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Abstract
The eﬀect of free-stream turbulence on heat transfer and pressure coeﬃcients of a turbine blade was investigated in
low Reynolds number ﬂows. Cascade inlet Reynolds number based on blade chord length was varied from 15,700 to
105,000 and turbulence intensity was varied from 0.68% to 15.31%. This study documents the eﬀect of increasing
Reynolds number and free-stream turbulence in suppressing separation, promoting boundary layer transition, and
enhancing heat transfer on blade surfaces. This may be the ﬁrst documentation of both the pressure coeﬃcient and
Nusselt number distributions on the surfaces of a turbine blade at such low Reynolds numbers. The experimental data
are useful for calibrating computational ﬂuid dynamics (CFD) and direct numerical simulation (DNS) codes for
predicting turbine blade heat transfer and ﬂow behaviors.
 2004 Elsevier Ltd. All rights reserved.
Keywords: Blade heat transfer; Free-stream turbulence; Low Reynolds number

1. Introduction
Flow transition and laminar boundary layer separation in low-pressure turbine blades are attracting increased interest in the industry, due to recent trends such
as high altitude ﬂight operations and increased bypass
ratios. High-altitude ﬂight operations result in a significant reduction in gas density and thus a decrease of
Reynolds number inside a gas turbine engine. Turbine
airfoils become very sensitive to ﬂow perturbations and
highly prone to ﬂow separation, resulting in poor eﬃciency and higher localized heat transfer to the blades.
Noise regulations have driven more manufacturers to
oﬀer engines with higher bypass ratios, reduced core
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ﬂow and, consequently, lower Reynolds numbers. Reduced Reynolds number operation demands that turbine
designers account more carefully for viscous eﬀects,
including rapid boundary layer growth, laminar-toturbulence transition, and boundary layer separation. In
addition, a recent tendency to reduce the number of
blades and stages in turbo-machines results in more
highly loaded blades. A static pressure proﬁle associated
with increased surface loading tends to extend the
transition region length over a larger fraction of the
surface and strengthen separation. All these various effects have led to increased interest in properly understanding boundary layer transition and ﬂow separation
under low-pressure turbine conditions.
Many investigator have been addressed the development of boundary layers and separation bubbles in
low Reynolds number ﬂows. However, until very
recently, most of the literature has focused on boundary layer transition as inﬂuenced by inﬁnitesimal
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Nomenclature
C
Cp

airfoil chord length, the distance between
the leading and trailing edge (0.2268 m)
Pt Ps
pressure coeﬃcient (¼ 0:5qV
2)

Re
s

1

d
h
k
Nu

Pt
Ps1
Ps
q00
q00loss
q00tot

bar width of turbulence grid (m)
local heat transfer coeﬃcient (W/m K)
thermal conductivity of air at 23 C (0.02598
W/m K)
local Nusselt number based on blade chord
length and thermal conductivity of air¼ hC=k
total pressure at cascade inlet (Pa)
static pressure at cascade inlet (Pa)
local static pressure on blade surface (Pa)
local convective heat ﬂux (W/m2 )
surface heat loss ﬂux (W/m2 )
foil generated surface heat ﬂux (W/m2 )

disturbances. Transition in the turbine engine environment, with elevated disturbance levels and periodic
unsteadiness, is less well documented. High levels of
free-stream turbulence cause earlier transition compared
to lower turbulence levels: Such eﬀects can prevent ﬂow
separation in the adverse pressure gradient region in the
trailing edge portion of the suction surface of a turbine
airfoil. Tan and Auld [1] performed hot wire tests on a
transitioning and separating turbine cascade in a lowspeed wind tunnel at various Reynolds numbers. In their
paper, they reported the eﬀects of diﬀerent boundary
layer parameters. Sohn et al. [2] investigated the ﬂow
physics occurring on the suction side of a simulated lowpressure turbine (LPT) blade. The experiments were
carried out at Reynolds numbers of 100,000 and 250,000
with three levels of free-stream turbulence. Rivir [3] used
in an ultra-low Reynolds number cascade environment.
They found persistent, massive separation at very low
Reynolds numbers (25,000), in spite of elevated freestream turbulence and added vortices. They also found
that elevated free-stream turbulence or added vortices
promoted ﬂow reattachment at a higher Reynolds
number. Volino and coworkers [4,5] documented
boundary layer separation, transition and reattachment
under Reynolds number and pressure gradient conditions typical of LPT airfoils. They concluded that Reynolds number and free-stream turbulence level do not
have a signiﬁcant eﬀect on boundary layer separation
unless they are high enough to induce transition upstream of separation while the location and extent of the
transition zone, in contrast, depend strongly on Reynolds number and turbulence intensity. Van Treuren
et al. [6] documented pressure distributions, loss coeﬃcients, and the separation zones in a turbine cascade

