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Abstract

This study was carried out to investigate local heat/mass transfer characteristics on the stationary blade near-tip surface for various relative
positions of the blade. A low speed wind tunnel with a stationary annular turbine cascade was used. The test section has a single turbine stage
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 in a
single pitch using a naphthalene sublimation method. The Reynolds number based on the blade inlet velocity and the chord length ranges between
1.0 × 105 and 2.3 × 105 and mean turbulence intensity is about 3%. The change in blade position, which causes a different interaction between
vane and blade, changes the incoming flow condition. As a result, significantly different patterns are observed on the blade surface, especially near
the blade tip due to the variation in tip leakage flow.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

The near-tip region and the tip surface of the turbine blade
are typical regions subject to an excessive thermal load since
the turbine blade tip operates in an extremely high tempera-
ture environment with complex flow fields. Since the turbine
blade has a finite tip clearance between the tip and the shroud,
leakage flow is generated through the clearance by the pres-
sure differential between the pressure and suction sides of the
blade. Due to the leakage flow through the gap, 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 causes excessive heat transfer on the
surface. Therefore, the region around the blade tip needs to be
protected by intensive cooling because the tip and near-tip re-
gions are difficult to cool effectively due to their complicated
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geometry and flow patterns. To improve the reliability and dura-
bility of the turbine blade, complex cooling techniques should
be developed and used at the tip and near-tip regions. An ac-
curate understanding of detailed heat transfer characteristics is
required to develop more effective cooling techniques.

Many researchers have dealt with heat transfer character-
istics on the blade or vane, especially in the mid-span (two-
dimensional flow region) and endwall [1–8]. Moreover, as re-
viewed in Part 1 [9], most of the studies on blade heat trans-
fer around the tip focus on the blade tip. Although the blade
near-tip region is one of the weak regions exposed to severe
operating conditions, only limited information on near-tip heat
transfer has been provided by a few researchers. Kwak and
Han [10] measured detailed heat transfer coefficients on the
near-tip surface, tip and shroud in a stationary linear turbine
cascade using a transient TLC (thermochronic liquid crystal)
measurement technique. Jin and Goldstein [11] conducted ex-
periments to investigate the local heat transfer characteristics
on the near-tip surface for a low speed stationary linear turbine
cascade using a naphthalene sublimation method. In their study,
complex distributions of mass transfer coefficients are observed
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Nomenclature

C blade chord length
CP static pressure coefficient
Cx blade axial chord length
Dnaph diffusion coefficient of naphthalene in the air
hm local mass transfer coefficient
l blade span
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 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 symbol

α1 guide plate exit angle
α2 absolute flow angle at the blade exit
β1 blade inlet angle
β2 blade exit angle
due to the passage and tip leakage vortices. Kwon et al. [12]
also reported the effect of tip leakage flow on blade surface
heat transfer. Recently, Rhee and Cho [13] investigated blade
near-tip heat transfer using a naphthalene sublimation method
and provided detailed heat/mass transfer information on the ro-
tating blade under various conditions.

In addition, most studies have dealt with heat or mass trans-
fer on the blade for uniform incoming flow. However, in actual
operating conditions, the flow field around the blade is non-
uniform and unsteady due to various effects such as vane/blade
interaction, wake and blade rotation which can cause different
heat transfer characteristics. Therefore, various parameters and
operating conditions should be taken into account.

Giel et al. [8] studied the effect of incidence angle on the
blade surface in a transonic linear turbine cascade without tip
clearance. They changed the incidence angle from −5 deg.
to 5 deg. and reported a significant change in the heat transfer
pattern with a non-zero incidence angle. Rhee and Cho [14,15]
investigated the effect of incidence angle for a rotating turbine
blade in a low speed wind tunnel and also demonstrated con-
siderable variation in the heat transfer coefficient in the near-
tip region. Zhang and Han [16], Du et al. [17] and Rhee and
Cho [18] investigated the effect of upstream wake on blade
surface heat transfer and reported that the upstream wake el-
evates the heat transfer coefficient in the general region of the
blade.

