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Abstract

This study was carried out to investigate the effect of relative blade position on heat transfer in a stationary blade and shroud. A low speed wind
tunnel with a single stage stationary annular turbine cascade was used. The test section is composed of sixteen guide plates and sixteen blades.
The chord length of the blade is 150 mm and the mean tip clearance of the blade is 2.5% of the blade chord. Detailed mass transfer measurements
were conducted for the stationary blade fixed at six different relative blade positions within a single pitch using a naphthalene sublimation method.
The Reynolds number based on blade inlet velocity and chord length ranged between 1.0 × 105 and 2.3 × 105 and mean turbulence intensity was
about 3%. As the blade position changed, the incoming flow field condition also changed significantly due to a blockage effect. As a result, the
heat transfer on the tip and the shroud was significantly affected by the blade position because the incoming flow condition is changed. Especially,
the mass transfer coefficients in the upstream region of the tip vary up to ±25% of their average values. On the shroud, the size and the level of
peak regions due to flow acceleration, transition and tip leakage vortex were strongly affected by the relative blade position.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Since the turbine inlet temperature of a modern gas turbine
engine has been increased steadily, the thermal load on the
turbine blade, especially the tip region, is increased. In addi-
tion, the turbine blade has a finite tip clearance between the tip
and the shroud and the leakage flow is generated through the
clearance by the pressure difference between the pressure and
suction sides of the blade. The flow entering the gap from the
pressure side is accelerated, separates at the edge of the tip and
then reattaches on the tip surface. Due to these flow characteris-
tics, extremely high heat transfer rates are observed near the tip
and on the tip of the blade. Also, the leakage flow discharged
from the tip gap interacts with the mainstream (hot gases) near
the suction side tip of the blade, which may cause excessive
heat transfer on the surface. Therefore, the tip region of the tur-
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bine blade is subject to excessive thermal load and needs to be
protected by intensive cooling.

The tip and near-tip regions including the shroud are difficult
to cool effectively due to complicated geometry and flow pat-
terns. Therefore, to improve the reliability and durability of the
turbine blade, complex cooling techniques have been developed
and used on the tip and near-tip regions. However, to obtain
more effective cooling performance, a complete understanding
of flow and heat transfer characteristics is required and this can
be achieved by investigating detailed heat transfer characteris-
tics on the tip and near-tip region at the same time. In addition,
various operating conditions should be taken into account for
an accurate analysis.

Extensive and intensive research has been performed on the
heat transfer characteristics around the blade tip since the late
1990s and most studies dealing with heat transfer around the
tip have used a stationary linear turbine cascade. Bunker et al.
[1] and Ameri and Bunker [2] investigated tip heat transfer for
different tip clearances and tip edge shapes in a linear turbine
cascade. Bunker et al. [1] reviewed the studies related to tip heat
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Nomenclature

C blade chord length
CP static pressure coefficient
Cx blade axial chord length
Dnaph diffusion coefficient of naphthalene in air
hm local mass transfer coefficient
l blade span
ṁ naphthalene mass transfer per unit time and area
p blade pitch
P0 total pressure of incoming flow
Ps static pressure on blade surface or shroud
ReC Reynolds number based on blade chord length and

incoming flow velocity
ReC,ex Reynolds number based on blade chord length and

exit flow velocity
S spacing between guide plate and blade
ShC Sherwood number based on blade chord length
t tip clearance
Tu turbulence intensity of incoming flow

U flow velocity at the vane exit
Umean average flow velocity at the guide plate exit
V0 mean flow velocity at the inlet of the guide plate
W1 mean flow velocity at the blade inlet
W2 mean flow velocity at the blade exit
x, y, z, s coordinate system (Fig. 2)