Taw
Tw
Tu
V ðiÞ
V
V1
x
m
q

Reynolds number based on chord length
and inlet velocity ¼ V1mC
distance from turbulence grid to cascade
inlet (m)
local adiabatic wall temperature (C)
local surface temperature (C)
local turbulence intensity
local instantaneous velocity (m/s)
local time mean velocity (m/s)
cascade inlet velocity (m/s)
distance from the leading edge to the measuring point along blade surface (m)
kinematic viscosity of air (1.5534 · 105 m2 /
s)
density of air (1.1766 kg/m3 )

ﬂow under low Reynolds number (25,000–50,000) conditions. They concluded that massive separation at very
low Reynolds numbers (25,000) is persistent, in spite of
the elevated free-stream turbulence and added vortices.
However, at a higher Reynolds number of 50,000, ﬂow
reattachment with elevated free-stream turbulence or
with added vortices was eminent. More experimental
data on the ﬂow and turbulence quantities in separated
boundary layers with reattachment and transition were
reported by Qiu and Simon [7] and Hatman and Wang
[8,9].
Many studies have investigated the ﬂuid ﬂow and
heat transfer behavior in high Reynolds number ﬂows.
Blair [10,11] investigated the eﬀect of grid-generated
turbulence on ﬂat plate heat transfer. He showed that
turbulent heat transfer coeﬃcient in ﬂow with for 6%
grid-generated turbulence intensity increased by 18%
compared to that without grid. Simonich and Bradshaw
[12] and Hancock and Bradshaw [13] reported similar
results. O’Brien and VanFossen [14] investigated the
inﬂuence of jet-grid-generated turbulence on heat
transfer from the leading edge of a circular cylinder in
crossﬂow. They reported that for cylinder Reynolds
numbers 48,000–180,000, the heat transfer coeﬃcient for
a turbulence intensity of 10–12% increases by 37–53%
compared to the case with zero turbulence intensity.
Bellow and Mayle [15] tested the heat transfer downstream of a leading edge separation bubble on a blunt
body. They indicated that the heat transfer through a
separation region and for the turbulence intensity of
0.4% increases almost an order of magnitude and is
about 50% higher near the reattachment region than is
predicted by the turbulent ﬂat plate correlation. Mehendale et al. [16] studied the eﬀect of jet-grid-generated
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turbulence on leading edge heat transfer and found an
increase of up to 50%. They also found that the inﬂow
turbulence intensity (up to 15%) does not shift the
location of the separation–reattachment region. The
reattachment heat transfer coeﬃcients are the same despite the inﬂow turbulence levels and are much higher
than the values for the heat transfer coeﬃcient in turbulent ﬂat plate. Brown and Martin [17,18] investigated
free-stream turbulence eﬀects on turbine blade heat
transfer coeﬃcients. They reported that at gas turbine
conditions, the scale and frequency of free-stream turbulence may be as important as its intensity in determining local heat transfer coeﬃcients around the blade.
Zhang and Han [19] studied the inﬂuence of mainstream
turbulence on the surface heat transfer coeﬃcient of a
gas turbine blade. Their mainstream Reynolds numbers
ranged from 100,000 to 300,000, based on the cascade
inlet velocity and blade chord length. Their results
showed that mainstream turbulence promoted earlier
and broader boundary layer transition, caused higher
heat transfer coeﬃcients on the suction surface, and
signiﬁcantly enhanced the heat transfer coeﬃcients on
the pressure surface. They also showed that heat transfer
coeﬃcient augmentation on the suction surface increases
and its peak ratio moves forward with increased mainstream turbulence level. Han et al. [20] studied the eﬀect
of unsteady wake on surface heat transfer coeﬃcient of a
gas turbine blade using a spoked wheel type wake generator. Their mainstream Reynolds numbers ranged
from 100,000 to 300,000. Their results showed that the
unsteady passing wake promoted earlier and broader
boundary layer transition and caused higher heat
transfer coeﬃcients on both the suction surface and
pressure surface. Ames [21] investigated the inﬂuence of
combustor simulated turbulence on turbine vane heat
transfer for Re ¼ 790,000 (based on axial chord). He
reported that transition occurred on the suction surface
during which the heat transfer level increased rapidly.
He also showed a strong eﬀect of turbulence length scale
on heat transfer.
As mentioned, ﬂow separation results in higher
localized heat transfer in low-pressure turbine blades.
However, to the knowledge of the authors, there is no
investigation reported in the literature that has taken a
close look not only at the ﬂow separation and pressure
loss, but also the Nusselt number distributions associated with ﬂow separation in turbine blade cascade at low
Reynolds number conditions. The main objective of this
study is to provide both pressure coeﬃcient and Nusselt
number distributions on the surfaces of a turbine blade
at low Reynolds number ﬂows. This study also reports
the eﬀect of increasing Reynolds number from 15,700
to 105,000 and free-stream turbulence intensity from
0.6% to 15.31% in suppressing separation, promoting
boundary layer transition, and enhancing heat transfer
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on blade surfaces. The experimental data presented in
this paper have been used for calibrating direct numerical simulation (DNS) calculating of turbine blade ﬂow
transition and heat transfer [22]. The present study also
represents a continuation of Zhang and Han [19] who
studied turbine blade heat transfer at higher Reynolds
number ﬂows from 100,000 to 300,000.