The present study focused on the effects of vane/blade in-
teraction, particularly, the effect of blade position with respect
to the upstream vane. Part 1 [9] dealt with the tip and shroud
heat/mass transfer and the present paper focuses on heat/mass
transfer in the near-tip region of the blade. The relative blade
position changes the opening area of the upstream vane and
results in periodic variation of flow and heat transfer character-
istics around the blade tip. To estimate the effect of vane/blade
interaction, a set of experiments was conducted for a stationary
blade with six different positions with respect to the upstream
guide plate. In the experiment, a low speed wind tunnel with a
stationary annular turbine cascade was used and a row of guide
plates was installed in front of the stationary blade. A blade
with flat tip geometry was used and detailed mass transfer mea-
surements of the tip, shroud and blade near-tip surface were
conducted using a naphthalene sublimation method. To inves-
tigate the effect of vane/blade interaction, at first, basic heat
transfer characteristics were examined for a uniform incom-
ing flow condition and then the experiments were performed
for the blade fixed at various relative positions. In addition, for
the condition of uniform incoming flow, the effect of Reynolds
number was also investigated. A naphthalene sublimation tech-
nique was used to measure detailed mass transfer coefficients
on the blade.

2. Experimental facilities

2.1. Wind tunnel with stationary annular cascade

Fig. 1 shows a schematic view of a low speed wind tunnel
with an annular turbine cascade. The apparatus is composed
of three parts: an upstream fan with 15 HP motor, an annular
passage with test section (a single stage of the turbine) and a
downstream fan with 10 HP motor. The outer and inner diam-
eters of the annular passage are 900 and 620 mm, respectively,
and the corresponding height of the passage is 130 mm. The
annular passage has a 1.7 m-long straight section based on
the outer casing. The details of the apparatus are described in
Part 1.

The test section of a single turbine stage is located in the
annular passage (Fig. 2). To simulate a single stage turbine,
the test section has a row of sixteen guide plates and a row
of sixteen turbine blades. The guide plate is located 540 mm
downstream of the inlet of the passage. The guide plates are
made of steel plate. The axial chord length of the guide plate
is 120 mm and each guide plate has a 56.4 deg.-exit angle. The
geometry of the guide plates is given in Table 1. A row of tur-
bine blades is located 34 mm downstream of the guide plate.
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Fig. 1. Schematic view of experimental facility.

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◦

The mid-span profile of a GE 7FA first stage blade was used for
the turbine blade. The chord length of the blade is 150 mm and
the corresponding aspect ratio is 0.87. The nomenclature and
details of the blade geometry are given in Fig. 2 and Table 2.

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 the flow mea-
surement at the inlet of the blade, a constant temperature ther-
mal anemometer (IFA-300 from TSI, Inc.) with single hot-film
probe (Model 1201-6) was used. Several windows were made
Table 2
Blade configurations

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

Pitch to chord ratio Hub 0.84
(p/C) 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%)

on the outer casing for local mass transfer measurements and
flow/static pressure measurements on the shroud. Several curvi-
linear test plates made of acrylic were used for velocity and
static pressure measurements.



D.-H. Rhee, H.H. Cho / International Journal of Thermal Sciences 47 (2008) 1544–1554 1547
Fig. 3. Schematic of various relative positions of stationary blade.
Table 3
Operating condition

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) 1.5 × 105

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

2.2. Relative position of blade and operating conditions

As mentioned in Part 1 (reference), to investigate the effect
of relative blade position, the experiments 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. Po-
sition 0 (or Position 0′) means that the blade is located at the
midpoint of the passage while Position 3 means that the ex-
tended line from the guide trailing edge is coincident with the
blade leading edge. Positions 1 and 2 indicate the blade posi-
tions 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 may be resolved
into six positions and the effect of blade position on local
heat/mass transfer may be investigated.