Greek symbols

α1 guide plate exit angle
α2 absolute flow angle at the blade exit
β1 blade inlet angle
β2 blade exit angle
δz naphthalene sublimation depth
δτ test duration
ρs solid naphthalene density
ρv,w saturated vapor density of naphthalene
ρv,∞ vapor density of naphthalene in the flow
transfer and suggested guidelines for further study in this field,
such as consideration of blade rotation, shrouded tip geometry
and tip cooling. Azad et al. [3,4] and Kwak and Han [5] have
studied extensively the GE-E3 blade tip heat transfer in a sta-
tionary linear cascade using a transient liquid crystal technique.
They investigated the effects of blade tip clearance (from 1 to
2.5% of blade chord), freestream turbulence intensity (6.1 and
9.7%), tip geometry and film cooling. Kwak et al. [6] investi-
gated the effect of squealer geometry, such as single or double
squealer, on heat transfer at the tip and the near-tip region and
reported that different squealer geometries result in different
heat transfer patterns which change the leakage flow path. The
suction side squealer tip provides the lowest heat transfer coeffi-
cient at the tip and near-tip region. Saxena et al. [7,8] and Nasir
[9] investigated the effects of tip geometry and unsteady wake
on the tip flow and heat transfer for a blade using a steady state
HSI-based liquid crystal technique. Yang et al. [10,11], Acharya
et al. [12] and Saha et al. [13] studied flow and heat trans-
fer characteristics for blades with different leakage reduction
strategies including squealer tip and winglet using a commer-
cial program, FLUENT. Jin and Goldstein [14] measured mass
transfer coefficients on the flat tip of the blade in a stationary
linear cascade using a naphthalene sublimation method. They
changed the tip clearance from 0.86 to 6.90% of the chord for
two different freestream turbulence intensities (0.2 and 12.0%).
Papa et al. [15] also investigated the heat transfer characteris-
tics on the squealer tip or the tip with winglet on the pressure
side at four different tip clearances from 0.6 to 3.6% of the
chord using a naphthalene sublimation method. Recently, re-
search on film cooling in the tip region has been performed.
Kwak and Han [16] studied heat transfer and film cooling on
the flat and squealer tip of the blade in a linear cascade using
a TLC technique. Ahn et al. [17] and Mhetras et al. [18] mea-
sured film cooling effectiveness in the tip with squealer rims
using a Pressure-Sensitive Paint technique. Christophel et al.
[19–21] used a two-passage linear cascade in a low speed wind
tunnel to measure the heat transfer coefficient and film cool-
ing effectiveness on the blade flat tip with dirt purge holes and
film cooling holes on the pressure side surface. They found that
the coolant from the pressure side holes provides an overall net
heat flux reduction to the blade tip but the heat flux reduction is
nearly independent of coolant flow levels. Newton et al. [22] in-
vestigated the effect of tip geometry and film cooling on the tip
heat transfer for different tip clearances using a large-scale lin-
ear turbine cascade. They reported that the squealer rim reduces
the heat transfer in the gap but high levels of heat transfer are
found on the suction side near-tip surface where the tip leak-
age vortex impinges. They introduced a film cooling hole in
the recirculation region on the tip and they mentioned that the
high heat transfer region associated with the flow reattachment
is successfully eliminated. Nasir et al. [23,24] also investigated
film cooling on the tip with different tip geometries for various
operating conditions using a large-scale linear cascade.

As mentioned, most of the previous studies have been con-
ducted using a stationary linear turbine cascade with uniform
incoming flow conditions. Under actual operating conditions,
however, the incoming flow is not uniform and changes period-
ically since the blade rotates and interacts with the upstream
vane periodically. This interaction includes the wake gener-
ated from the upstream vane and the incoming flow distortion.
This may affect the behavior of the tip leakage flow and con-
sequently heat transfer patterns around the blade tip. Some
research [25–33] has dealt with the effect of vane/blade interac-
tion and operating conditions on blade heat transfer and showed
periodic variation in the heat transfer pattern due to the interac-
tion.

Among the effects of vane/blade interaction, the present
study focused on the effect of relative blade position. As men-
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Fig. 1. Schematic view of experimental apparatus.
tioned, the relative blade position changes the opening area of
the upstream vane and consequently changes the incoming flow
field and heat transfer characteristics around the blade tip.

In the present study, a low speed wind tunnel with a sta-
tionary annular turbine cascade was used to study detailed heat
transfer characteristics with various blade positions. The cas-
cade has a row of guide plates in front of the stationary blade
to simulate a single stage turbine. For a detailed measurement
of heat/mass transfer on the blade, a naphthalene sublimation
technique was used. To estimate the effect of vane/blade in-
teraction, a set of experiments was conducted for a stationary
blade with six different positions with respect to the upstream
guide plate. At first, basic heat transfer characteristics were
examined for uniform incoming flow conditions and then the
experiments were performed on the blade fixed at various rel-
ative positions. The present study did not consider the effect
of wake. To exclude the effect of upstream wake from the up-
stream guide vane, a thin steel plate was used to make guide
vanes. In addition, the effect of Reynolds number was investi-
gated for the condition of uniform incoming flow.

This paper presents the detailed heat/mass transfer results
on the tip and the shroud for various relative positions of the
blade. Part 2 presents the results on the near-tip region of the
blade surface. Based on the present results, the effect of blade
rotation on periodic variation of heat transfer or time-resolved
heat transfer pattern with blade rotation can be estimated.

2. Experimental facilities

2.1. Wind tunnel with stationary annular cascade

Fig. 1 shows a schematic view of the low speed wind tunnel
with the annular turbine cascade. The apparatus is composed
of three parts: an upstream fan with 15 HP motor, an annu-
lar passage with test section (a single stage of turbine) and a
downstream fan with 10 HP motor. The diffuser with a honey-
comb and screens is installed at the exit of the upstream fan and
connected to the annular passage by a rubber duct of 1000 mm
diameter. A bell mouth and a hemispherical cone are installed at
the inlet of the passage to induce a developed channel flow. The
outer and inner diameters of the annular passage are 900 and
620 mm, respectively, and the corresponding height of the pas-
sage is 130 mm. The annular passage has a 1.7 m-long straight
section based on the outer casing.