2. Test apparatus and instrumentation
2.1. Low-speed suction-type wind tunnel
The experiment was performed in a low-speed wind
tunnel as shown in Fig. 1 [19]. The wind tunnel consisted
of two screens, a contraction nozzle, a ﬁve-blade linear
cascade, and a blower. The wind tunnel was of the
suction type so as to reduce unexpected turbulence
intensity in the main stream ﬂow. Two separate stainless
steel screens at the inlet of the tunnel ensured that a
uniform and parallel ﬂow went into the nozzle. The 4.5:1
contraction nozzle produced a uniform ﬂow entering the
test channel. The test channel was 25.4 cm high, 75.0 cm
wide in cross-section, and had a 107.49 turn to ﬁt the
turning of the ﬁve-blade cascade. The width of the test
channel was reduced to 35 cm at the cascade outlet to
guide the trailing edge parallel ﬂow. The cascade inlet
velocity (mainstream Reynolds number) was varied by
controlling a sliding gate at the discharge end of a 15 hp
(11.2 kW) blower and was continuously monitored by a
pitot probe located inside the wind tunnel. A central airconditioning system maintained the cascade inlet temperature at 25 C.
2.2. Linear cascade arrangement
The linear test cascade consisted of ﬁve blades made
of high-quality model wood (RAN SHAPE). The blade
conﬁguration was scaled up by a factor of 5 to produce a
velocity ratio distribution similar to that inside a typical
advanced turbine–blade row. The blades had a chord
length of 22.68 cm, a radial span of 25.4 cm, and a blade
spacing of 17.01 cm. The blade in the middle of the
cascade was the test blade and was instrumented as
either a pressure tap or a heat transfer blade, to measure
the surface pressure and heat transfer distributions. The
details of the blade geometry are not provided here. But
the interested reader can either contact the corresponding author for the details or digitize directly from the
true geometry shown in Fig. 1.
2.3. Turbulence measurements
A calibrated hot-ﬁlm probe was used to measure
turbulence intensity around the middle test blade. The
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Instrumented blade

Hot-wire probe hole

unit : cm

Fig. 1. Test section proﬁle.