The experiments were conducted at an 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 boundary
layer thickness on the casing is less than 5 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.

3. Mass transfer measurement and data reduction

Detailed mass transfer measurements were conducted on the
blade surface using a naphthalene sublimation method. The
present study focused on local heat/mass transfer on the near-tip
region so the test blade was designed to have a naphthalene-
coated surface from 15 mm below the mid-span to the near-tip
region (4 mm below the tip). The test blade surface has a rim of
4 mm along the blade tip to maintain the sharp edge of the blade
tip and to provide the reference value for sublimation depth
measurement.

In the results, the Sherwood number is used as a dimension-
less form of mass transfer coefficient and the Sherwood number
is expressed as:

ShC = hmC/Dnaph (1)

where Dnaph is calculated from a correlation equation suggested
by Goldstein and Cho [19]. Uncertainty in Sherwood numbers
using the method of Kline and McClinetock [20] for single
sample experiments was estimated to be ±7.4% in the entire
operating range of the measurement, based on a 95% confi-
dence interval. Mass transfer coefficients can be converted into
heat transfer coefficients using the heat and mass transfer anal-
ogy [21] and the comparison results for blade surface heat trans-
fer are given by Rhee and Cho [14].

4. Results and discussion

4.1. Static pressure measurements

Fig. 4 shows the distributions of time-averaged static pres-
sure coefficients (Cp = (Ps − P0)/0.5ρV 2

0 ) at the mid-span for
Position 5. It should be noted that the static pressure measure-
ments were conducted for Position 5 because it has a more
uniform distribution of velocity magnitude than other cases as
mentioned in Part 1 [13]. In the figure, the bold line indicates
the result from a 3D numerical simulation using FLUENT 6.1
and the open symbols represent the experimental data. The sim-
ulation was performed to obtain steady solutions for a turbulent
viscous flow field around the blade tip. The model geometry
and the operating conditions are the same as the experimental
ones. A guide plate and a blade were modeled and a periodic
boundary condition was imposed on the sidewalls. The grid was
generated by GAMBIT solid modeling and the number of cells
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Fig. 4. Static pressure distribution at mid-span.

was about 1.5 million. The RNG k–ε turbulence model with
non-equilibrium wall function was used.

As shown in Fig. 4, while Cp values on the pressure side are
uniform, on the suction side surface, Cp decreases considerably
with flow acceleration. The maximum static pressure difference
is observed at x/Cx ∼= 0.34 and then the static pressure recovers
forming an adverse pressure gradient. The numerical simulation
predicts a minimum value at x/Cx ∼= 0.1 on the pressure side,
and a laminar separation bubble may be formed near this region.

4.2. Heat/mass transfer characteristics with uniform incoming
flow

Fig. 5 shows the contour and local plot of ShC on the blade
surface for the stationary blade at ReC = 1.5 × 105. In the con-
tour plot, the dashed line indicates the mid-span of the blade
and the outer-lines of the contour plot indicate the blade sur-
face. The regions in which the mass transfer coefficient is not
measured, such as the rim near the tip and trailing edge, are
excluded from the result.

The flow characteristics primarily affecting local heat trans-
fer on the blade surface near-tip region are classified as follows
and indicated in Fig. 6(a). The highest values of Sh are ob-
served along the span at the leading edge (stagnation region,
Region I in Fig. 6(a)) and then Sh decreases as the flow de-
velops on the surface. On the pressure side (s/Cx � 0.0), the
flow after the stagnation point is expected to be laminar due
Fig. 5. Local ShC on the blade surface for Position 5 at ReC = 1.5 × 105. (a) Contour plot, (b) local distributions along the surface.
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Fig. 6. Classification of heat transfer characteristics on the blade surface and the shroud. (a) Blade surface, (b) shroud.