The test section of a single turbine stage is located in the
annular passage and the cross-sectional view of the test section
at the mid-span is presented in Fig. 2. To simulate a single stage
turbine, the test section is designed to contain a row of sixteen
guide plates in front of the stationary disk with sixteen turbine
blades.

A row of the guide plates is located 540 mm downstream of
the inlet of the passage. The guide plates are made of steel and
their thickness is 1.3 mm. The number of guide plates is 16 and
the axial chord length is 120 mm. Each guide plate has a 56.4
deg.-exit angle with a 40 mm-straight section before turning.
The geometry of the guide plates is given in Table 1.

A row of turbine blades is located 34 mm downstream of the
guide plate. The turbine blades are mounted on the disk, which
can rotate in either direction so that the desired blade position
can be obtained. The mid-span profile of GE 7FA first stage
blade was used for the turbine blade. In the present study, two
types of blade were used: 15 dummy blades to create a periodic
flow and a naphthalene-coated test blade for local mass trans-
fer measurement. The chord length of the blade is 150 mm and
the corresponding aspect ratio is 0.87. The pitch of the blade
varies from 0.84 to 1.17 in the spanwise direction and the pitch
at mid-span is very close to 1.0C. The inlet and exit angles are
56.4 and −62.6 deg., respectively, which produce a turning an-
gle of 119.0 deg. The mean tip clearance based on the measured
values of the test blade is 3.8 mm, which corresponds to 2.5% of
chord. It is noted that the mean tip clearance of 2.5% is some-
what larger than a typical value for an industrial gas turbine
engine (1–1.5% of chord) but is reasonable to investigate the
leakage flow effects on the local heat/mass transfer character-
istics. The nomenclature and details of the blade geometry are
given in Fig. 2 and Table 2.
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Fig. 2. Schematic view of guide vane and blade.
Table 1
Guide plate configurations

Number of guide plates 16
Axial chord length (Cx) 120 mm
Pitch 22.5◦(P/C = 1.26)
Aspect ratio (l/C) 1.08
Guide plate inlet/exit angle 0◦/56.4◦

Table 2
Blade configurations

Number of blades 16
Chord length (C) 150 mm
Axial chord (Cx) 131.5 mm

Pitch to chord ratio (p/C) Hub 0.84
Mean 1.01 (22.5◦)
Tip 1.17

Aspect ratio (l/C) 0.87
Spacing between vane and blade 34 mm (0.227C)
Blade inlet/exit angle β1 = 56.4◦/β2 = −62.6◦
Turning angle 119.0◦
Mean tip clearance (t) 3.8 mm (t/C = 2.5%)

Two pitot tubes and six J-type thermocouples were located
100 mm upstream from the guide inlet to measure the veloc-
ity and temperature of the incoming flow. For static pressure
and temperature measurements on the blade, a pressure trans-
ducer (FCO-44, Furness Controls) and J-type thermocouples
with calibrated IC chips, AD594 (monolithic thermocouple am-
plifier with cold junction compensation, Analog Devices) were
installed in the disk. The measured data were transferred to a
PC through a twenty-channel slip ring in the test section.

Several windows were made on the outer casing to install
the shroud test plate for local mass transfer measurements
and flow/static pressure measurements. Several curvilinear test
plates made of acrylic were used for velocity and static pressure
measurements.
2.2. Relative position of blade and operating conditions

To investigate the effect of relative blade position, the ex-
periments were conducted for the stationary blade fixed at six
different positions. Fig. 3 shows the schematic view of the blade
positions at the mid-span. The desired blade position is obtained
by rotating the disk on which the blades are mounted. Posi-
tion 0 (or Position 0′) means that the blade is located at the
mid-way point of the passage while Position 3 means that the
extended line from the guide trailing edge is coincident with
the blade leading edge. Positions 1 and 2 indicate the blade po-
sitions 0.15C apart from Positions 0 and 1, respectively, in the
pitchwise direction. Similarly, Positions 4 and 5 represent the
positions 0.15C apart from Positions 3 and 4, respectively, in
the pitchwise direction. Thus, a single pitch was resolved into
six positions and the effect of blade position on local heat/mass
transfer was investigated.

The experiments were conducted at the inlet Reynolds num-
ber (ReC) of 1.5 × 105. The mean velocity at the blade inlet is
15 m/s and the turbulence intensity is about 3%. The bound-
ary layer thickness on the casing is less than 5 mm, which
is equivalent to the mean tip clearance (3.8 mm). All experi-
ments were conducted at room temperature and the variation
in room temperature during the experiments was maintained
within ±0.3 ◦C. Details of the operating conditions are listed
in Table 3.

