referring to Moffat
(1933). In order to control the inlet flow angle of the
rotor blades, the impellers of the compressor were
partially cut off and/or the inlet of the compressor
was partially sealed with thin aluminum tape. Though
the discharge pressure of the blower used in the
present study was low, the inlet flow condition under
low revolution rate and change of flow incidence were
produced in this way. The rotational speed, N, was
measured by means of a pulse counter.

Measurement of the local heat transfer coefficient
on the shroud surface was performed by using the well-
established thin-film technique (stainless steel foil,
30 Um thick) which is equivalent to uniform heat flux
conditions. As shown in Fig. 2, the stainless steel
foil was glued onto the shroud (acrylic resin) and was
directly energized by a stabilized DC source. The local
wall temperature was measured with nine Cu-Co thermo-
couples (0.07 mm in diameter) soldered to the back of
the foil. The temperature difference, AT, used in the
definition of the heat transfer coefficient, h, was
defined by the difference between the temperatures of
the foil while being heated and not heated. This is
because a heat drop caused by air passing through the
rotor was taken into consideration. In order to avoid
the effect of heat loss from the foil to the wall of

acrylic resin on heating, a groove (5x4 mm2 cross
section) was cut into the contact-wall surface of
thermocouples along the axial direction. A pile of
glass wool was inserted carefully into the groove and
held there softly. Therefore, the fundamental heat loss
in the heat transfer coefficient can be ignored. The
resultant uncertainty in h was ±6.5 % at 20:1 odds. The
coordinate system and principal symbols used are shown
in Fig. 2. The local heat transfer coefficient was
measured in two regions: the surface wall opposite to
the rotor blade and that in the area downstream of the
rotor. Six shrouds with different inner diameters were
used primarily to investigate the effect of tip
clearance. The tip clearance was measured at four posi-
tions along the circumference by a thickness gauge. The
tip clearance was distributed uniformly within ±5 % at
each position. The tip clearance, 6, was varied from
0.3 mm to 1.2 mm.

Flow patterns on the shroud were obtained by a
constant-temperature hot-wire anemometer using a
periodic multisampling and averaging technique with a
computerized data acquisition system. Velocity vectors
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Figure 6 Hot-wire signals

were measured in three regions: the surface wall in the
area upstream of the rotor, that opposite the rotor
blade and that in the area downstream of the rotor. The
position of the blade was detected using a noninvasive,
eddy-current-type displacement transducer (maximum
frequency=30,000 Hz). The hot-wire probe used was a
single wir% 5 urn in diameter with a 1 mm effective
length.

In the case of the surface wall opposite to the rotor
blade. In order to measure two-dimensional vectors, the
hot-wire probe was inserted by a probe-setting device
on the shroud, as shown in Fig. 3. The probe position
could be moved at 8 mm intervals in the axial direction
from X=9 mm to 25 mm and, when taken out of the spacer,
from X=5 mm to 21 mm. The survey planes could be
changed from Z=0.2 mm to 1 mm continuously above the
wall surface by using the slide bolt. At each measuring
point on the survey plane, the hot-wire probe could be
rotated from +20 0 to -20 0 against the axial direction.
At each position, the hot-wire signals were acquired by
a 10 1-is sampling period summed up at each passage
between blades during four revolutions of the rotor in
order to avoid the effect of irregular revolution. In
this measurement, the effects of the velocity component
of the Z-direction and of reverse flow were involved in
the obtained results. The obtained results, however,
were useful in understanding the basic flow phenomena
that would take place in the tip region of a real
turbine.

Using the same device, the oncoming flow velocity
on the surface near the leading edge of the rotor blade
was measured.

In the case of the Wall surface in the area downstream
of the rotor. Three-dimensional vectors were obtained
through use of the turning device, as shown in Fig. 4.
This device can move a probe in the X- and Z-
directions, and turn it on the Z axis. As shown in this
figure, a hot-wire probe was attached inclined by 30 0