Fig. 7. Oil-lampblack flow visualization on the suction surface of the blade.
to local flow acceleration. As flow moves downstream on the
pressure side, local peak and valley are found at s/Cx ∼= −0.2
due to laminar flow separation (Region II) and flow reattach-
ment on the pressure side surface. After flow reattachment, the
heat transfer coefficient decreases rapidly as the boundary layer
develops. Then, the boundary layer flow undergoes relaminar-
ization and quite uniform heat/mass transfer distributions are
found in the downstream region. Near the tip on the pressure
side, high heat/mass transfer coefficients are found along the
tip due to the flow acceleration (Region III).

On the suction side surface, in the two-dimensional flow
region, the laminar boundary layer flow is maintained up to
s/Cx ∼= 0.7 due to strong acceleration (Region IV). Then, the
flow transition occurs due to adverse pressure gradient (Region
V) and relatively high peak values (about 70% of Sh at the
stagnation point, s/Cx = 0.0) are observed in this region. Af-
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Fig. 8. Contour plots of ShC on the blade surface for various positions at ReC = 1.5 × 105. (a) Position 0, (b) Position 1, (c) Position 2, (d) Position 3, (e) Position 4,
(f) Position 5.
ter the transition, the fully turbulent boundary layer develops
and the heat/mass transfer coefficient decreases monotonically.
In the near-tip region of the suction side surface (z/Cx � 0.3),
the leakage flow from the gap has a dominant effect on local
heat/mass transfer (Region VI). There are two peaks near the tip
on the suction side surface, which are indicated as Region VI-1
and Region VI-2 in Fig. 6(a). This is because the leakage flow
in the tip gap is divided into upstream and downstream tip leak-



D.-H. Rhee, H.H. Cho / International Journal of Thermal Sciences 47 (2008) 1544–1554 1551
age flows and then these flows develop as two leakage vortices.
This feature is explained in Part 1 and can be easily confirmed
by comparing with the shroud heat transfer pattern as shown
in Fig. 6(b). In the upstream region near the tip (Fig. 6(a)),
a small region of high heat/mass transfer is generated due to
leakage flow from the upstream portion of the gap. This region
is confined to s/Cx � 0.4. This is possibly because the leak-
age flow affecting the surface heat transfer is detached from the
surface as the flow moves along the surface. Then, as indicated
in Fig. 6(b), the upstream tip leakage flow begins to affect the
shroud heat transfer. Therefore, an additional high heat transfer
region is observed on the shroud outside the tip gap.

A new high heat transfer region due to the downstream leak-
age vortex is observed after a clear demarcation between Re-
gions VI-1 and VI-2 (the local minimum value at s/Cx = 0.5
along z/Cx ∼= 0.4). This tip leakage vortex impinges on the
suction side surface, drawing the mainstream (hot gases) to-
ward the surface. Therefore, relatively high heat/mass trans-
fer regions are formed along the leakage vortex path. The ef-
fect of the downstream leakage vortex reaches more than 10%
of the axial chord in the spanwise direction. As presented in
Fig. 5(b), the peak value due to this leakage vortex is located
at s/Cx = 0.7 and the level is about 60% of that at the stag-
nation point. The demarcation between Regions VI-1 and VI-2
is shown clearly in the oil-lampblack flow visualization result
(Fig. 7).

It should be noted that the horseshoe and passage vortices
are negligible in the present study because the boundary layer
thickness is equivalent to the tip clearance as mentioned in
Part 1.

4.3. Effect of relative blade position

Fig. 8 shows the contour plots of ShC on the blade surface
for various blade positions at ReC = 1.5 × 105. Basically, the
local heat/mass transfer characteristics mentioned above are ob-
served for all cases. The level of heat/mass transfer coefficients
and the size of the classified regions are different. This change
is related to the incoming flow condition variation as presented
in Part 1 [13] and the behavior of the tip gap flow.