2.3. Static pressure and flow measurements

For static pressure measurements on the blade, eleven pres-
sure taps were fabricated at the mid-span on the dummy blades
adjacent to the test blade. To measure the static pressure dis-
tribution on the shroud, a test plate with 70 pressure taps was
installed. The diameter of the pressure taps is 0.8 mm for both
pressure measurements.
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Fig. 3. Schematic of various relative positions of stationary blade.
Table 3
Operating conditions

Guide inlet flow velocity (V0)/mean Tu 8.3 m/s/∼9%
Guide exit flow velocity (V1)* 24.3 m/s
Blade inlet velocity (W1)/mean Tu 15 m/s/∼3%
Blade exit velocity (W2)* 18.0 m/s
Reynolds number based on W1 and C(Rec) 1.5 × 105

Reynolds number based on W2 and C(ReC,exit) 1.8 × 105

(based on mid-span geometry and the inlet Reynolds number).
* Calculated from inlet to exit area ratio.

Two pressure transducers (FCO-44, Furness Controls, Inc.)
with different pressure ranges, 25 mm H2O and 250 mm H2O,
were used. The signals from each transducer were transferred
to the PC through a data logger (Model No. 34970A, Agilent
Technologies, USA) with a 22 channel-multiplexer (34901A).
The uncertainties of static pressure measurement were esti-
mated as ±4.9% for the 25 mm H2O pressure transducer and
±5.9% for the 250 mm H2O pressure transducer.

A constant temperature thermal anemometer (IFA-300 from
TSI, Inc.) with a single hot-film probe (Model 1201-6) was
used to measure the boundary layer profile and the velocity
and turbulence intensity of the mainflow. The sampling rate was
4000 Hz with a low pass filter at 2000 Hz and 4096 data points
were acquired and averaged. Velocity magnitude and turbulence
intensity distributions presented in this study were measured
while the wire was positioned normal to the guide plate exit an-
gle.

3. Mass transfer measurement and data reduction

Detailed mass transfer measurements were conducted at the
blade tip and shroud using a naphthalene sublimation method.
The test blade surface has a rim of 5 mm along the blade pe-
riphery of the tip to maintain the sharp edge of the blade tip and
to provide a reference value for sublimation depth calculation.
To measure the sublimation depth on the curved surface, four-
axis positioning table with 5-phase stepping motors and LVDT
depth gage (Schaevitz, LBB-375TA-020) were used. The de-
tails of the test blade and measurement system are described in
Refs. [32,33].

The mass transfer coefficient is obtained from sublimation
depth and exposure time. The local mass transfer coefficient is
defined as follows.

hm = ṁ/(ρv,w − ρv,∞) = ρs(δy/δτ)/ρv,w (1)

In the data reduction, a naphthalene concentration in the
mainstream is used as a reference value and its value, ρv,∞ is
assumed to be zero in this study since freestream contains no
naphthalene. The local sublimation depth (δy) is the difference
between total sublimation depth and sublimation depth due to
natural convection. In this study, the natural sublimation rate
was determined from separate experiments and was estimated
to be about 10% of the total sublimation depth. It is noted that
the average total sublimation depth is less than 0.1 mm and its
effect on the blade geometry variation is negligible.

The Sherwood number is expressed as:

ShC = hmC/Dnaph (2)

where Dnaph is calculated from a correlation equation suggested
by Goldstein and Cho [34]. Uncertainty in Sherwood numbers
using the method of Kline and McClintock [35] for single sam-
ple experiments was estimated to be ±7.4% in the entire op-
erating range of the measurement, based on a 95% confidence
interval. This uncertainty is mainly attributed to the uncertainty
of properties of naphthalene, such as the naphthalene saturated
vapor pressure (3.8%), and diffusion coefficient of naphthalene
vapor in the air (5.1%).

Mass transfer coefficients can be converted into heat transfer
coefficients using the heat and mass transfer analogy [36] and
the comparison results for blade surface heat transfer are given
by Rhee and Cho [32].

To measure the local sublimation depth on the curvilinear
surface, a four-axis measurement system with an LVDT gauge
was used. Detailed specifications of the measurement system
are described by Rhee [37].
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Fig. 4. Velocity magnitude and turbulence intensity at mid-span position near the guide vane exit. (a) Velocity magnitude, (b) turbulence intensity.
4. Results and discussion

4.1. Blade incoming flow measurements

Flow measurements were performed for the without blade
and with blade cases at four positions (Positions 0, 2, 3 and 5)
to examine the effects of the relative position on incoming flow
field. Figs. 4 and 5 show the distributions of velocity magnitude
and turbulence intensity at the mid-span on the plane 10 mm
downstream from the guide exit. In the figures, lines refer to
the results of 2D numerical simulations.

Without the blade (Fig. 4), fairly uniform distributions of
velocity magnitude and turbulence intensity are obtained. The
turbulence intensity at the mid-way is about 3% and it increases
up to 15% at the trailing edge of the guide plate due to the wake.
But the effect of this wake is relatively weak and limited in
the lateral direction because a thin guide plate is used. There-
fore, the effect of relative blade position on incoming flow field
distribution could be investigated while the wake effect was ex-
cluded.