to the X-axis, and the inclination of the sensor wire

to the Y-axis was adjusted to 45 0 by rotation of t. The
survey 2lanes could be changed from Z=0.8 mm to 8 mm
using (, and at each measuring point, the hot-wire
probe was rotated, as shown in Table 2. At each sensor
position, hot-wire signals were summed up during four
revolutions of the rotor, that is, about 200 periods
and the sampling period was 10 us. Hot-wire signals
acquired were divided into 24 phases per period and
were averaged for each phase. The three mean-velocity
components can be obtained from a set of 12 or 17
ensemble averages of the hot-wire signal for each phase
and the angles of the hot-wire probe, by solving the
simultaneous quadratic equations by the least-squares
method and the Newton-Raphson method (Hayashi and
Nakaya, 1971). But, as shown in Fig. 5, a slight
scatter of output signals of the displacement trans-
ducer which was used to determine the blade position
can be seen. This was caused by the irregularity in the
revolution, manufacture of blades and their assembly.
The resultant uncertainty in the position of the blade
was ±8.7 %. Fig. 6 shows a typical result of the hot-
wire signals summed up during 200 periods. Data vary
widely. The amount of this scatter, however, depends on
the sensor position. Therefore, as the difference
between the averaged values for 150 and 200 periods is
very small, the velocity components are determined
from (12 or 17) x 200 periods. They are accurate in the
statistical sense.

Table 2 Turning angle of the probe at each measuring
point

Y. ,mm angle of	robeagains t the axial di rection

18 —36°— 24 ° ,	6° intervals

21.5 —45°	35 ° ,	5° intervals

25 —60°° 36° ,	 6° intervals

ssec

Figure 3 Schematic view of a probe-setting device	Figure 5 Signals of the displacement transducer
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EXPERIMENTAL RESULTS AND DISCUSSION

Characteristics of Flow on the Shroud
Fig. 7 shows the absolute velocity vector profile

in the Z-direction at X=3 mm. The boundary layer
thickness of the oncoming flow to rotor blades was
about 0.8 mm regardless of the position in the Y-
direction, and the effects of incidence and revolution
on it are very small in this experimental range. The
inlet flow angle agrees well outside the boundary layer
with the experimental condition; that is, the flow
incidence is zero. However, the incidence is about
+5°in the boundary layer. It seems that the nature of
the oncoming flow boundary layer is very important to
heat transfer and tip leakage flow, although control of
the boundary layer is not easy.

Fig. 8 shows typical absolute velocity vector
profiles in the Z-direction. In this case, 6=0.79 mm
and the hot-wire probe was moved from Z=0.2 mm to 0.62
mm to avoid contact between the probe and blades.
Although the flow passage between the blades is divided
into twelve parts along the Y-direction, the result of
a six-way division is shown in this figure in order to
avoid complication.

The change of velocity vectors in the Y- and Z-
directions is very small in the front region of the
blade (X=5-9 mm). In the downstream direction past
X=13 mm, the velocity profiles show three-dimensional
behavior. In particular, at X=13 mm, the velocity
vector becomes larger in the region directly under a
blade, and this effect can be seen near the wall
immediately after a blade is passed. This suggests the
behavior of a tip leakage flow.

Figs. 9 (a), (b), and (c) show typical relative

Re=3.3x104	5=0.039

R3=38°	,	3

QP^^

2
Nozzle

lo	50	10

u ++v2 ,m/s
Figure
	

Profile of absolute velocity vector in Z-
direction near the leading edge of rotor
blade

velocity vectors on the survey plane near the surface
of the shroud, at Z=0.2 mm. These incidences are zero
(R3=38 ° ), positive (R3=45°) and negative (R3=23°),
respectively. What is obvious is that these figures are
similar to each other, but the absolute values of the
velocity vector all become larger in the order of
positive, zero and negative incidence. Tip leakage flow
is the strongest, and the region is wide under the
condition of R3 =45 °. In contrast to this, in the case
of negative incidence, leakage flow does not appear
clearly. In this measurement, the flow is assumed to be
two-dimensional, and even if reverse flow appeared in
some regions, it was impossible to determine the flow
direction.

Figs. 10 (a), (b), and (c) show relative velocity
vectors on the X-Y plane in the area downstream of the
rotor, that is, at X=18 mm, 21.5 mm and 25 mm,
respectively. Velocity vectors near the shroud surface,
at Z=0.8 mm, show tip leakage flow behind a rotor.
Leakage flow and the incoming through-flow regions can
be identified in this case, but the leakage flow
becomes weak. The flow pattern at the suction side and
in the region 2-3 mm away from the wall surface shows
distortion due to the leakage vortex. This distortion
becomes small in the flow direction.