For Position 0 (Fig. 8(a)), the heat transfer characteristics
mentioned above are shown clearly. On the pressure side, the
heat transfer coefficients on the pressure side surface are uni-
form and high heat/mass transfer coefficients are formed near
the tip along the pressure side surface. However, some dif-
ferences from the result at Position 5 (Figs. 5(a) or 8(e)) are
found on the suction side surface. On the suction side surface,
the heat transfer coefficients in the flow acceleration region
(s/Cx < 0.6) are slightly higher than those at Position 5 and
the locally low transfer regions are reduced. This is possibly
due to elevated turbulence intensity of the incoming flow near
the suction side surface. Near the tip, the heat transfer enhanced
region related to the upstream tip gap flow is larger than that for
Position 5. On the contrary, the effect of the tip leakage vor-
tex on the blade surface is weakened. This is due to a reduced
downstream tip gap flow with an increased upstream gap flow.
Fig. 9. Local distributions of ShC at the mid-span of the blade for various posi-
tions at ReC = 1.5 × 105.

This is already mentioned in the shroud heat/mass transfer re-
sult (Fig. 6(b)).

For the cases of Positions 1 and 2 (Figs. 8(b) and (c)), sig-
nificant changes are observed. The region related to the laminar
separation bubble on the pressure side surface disappears and
the stagnation region is somewhat shifted toward the suction
side. Also, heat/mass transfer in the upstream region on the
suction side surface is increased due to elevated turbulence in-
tensity. These characteristics are due to low flow velocity with
high turbulence intensity of incoming flow around the leading
edge, which is presented in Part 1.

Near the tip on the suction side surface, the region of high
heat/mass transfer due to the upstream gap flow is significantly
reduced while the region affected by the downstream tip leak-
age vortex is enlarged and the peak value in this region is
increased when compared with the case at Position 0 or Posi-
tion 5. This is due to reduced upstream gap flow with increased
downstream tip leakage flow.

At Position 3 (Fig. 8(c)), the wake from the trailing edge of
the guide plate directly affects blade leading edge heat transfer.
Therefore, the ShC values in the stagnation region are higher
than those for any other cases. The effect of wake seems to
be confined to the stagnation region (−0.1 < s/Cx < 0.1) be-
cause of local flow acceleration. On the suction side, the high
heat/mass transfer region due to the upstream gap flow is larger
than that for Position 2, which means the upstream leakage flow
begins to increase while the downstream leakage flow is re-
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Fig. 10. Local distributions of ShC along z/Cx = 0.4 of the blade for various
positions at ReC = 1.5 × 105.

duced as the blade moves from Position 2 to Position 3. While
the blade position changes from Position 3 to Position 5, overall
heat/mass transfer characteristics are maintained and no signif-
icant change is observed.

Looking over the results in series from Position 0 to Po-
sition 5 reveals that the effects of leakage flow change with
blade position, and consequently local patterns and levels of
heat/mass transfer coefficients near the tip change periodically
with blade rotation. This means that the near-tip region is ex-
posed to periodically varying heat flux. Therefore, for more
accurate heat transfer analysis in the tip region of the blade,
not only the uniform flow conditions but also the flow condi-
tion induced by vane–blade interaction should be considered.

Figs. 9 and 10 present local distributions of Sherwood num-
ber at the mid-span and near the tip for various blade positions.
At the mid-span, as mentioned above, different patterns are
observed around the stagnation region including the ‘flow ac-
celeration region’ on the suction side surface for Positions 1
and 2. However, each case has similar heat/mass transfer char-
acteristics and levels of Sherwood number.

Near the tip (Fig. 10), significant change is found on the suc-
tion side surface as the blade position changes from Position 1
to Position 3 as shown in the contour plot results. For example,
the difference in Sherwood number on the suction side sur-
face is up to 50%. On the contrary, Positions 3, 4 and 5 have
quite similar patterns of Sh in the overall region. Therefore, se-
Fig. 11. Distributions of spanwise averaged ShC for various blade positions at
ReC = 1.5 × 105.

vere variation in heat transfer or thermal load is expected in the
near-tip region of the blade when the blade is close to the vane
trailing edge.