When the blade is installed, the blade blocks the passage
and changes the flow pattern at the exit of the guide plate. This
changes the flow field at the blade inlet, especially around the
leading edge, as shown clearly in Fig. 5. Fig. 5 presents the
distributions of velocity magnitude and turbulence intensity for
the blade at four positions. In the figures, the arrow refers to the
position of the leading edge of the blade.
As expected, the distributions of the velocity magnitude and
turbulence intensity are quite different from those without the
blade and are significantly affected by the relative position of
the blade although the basic characteristics, such as low velocity
and high turbulence intensity at the trailing edge regions of the
guide plate, are similar.

All measurement results show low values around the blade
leading edge while peak values are 25% more than the average
value for all the tested cases. These low values are due to the
blockage effect of the blade. Especially for Position 2, the ve-
locity magnitude around the blade leading edge is considerably
lower because the leading edge is close to the guide trailing
edge. This results in an increase in turbulence intensity in the
region of low velocity magnitude. Excessively high turbulence
intensity is observed because of the strong flow disturbance and
the wake from the guide plate and the peak value of the turbu-
lence intensity is more than 30%. However, it should be noted
that the turbulence intensity in the passage is not sensitive to
the relative position. This means that other blade positions have
similar patterns and levels of turbulence intensity.

Among the relative positions, Position 5 has the most uni-
form distributions of velocity magnitude and turbulence inten-
sity. For this case, the difference in velocity magnitude is within
±10% in the passage except in the trailing edge region. Thus,
the flow fields are affected significantly by the relative posi-
tions of the blade, and hence the heat transfer on the tip and the
near-tip regions also is expected to be affected considerably.
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Fig. 5. Velocity magnitude distributions along the mid-span between the two adjacent guide vanes. (a) Position 0, (b) Position 2, (c) Position 3, (d) Position 5.
Fig. 6(a) shows the distributions of time-averaged static
pressure coefficients at the mid-span for Position 5. Static pres-
sure coefficient is defined in Eq. (3). It should be noted that
the static pressure measurements were conducted for Position 5
because Position 5 has more uniform distribution of velocity
magnitude than other cases (shown in Fig. 5).

Cp = (Ps − P0)/0.5ρV 2 (3)
0
The bold line indicates the result from a 3D numerical sim-
ulation using FLUENT 6.1 and the open symbols represent
the experimental data. The simulation was performed to ob-
tain steady-state solutions for the turbulent viscous flow field
around the blade tip. The geometry and the operating condi-
tions are exactly the same as the experimental ones. A guide
plate and a blade were modeled and a periodic boundary condi-
tion was imposed on the sidewalls. The grid was generated by
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Fig. 6. Distribution of static pressure coefficients along the blade mid-span at
Position 5. (a) Blade mid-span, (b) shroud.

GAMBIT solid modeling and the number of cells was about 1.5
million. The RNG k-ε turbulence model with non-equilibrium
wall function was used.

As shown in Fig. 6(a), while Cp values on the pressure side
are uniform, on the suction side surface, Cp decreases consid-
erably due to flow acceleration. The maximum static pressure
difference is observed at x/Cx ∼= 0.34 and then the static pres-
sure recovers forming an adverse pressure gradient. Fig. 6(b)
shows the measured static pressure coefficient distribution on
the shroud for Position 5 at ReC = 1.5×105. In this case, the to-
tal pressure and the velocity at the inlet of the guide are used to
calculate the static pressure coefficient. Small circles in the fig-
ure indicate the positions of static pressure taps. As expected in
Fig. 6(a), a large difference in static pressure between the pres-
sure and suction sides is shown along the blade periphery. The
static pressure decreases sharply as the flow enters the tip clear-
ance along the pressure side edge due to the flow acceleration
(i.e. flow entrance effect). Then the static pressure decreases as
the flow develops in the gap passage. Along the suction side
edge, the region of the lowest coefficient at the suction side is
Fig. 7. Local distributions of ShC on the tip for Position 5 at ReC = 1.5 × 105.
(a) Contour plot, (b) local distributions.

found at x/Cx ∼= 0.15, which corresponds to s/Cx = 0.3 ∼ 0.4,
due to the flow acceleration.

4.2. Heat/mass transfer characteristics with uniform incoming
flow

Fig. 7 presents the local distributions of ShC on the flat tip
for the stationary blade at Position 5. In the figure, the outer
line and the blanked region represent the blade profile and the
aluminum rim, respectively.

In the tip gap, the flow reattachment after the separation at
the pressure side edge of the blade dominates the heat transfer
on the tip. Therefore, the heat transfer pattern on the tip is sim-
ple: peak values at the reattachment region and then monotonic
decrease with flow development. The region of high heat trans-
fer is formed close to the pressure side edge along the pressure
side in the overall region due to flow reattachment. In the up-
stream region, the region of high heat transfer is formed close to
the pressure side edge along the pressure side while local peaks
near the pressure side in the downstream region are located in
the gap (approximately 0.06Cx from the pressure side edge) as
shown in Fig. 7(b). This is because a large portion of the flow
near the tip enters the gap in this region, which results in a rela-
tively large recirculation bubble at the edge. It is noted that the
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Fig. 8. Local distributions of ShC on the shroud for Position 5 at ReC = 1.5 ×
105. (a) Contour plot, (b) pitchwise distribution.

low heat transfer region due to flow recirculation at the pres-
sure side edge is not shown clearly because most of this region
is coincident with the aluminum rim on the tip.