88

25.3

probe was connected to a TSI IFA 100 Intelligent Flow
Analyzer. The IFA 100 was connected to TSI IFA 200
digitizer, which was interfaced with a PC through an A/
D converter. The sample frequency was 50 kHz and the
sample size was 10,000. The local time mean velocity
and turbulence intensity were calculated as
N
1 X
V ðiÞ
N i¼1
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PN
2
i¼1 ðV ðiÞ  V Þ =ðN  1Þ
Tu ¼
V

V ¼

unit : cm

(a)
1.9

0.5

25.2

where N is the total number of samples.
Fig. 2 shows two types of turbulence grids used to
create diﬀerent levels of turbulence intensity. The coarse
grid, shown in Fig. 2(a), was designed to generate higher
turbulence intensities. It was made of steel square tubes
with a diameter of 1.3 cm and a pitch of 4.8 cm. The ﬁne
grid, shown in Fig. 2(b), was designed to generate lower
turbulence intensities. It was made of steel square bars
with a diameter of 0.5 cm and a pitch of 1.9 cm. Fiftyfour percent (54%) of each grid was an open space for
air ﬂow. The grids were placed upstream of, and parallel, to the leading edge plane of the blade cascade. Two
grid locations were selected in this study, i.e., 21 cm
(position #1) and 60 cm (position #2) from the cascade
leading edge. s=d is 16, 46 for the coarse grid and is 42
and 120 for the ﬁne grid, respectively. Fig. 3 shows the
four diﬀerent s=d locations and their corresponding
turbulence intensities measured at the cascade inlet for

1.3

4.8

88

(b)

unit : cm

Fig. 2. Turbulence Grid: (a) coarse grid, and (b) ﬁne grid.

each of the four Reynolds numbers. The grid-generated
turbulence decreases as s=d increases but increases as
Reynolds number increases. For example, the turbulence intensity varied from 8.65% to 15.31% for grid #1
at position #1 as Reynolds number was varied from
15,700 to 105,000.
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Grid
No
Grid
Grid
#1
grid
#2

Location
(Cm)

Re = 105,000
V=6.94 m/s

60
21
60
21

Tu(%)
Re = 52,000 Re = 31,400
V=3.44m/s
V=2.08 m/s

Re = 15,700
V=1.04m/s

0.71

0.73

0.7

0.68

5.34
15.31
2.72
6.76

5.02
14.33
2.6
5.51

3.59
10.07
2.07
4.02

2.81
8.65
1.6
3.08

60000

80000

100000

20
No Grid
Grid #1
Grid #2
Grid #1
Grid #2

18
16

21(Cm)
21(Cm)
60(Cm)
60(Cm)

14

Tu (%)

12
10
8
6
4
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where Pt is the total pressure of the mainstream ﬂow at
the cascade inlet. Ps1 and Ps are the static pressure at
cascade inlet and local static pressure on blade surface.
The total pressure is diﬀerent at each location due to
pressure loss along the blade surface. The numerator of
the above equation equals to the sum of the dynamic
pressure at cascade inlet and the pressure loss of a point
on the blade surface. At a given Reynolds number, a
higher pressure coeﬃcient compares to higher pressure
loss. For the four Reynolds numbers tested in this study,
the maximum uncertainty in Cp , shown in Table 1, was
estimated to be less than 4.2% (6.54%) for the suction
(pressure) side. However, the uncertainty could be much
higher (around 50%) in regions very close to the leading
edge at a very low Reynolds number (15,700). However,
the high uncertainty for Cp happened only near the
leading edge region for the lowest Reynolds at 15,700.
This is mainly due to very low Cp values occurred near
the blade leading edge region. It is obviously that the Cp
uncertainty would go up if the measured Cp values go
down.