To confirm the existence of the leakage vortex,
Figs. 11 (a), (b), and (c) show the secondary flow
vector pattern under the same conditions as in Fig. 10.
As expected, the vortex is shown at the same position
as mentioned above. The shape of the vortex is slightly
oblate due to the restriction of expression. From both
Figs. 10 and 11, the leakage flow region can be
distinguished from the through-flow region. The flow
direction on the suction side is probably aligned
nearly with the main flow at the radius slightly
smaller than the blade tip radius. This means that a
thin vortex sheet with high vorticity must exist
between the leakage flow and the main flow, as
indicated by Inoue et al. (1989), who measured the tip
clearance flow in a low-speed rotating cascade

---^ 100m/s

z

Figure 8 Profile of absolute velocity vector
in Z-direction on the shroud oppo-
site to the rotor blades

0. 039

= 88 °

3.6x10 1

X

0	!OOm/s	 9	0	!OOm/s	 `0	0	IOOm/s	 9

(a)Zero incidence (R3=38°)	(b)Positive incidence (R3=45°)	(c)Negative incidence (R3=23°)

Figure 9 Relative velocity vectors (g=0.039, Re= 3.6x104, Z=0.2omm)
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facility. As a result, the vortex sheet may roll up due
to the induced velocity. At the rotor end, this leakage
vortex moves inward due to the presence of the adjacent
blade surface and interacts with the blade wake. It
seems to pass through the wake and is weakened by it as
the flow proceeds downstream. In particular, it is
worthy of note that the velocity component leaving the
wall surface is large at the blade exit and becomes
weaker along the flow direction, as shown in Figs. 11.

On the other hand, the phase-locked flow pattern
is substantially similar to that of off-design condi-
tions, though figures for this are not shown.

Local Heat Transfer Coefficient
Figs. 12 (a), (b), and (c) show typical distri-

butions of the local heat transfer coefficient under
the on-design point condition. R3 is the relative angle
included by the velocity at the blade tip against an
axial direction, _ and is kept constant. Nondimensional
tip clearances 6=d/Bh are 0.022, 0.03 and 0.054,
respectively. Although a slight scatter of data may be
seen within experimental uncertainty, the value of h
decreases monotonically in the direction of the outlet
section and increases from near the middle of the wall

surface opposite the rotor blades. The value of h
reaches a maximum at the end of the rotor. Then h
decreases again, and from nearly the length of one
axial chord downstream to the end of the rotor blade, h
increases again. These tendencies are generally evident
regardless of rotational speed (change of Reynolds
number, Re, is equivalent to one of revolution) and tip
clearance.

The decrease and increase in these distributions
of h in the region opposite to rotor blades seem to be
due to the development of a boundary layer and the
acceleration in velocity on the wall surface, as
discussed above. The reason that h reaches the maximum
value near the end of rotor blades has been considered
to be a secondary flow which is caused by leakage flow.

Furthermore, the value of h increases similarly
with an increase in rotational speed, regardless of tip
clearance. Although these tendencies of h were already
observed in other experiments (Karimova et al., 1973;
Guenette et al., 1985) , the present result and their
results are different in that the maximum value exists
at a spot near the inlet of the rotor blade. The reason
for this difference is the effect of the unheated
region in the present experiment, as was discussed in

50/s

/

	\\	̂ \tom
 .°' X Y 

X 

(a)	X=18mm	 (b)	X=21.5mm
Figure 10 Relative velocity behind the the rotor
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( c )	X=25mm
Figure 11 Secondary flow velocity behind the the rotor
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Figure 12	Distribution of local heat transfer coef-
ficient in the on-design condition
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6

the previous report (Kumada et al., 1988). The error
due to this difference is very small, and these
procedural results are within acceptable engineering
accuracy.

Effect of Inlet Flow Angle on Local Heat
Transfer Coefficient

Figs. 13 (a) and (b) show distributions of the
local heat transfer coefficient under the off-design
condition, that is, R3=59° and R3=-48°, which corre-
spond to the positive incidence condition and negative
incidence condition, respectively. The nondimensional
tip clearance is almost identical with the results
shown in Fig. 12 (b). These profiles are similar and
there is a tendency for rotational speed to agree with
the results of the on-design condition. The position of
the maximum value near the end of the rotor blades
moves slightly to the upstream direction in the case of
the off-design condition. These characteristics in the
distribution of h are similar, regardless of tip
clearance.

	800	 800
R3- 59°	8=0.029 

	

R3=-48° 6=0.031

	600	 600

E	Y

E
	̂ 400	 ^ 400

	

200	 200
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10	70	.30	0

	X, mm	 X, mm

(a)	R3=59° , 3=0.029	(b)	R3=-48° , 6=0.631

Figure 13 Distribution of local heat transfer coef-
ficient under the off-design conditions
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Average Heat Transfer Coefficient
The average heat transfer coefficient was calcu-

lated by the numerical integration of the local heat
transfer coefficient distribution over the range from
the leading edge, X=5 mm, to the trailing edge, 15 mm.
The characteristic length in the definition of the
Nusselt number is the axial chord lengt h of the blade.