Relatively low transfer coefficients are observed near the
suction side edge in the upstream region (x/Cx � 0.15). This
low transfer region is in accordance with the ‘sweet spot’ re-
ported by Bunker et al. [1]. This low region is formed because
the tip gap flow tends to flow in the axial direction.

Local heat/mass transfer distributions on the shroud are
shown in Fig. 8. While the shroud has complex heat transfer
characteristics due to flow patterns such as flow acceleration,
laminarization, transition to turbulent flow and leakage vortex,
the overall level of heat/mass transfer coefficients on the shroud
is much lower than that on the tip (about 50–70% of tip heat
transfer).

As expected, locally high heat/mass transfer coefficients are
observed along the pressure side because of the flow accelera-
tion at a thin boundary layer thickness (flow entrance effect).
After the flow enters the tip gap, a local valley followed by
a region with peak values of heat/mass transfer coefficient is
formed in the gap along the pressure side edge. These patterns
are due to flow laminarization with strong flow acceleration and
Fig. 9. Distributions of Cp at mid-span and Sh on the shroud for the blade with
a low turning angle [40]. (a) Cp distribution, (b) Sh contour for t/C = 1.95%.

flow transition to turbulent flow. An additional high heat trans-
fer region is formed outside the suction side edge due to the
tip leakage flow through the upstream portion of the gap (near
the leading edge). This ‘upstream’ tip leakage flow is thought
to mainly affect the shroud after affecting the blade surface
near the leading edge. Thus, the tip leakage flow seems to be
divided into two streams and affects heat transfer patterns on
the different regions of the blade, tip and shroud. Bindon [38]
and Moore and Tilton [39] reported these flow characteristics
around the tip and shroud. Also, Kwak and Han [5] and Cho
et al. [40] showed a similar distribution of heat transfer coef-
ficients, that is, additional peaks near the suction side rim on
the shroud despite the different blade profile. Fig. 9 shows the
pressure coefficient distribution and Sherwood number on the
shroud for the blade’s lower turning angle, which is presented
by Cho et al. [40]. Because the turning angle is lower and the
maximum pressure difference is shown in the downstream re-
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Fig. 10. Contour plots of ShC on the flat tip of the blade for various blade positions at ReC = 1.5 × 105. (a) Position 0, (b) Position 1, (c) Position 2, (d) Position 3,
(e) Position 4, (f) Position 5.
gion, most tip leakage flow is driven toward the trailing edge
region and the peak outside the gap is formed very close to the
suction side surface. However, in the present study, this peak
is formed in the upstream region and the demarcation between
two peaks is clear because the blade has a higher turning an-
gle.
The behavior of the divided tip leakage flow is discussed
in detail in Part II and the details of basic heat/mass transfer
characteristics on the tip and the shroud are described by Rhee
and Cho [33]. The horseshoe and passage vortices are negligible
in the present study because the boundary layer thickness is
equivalent to the tip clearance.
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Fig. 10. Continued.
4.3. Effect of relative blade position

Fig. 10 shows the contour plots of ShC on the flat tip surface
and the shroud for various blade positions at ReC = 1.5 × 105.
The contours on the tip and the shroud are presented together
for the same position for more exact understanding of the effect
of the relative blade position. Typical heat/mass transfer char-
acteristics are observed for all cases. But, the level of heat/mass
transfer coefficients and the size of the enhanced region change.
This change results from the gap flow variation, which is men-
tioned above, especially in the results of tip heat transfer.

At Position 0 (Fig. 10(a)), the heat/mass transfer pattern on
the tip is quite similar to that at Position 5. The local Sherwood
number decreases monotonically along the pitchwise direction



D.-H. Rhee, H.H. Cho / International Journal of Thermal Sciences 47 (2008) 1528–1543 1539
but its level is quite uniform along the axial direction. Lo-
cal values near the leading edge (i.e. in the upstream region)
are slightly higher than those at Position 5. This reveals that
the portion of the upstream tip leakage flow is increased. On
the shroud, the peak region outside the gap (x/Cx ≈ 0.4 and
r/Cx ≈ −0.9) is higher than that for Position 5. This means
stronger interaction between the upstream tip leakage flow and
the mainflow, which results from increased upstream tip leak-
age flow. On the contrary, the effect of the downstream tip
leakage flow, for example, peaks due to the flow transition re-
gion and the flow entrance effect is reduced when compared
with the result at Position 5.