The distributions of the spanwise averaged ShC for various
blade positions are presented in Fig. 11. As shown in local dis-
tributions, different patterns around the stagnation region and
suction side surface are observed for various blade positions.
However, the discrepancy is not as much as that in local distrib-
ution. Therefore, to understand exact heat/mass transfer charac-
teristics for various operating conditions, detailed measurement
and analysis are required.

4.4. Effect of Reynolds number

Fig. 12 shows the contour plots of ShC on the blade surface at
various Reynolds numbers when the blade is fixed at Position 5.
As Reynolds number increases, the overall level of heat/mass
transfer coefficients also increases while local heat/mass trans-
fer characteristics remain unchanged.

Local distributions of Sherwood numbers normalized by
Re0.5

C are presented in Figs. 13 and 14(a). At mid-span, as ex-
pected from the contour plots, the distributions are similar in
the overall region. Particularly, at tested Reynolds numbers, the
position of the flow transition and the separation bubble are not
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Fig. 12. Contour plots of ShC on the blade surface for Position 5 at various Reynolds numbers.
affected. Near the tip (Fig. 14(a)), however, there are some dis-
crepancies in the normalized Sherwood numbers. This means
that the flow regime near the tip is fully turbulent and the Sher-
wood number is not proportional to Re0.5

C . Fig. 14(b) presents
the Sherwood number normalized by Re0.8

C near the tip on the
suction side surface and the normalized values are in quite good
agreement. In addition, it should be noted that the flow regime
on the surface may be changed and the position of the flow
transition also may be shifted or disappear for higher Reynolds
numbers, on the order of 106.

5. Conclusions

The experimental study was conducted to investigate the ef-
fect of the relative position of the stationary blade on blade
heat/mass transfer. Detailed heat/mass transfer coefficients
were obtained using a naphthalene sublimation method. At first,
basic heat/mass transfer patterns with uniform incoming flow
were examined on the blade surface and the shroud. Then, the
effect of relative position of the blade was investigated for six
different blade positions.

The heat/mass transfer characteristics on the blade surface
are affected strongly by the local flow characteristics, such as
laminarization after flow acceleration, flow transition, separa-
tion bubble and tip leakage flow. On the pressure side, local
peaks and valley are found due to stagnation, separation bubbles
and transition. Also, relatively high heat/mass transfer coeffi-
cients are found near the tip due to flow acceleration. On the
suction side, complex patterns related to flow acceleration and
flow transition are observed in the mid-span region. Near the
blade tip, the divided effects of tip leakage flow are shown:
upstream and downstream tip leakage flows. The upstream tip
leakage flow affects at first the upstream region of the blade
near-tip surface and

then it increases the heat/mass transfer rate on the shroud
surface. The tip leakage flow in the downstream region mainly
has an influence on the blade surface, forming a high heat/mass
transfer region in the downstream region of the surface near the
tip.

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. As a result, the heat transfer on the surface and shroud
is changed with relative position. The maximum difference of
ShC is up to 30% of the average value in the mid-span region
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Fig. 13. Local distributions of normalized ShC at mid-span for Position 5 at
various Reynolds numbers.

Fig. 14. Local distributions of normalized ShC along z/Cx = 0.4 for Position 5
at various Reynolds numbers. (a) ShC–Re0.5

C , (b) ShC–Re0.8
C .

due to variation in the flow condition. The heat transfer pat-
terns on the near-tip surface of the blade are seriously affected
because the behavior of the tip leakage flow changes with vari-
ation in blade position. The difference in heat/mass transfer
coefficients near the tip is 30–50% of the average value How-
ever, the wake effect from the upstream guide plate is confined
to the leading edge region possibly due to weak wake strength
with flow acceleration.
Thus, the variation in the blade position causes heat transfer
variations on the blade surface, especially the near-tip region.
This might result in deterioration of durability in the tip region
during actual operating conditions.
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