In order to compare the sizes of Nu with respect
to inlet flow angle, changes in the mean Nusselt number
with respect to tip clearance are shown in Fig. 14.
Each line indicated in this figure is the  averaged line
of several measurements. In general. Nu in the on-

design condition is small, and Nu in positive  in ci-
dence has the highest value regardless of 6. The Nu in
negative incidence changes with 8 substantially and is
almost equal to the value of the on-design condition in
the range of 6=0.04. Although a slight scatter may be
seen, Nu gradually becomes smaller with an increase in
tip clearance regardless of rotational speed and inlet
flow angle. This tendency agrees well with the  re sults
of Karimova_et al. (1973). However, changes in Nu with
respect to 6 become smaller in the order of negative,
zero and positive incidence. The change of N u with
respect to 6 can be neglected in the range of 6>0.04
except under the condition of negative incidence. -

Figs. 15 (a), (b), and (c) show a change in Nu
with respect to the Reynolds number, in which the
characteristic length is the same as that used in the
definition of Nu. The characteristic velocity, Cm, is
the vector average of absolute velocity 03 of the inlet
and 04 of the outlet at a tip of the rotor blade, where
C3 and C4 were calculated by the velocity triangle
method for approximation. _

As shown in these figures, Nu is summarized by
Re 0 . 8 regardless of inlet flow angle, and Karimova at
al. (1973) reported that a similar expression can be
obtained as

Nu = 0.052 Re 0 . 8 (1 - 230.8) . (1)

Their result is plotted for reference in the same
figures.	 _

The above correlation, with Nu proportional to
Re 0 . 8 , is the same as the result obtained by Colburn
(1933) , which is the result of the heat transfer for a
turbulent boundary layer on a flat plate. This similar-
ity suggests that the flow behavior on the shroud
segment is similar to the turbulent boundary layer
flow. Recently, Metzger et al. (1991) reported that
time-averaged shroud heat transfer levels are propor-
tional to the 0.8 power of velocity. This was predicted
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with a turbulent correlation from the results of the
simple one-dimensional model.

In comparison with Karimova et al.'s results, the
absolute value of Nu in the present experiment is
almost the same as in the case of positive incidence,
but under other conditions it is smaller. It is diffi-
cult at this stage to discuss the validity of Karimova
et al.'s result because there is a great difference
between the two experiments, including the range of
Reynolds number, the velocity triangle, the type of
turbine and the blade profile.

Although local time-averaged heat transfer coef-
ficients on the shroud are presented in this paper, it
is necessary to measure the instantaneous heat transfer
coefficient in order to clarify the relationship
between the heat transport process and flow mechanism
on the surface of a shroud wall. Further study is
necessary and details will be reported at a later date.

CONCLUSIONS

Detailed measurements of the local heat transfer
coefficient and tip clearance flow on the shroud
opposite the turbine blade row have been made under the
conditions of both on- and off-design, using the
axial-flow type turbocharger. The results are summa-
rized as follows.
(1) In the downstream direction, beyond the middle of
the wall surface opposite the rotor blade, the absolute
velocity vector profiles exhibit	three-dimensional
behavior. In the middle region of the wall surface
opposite the rotor blade, the velocity vector becomes
larger in the region directly under a blade, and this
effect can be seen near the wall surface in the region
immediately after a blade passes through. This suggests
the behavior of a tip leakage flow.
(2) The velocity vector under	the condition of
positive incidence is always larger than that of the
on-design condition.
(3) A leakage flow region distinct from a through-flow
region exists.
(4) A leakage vortex is recognized at the suction side
near the trailing edge of a blade, and a rolling-up
leakage vortex decays downstream.
(5) The local heat transfer coefficient decreases
monotonically in the direction of outlet section and
increases from near the middle of the wall opposite the
rotor blade row. Then h reaches a maximum value and
decreases again, and from near one axial chord length
downstream of the end of the rotor blade, h increases
again. These tendencies are generally evident regard-
less of rotational speed, tip clearance, and the
condition of the inlet flow angle.
(6) The above profile, on the other hand, increases
similarly with an increase in the rotational speed and
a decrease in the tip clearance.
(7) Mean Nusselt numbers in the region opposite the
rotor blade are correlated with the tip clearance and
Reynolds number. Nu is proportional to the 0.8 power of
Re.
(8) Nu gradually becomes smaller with an increase in
tip clearance regardless of rotational speed and the
condition of the inlet flow angle.
(9) Nu in the condition of positive incidence is at
its highest, and that in the on-design point is small.
(10) The characteristics of the flow field on the
shroud correspond to those of the local heat transfer.
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