However, as the blade moves on to Positions 1 and 2, a sig-
nificant change in heat/mass transfer distributions on the tip and
the shroud is observed. On the tip, as shown in Figs. 10(b) and
(c), the heat/mass transfer coefficients in the upstream region
decrease as blade position changes to Position 2. This is be-
cause of reduction in the upstream tip leakage flow. As shown
by flow measurement results, the blade inlet flow around the
leading edge is disturbed and pushed toward the downstream
region of the pressure side. Therefore, most of the near-tip flow
is forced to enter the tip gap in the downstream portion. Those
characteristics are clearly observed in the heat/mass transfer re-
sult on the shroud. High heat/mass transfer coefficients along
the pressure side profile are shifted toward the downstream re-
gion, and the values are much higher than for other cases due
to the increased effect of flow acceleration in this region. How-
ever, the effect of flow transition in the gap is weakened because
of the shifted tip gap flow. In addition, the heat/mass transfer
coefficients in the peak region outside the gap are much lower
than Position 1 or 5 because of the reduced upstream tip leakage
flow.

The heat/mass transfer in the passage is also influenced by
the blade position. Positions 1 and 2 have higher heat/mass
transfer coefficients in the passage than other cases. The reason
can be inferred from the distributions of velocity magnitude.
For example, the velocity magnitude in the middle of the pas-
sage is 20–25% higher than the mean value for Position 2. In
other words, the incoming flow near the blade leading edge
is pushed to the mid-way passage due to the blockage effect
and consequently higher heat/mass transfer coefficients are ob-
served in the passage for Position 2.

At Position 3, the mass transfer coefficients in the upstream
region of the tip increase. Similarly, on the shroud surface, peak
values due to the upstream tip leakage flow are higher than
those for Position 1 or 2 while heat/mass transfer coefficients
along the pressure side profile are lower. This is due to uniform
tip gap flow over the blade periphery for Position 3.

As the blade position moves on to Position 5, the effect of
the upstream tip gap flow on the shroud heat transfer becomes
dominant because of the increased gap flow at these regions.
Therefore, the peak region moves toward the upstream region
and the level of Sherwood numbers becomes higher. However,
the heat transfer patterns on the tip are similar to Position 3.

Looking over the results in series from Position 0 to Posi-
tion 5 reveals that the effects of leakage flow change with the
blade position and consequently the local patterns and the levels
Fig. 11. Oil-lampblack flow visualization on the tip at various blade positions.
(a) Position 0, (b) Position 2, (c) Position 3.

of heat/mass transfer coefficients near the tip change periodi-
cally with blade rotation. This means that the near-tip region
and shroud are exposed to periodically varying heat flux. There-
fore, for more accurate heat transfer analysis in the tip region of
the blade, not only the uniform flow conditions but also the flow
condition induced by vane–blade interaction should be consid-
ered.

Fig. 11 shows the oil-lampblack flow visualization results
for the cases at Positions 0, 2 and 3. For the visualization, the
mixture of carbon powder and kerosene was used. In the figures,
the dashed lines indicate the flow reattachment region along the
blade and white arrows mean the expected flow direction on the
tip inferred from the mass transfer experimental results and the
carbon powder trajectories. These visualization results support
the heat/mass transfer mechanism on the tip at various blade
positions.
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Fig. 12. Pitchwise averaged ShC on the flat tip of blade for various blade posi-
tions at ReC = 1.5 × 105.

Figs. 12 and 13 present the pitchwise averaged ShC on the
tip and the shroud for various blade positions. On the tip, sig-
nificant variation of ShC is found in the upstream region with
changing blade position. Position 2 has the lowest values and
the level of ShC is 50–80% of that at Position 0 or 5. As men-
tioned, this is because most of the tip gap entering flow is
pushed to the downstream region for Position 2. However, the
elevated turbulence intensity of mainflow does not seem to have
a noticeable effect on tip heat transfer. Unlike the upstream re-
gion, the downstream region has a similar level of ShC because
flow reattachment dominates heat transfer as shown in Fig. 11.
Thus, the heat transfer in the upstream region of the tip is sig-
nificantly affected by vane–blade interaction and the periodic
variation of heat transfer coefficients is expected for the rotat-
ing blade.

On the shroud, although the local distributions are non-
uniform and change with the variation of the blade position,
the average values are almost the same. Positions 1 and 2 have
slightly higher average values than other cases due to the in-
creased heat/mass transfer rate along the pressure side edge in
the passage.

Total averaged ShC values are presented in Fig. 14. It is
noted that the average value on the shroud is only 50–70% of
the values on the tip. On the tip, as shown in the local and pitch-
wise averaged ShC distributions, the value at Position 2 is the
lowest and a sinusoidal pattern is observed with changing posi-
tion, which is similar to the �Cp distribution. On the contrary,
Fig. 13. Pitchwise averaged ShC on the shroud surface for various blade posi-
tions at ReC = 1.5 × 105.

Fig. 14. Total average ShC on the tip and the shroud surface at ReC = 1.5×105.

average mass transfer coefficient on the shroud is not quite af-
fected by the relative position of the blade. Although Position 1
shows a higher value than other cases, the differences between
the averaged values are within the experimental uncertainty.

4.4. Effect of Reynolds number

To examine the effect of Reynolds number on the tip and
shroud heat transfer, the experiments were carried out for
various inlet Reynolds numbers ranging from 1.0 × 105 to
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Fig. 15. Pitchwise averaged ShC on the tip and the shroud for Position 5 at
various Reynolds numbers. (a) On the tip, (b) on the shroud.

2.3 × 105. Fig. 15 shows the streamwise distributions of pitch-
wise averaged ShC on the tip and the shroud for various in-
let Reynolds numbers. The total averaged ShC is presented in
Fig. 16.

As shown in Fig. 15(a), the levels of ShC on the tip increase
with increasing Reynolds number while the patterns are the
same. When the gap flow is fully turbulent, heat transfer on the
tip can be normalized by Re0.8 (based on the channel height)
as reported by Moore and Tilton [38] because the tip gap flow
can be simplified as the flow in a channel of small height. How-
ever, the exponent of the denominator (Ren) may be different
from that for the channel flow (n = 0.8) since the tip gap has
very complex flow patterns including flow separation and reat-
tachment at the pressure side edge. The pitchwise averaged ShC
values normalized by Re0.65

C are also plotted in Fig. 15(a). The
results show that pitchwise averaged values converge into a sin-
gle curve. This reveals that the simplification to the channel
flow has a limitation since the tip gap has complex flow pat-
terns, such as flow separation and reattachment.
Fig. 16. Total average ShC on the flat tip of blade and shroud.

Heat/mass transfer distributions on the shroud also have the
same trends, as shown in Fig. 15(b). The overall heat/mass
transfer increases with increasing Reynolds number. For the
heat transfer on the shroud, the heat/mass transfer coefficients
can be normalized by Re0.71

C and the normalized values are
coincident with each other. Like tip heat transfer, shroud heat
transfer is less dependent on Reynolds number than on simple
turbulent flow since the shroud also has complex flow patterns
such as flow acceleration, laminarization, transition and leakage
vortex near the surface.

5. Conclusions

The experimental study was conducted to investigate the ef-
fect of relative position of a stationary blade on blade tip and
shroud heat/mass transfer. Detailed heat/mass transfer coeffi-
cients were obtained using a naphthalene sublimation method.
The results are summarized as follows.

With uniform incoming flow, flow reattachment dominates
the tip heat transfer and a high heat/mass transfer region is
formed along the pressure side edge. Then, the mass transfer
coefficient decreases gradually as the tip gap flow develops in
the gap. On the shroud, complex heat transfer patterns are ob-
served due to flow acceleration, relaminarization, transition to
turbulent flow and tip leakage vortex. Especially, tip leakage
flow is divided into two streams and each leakage flow affects
local heat transfer on the shroud outside the gap and in the tip,
respectively.

The relative position of the blade changes the incoming flow
condition significantly because the opening area varies with the
relative position. Therefore, velocity magnitude and turbulence
intensity at the blade inlet change significantly with the blade
position. Especially at Positions 1 and 2, most of the incoming
flow is pushed to the downstream region of the pressure side
and turbulence intensity around the leading edge is extremely
high due to a strong blockage effect. Position 5 shows the most
uniform velocity and turbulence intensity distributions.

The heat/mass transfer pattern on the tip is significantly af-
fected by the blade position. Especially, the variation in the
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heat/mass transfer coefficients in the upstream region of the tip
reaches up to ±25% of the average value. For example, Posi-
tion 2 has 50% lower values than Position 0 or 5 in the upstream
region. However, the downstream region is hardly affected be-
cause flow reattachment dominates the heat transfer. Therefore,
for the actual operating condition, the upstream region of the
blade tip is possibly exposed to a periodically varying ther-
mal load. On the shroud, like the tip, local distributions of the
heat/mass transfer coefficients are affected by the relative posi-
tion of the blade. As the blade position moves from Position 0
to Positions 1 and 2, the heat/mass transfer coefficients along
the pressure side gap increase significantly while the peak re-
gion outside the gap near the suction side surface is reduced
because the tip gap entering flow is pushed to the downstream
region. Positions 3 to 5 show similar patterns to Position 0 al-
though the level of Sh and the size of the peak regions vary with
blade position change. Thus, the variation in the blade position
causes the heat transfer variations and consequently, this might
result in deterioration of durability in the tip region for the ac-
tual operation

The heat/mass transfer on the tip and the shroud is propor-
tional to Re0.65

C and Re0.71
C , respectively. This means that the

heat transfer on the tip and the shroud is less dependent on the
Reynolds number than the case for turbulent flow in a channel
(Re0.8

C ) and this is mainly due to complex flow patterns such as
flow separation, reattachment, relaminarization and flow transi-
tion.
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