2
0

2.5. Measurement of heat transfer coeﬃcient
0

20000

40000

Re

Fig. 3. Turbulence intensity at diﬀerent Re.

2.4. Pressure and velocity measurements
Twenty-six pressure taps were instrumented in the
mid-span of a test blade to measure the pressure and
velocity distributions around the blade [19]. There was
one pressure tap at the leading edge (stagnation point),
11 on the pressure side and 14 on the suction side of the
blade. The pressure taps were connected to micromanometer to measure the blade surface static pressure.
The micromanometer had an accuracy of 0.00025 inches
of water. A pitot probe also measured mainstream ﬂow
velocity at the inlet and exit of the cascade. Pressure
measurements were expressed as pressure coeﬃcient:
Cp ¼

Pt  Ps ðPt  Ps1 Þ  ðPs  Ps1 Þ
¼
Pt  Ps1
0:5qV12

Fig. 4 shows a test blade instrumented with thin foil
heaters to provide constant heat ﬂux on the blade surface and thermocouples to measure the surface heat
transfer coeﬃcients. Twenty-six stainless steel strips
were vertically cemented on the outer surface of the instrumented blade [19]. Each foil strip was 25.4 cm long,
1.75 cm width, and 0.038 mm thick. All the thin foils
were connected in series by copper bus bars. Note that
the tiny gaps between the thin foil strips were ﬂushed
with glue, no apparent steps between the thin foil strips
could be observed from the blade outer surface. The thin
foil strips produces as a constant heat ﬂux condition on
the blade surface by maintaining a constant voltage in
the circuit. A Fluke digital multi-meter measured the
voltage and resistance in the circuit to calculate the heat
ﬂux of the foil strips. A T-type thermocouple was soldered at each of three diﬀerent locations in mid-span
portion of each foil. All thermocouple output data were
analyzed by a Fluke data logger and a PC and were

Table 1
Maximum uncertainties for Nusselt number and pressure coeﬃcient measurements
Re

105,000
52,000
31,400
15,700

Nu(%)

Cp (%)

Leading edge only
(x=C ¼ 0:077)

Except leading edge

Pressure side

Suction side

Leading edge

9.8
9.4
8.23
9.1

3.92
3.03
3.5
3.6

3.54
3.75
6.54
31.4

3.54
3.54
3.56
4.2

3.54
4
8.7
62.6
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3. Results and discussion
3.1. Pressure coeﬃcient distribution on the blade
Thin Foil Heater

Thermocouple
Locations

X

C

Fig. 4. Heat transfer blade.

averaged at each x=C location. Local heat transfer
coeﬃcient is calculated as
h¼

q00
q00  q00loss
¼ tot
Tw  T1
Tw  Taw

where q00 is the local convective heat ﬂux from the foil
surface, q00tot is the total heat ﬂux from the foil heater, and
q00loss , aﬀected by conduction, natural convection and
radiation, is the local heat loss, which is a function of the
diﬀerence between the wall temperature (Tw ) and the
adiabatic wall temperature (Taw ). The local adiabatic
wall temperature (Taw ) was measured at the same Reynolds number condition but without any heat input. Tw
was in the 40–50 C range while Taw was about 25 C.
The local heat transfer coeﬃcient was converted into the
local Nusselt number, Nu ¼ hC=k, where C is the blade
chord length and k is air thermal conductivity. Heat loss
tests were conducted for the test blade at no-ﬂow condition. Heat loss was calibrated by supplying power to
the test blade at steady state. Several diﬀerent power
inputs were tested to obtain the correlation between the
total heat loss and the individual foil temperature. Local
radiation loss was estimated using a foil emissivity of
0.22 at the local wall temperature of 45 C. Conduction
loss was estimated based on the blade conductivity and
local wall temperature. Heat loss through the tiny
thermocouple wires was less than 0.1%, and axial and
lateral conduction through the thin foil was found to be
negligible. Depending on the location on the surface and
surface temperature, the measured total heat loss varies
from 7% to 52% of the foil-generated heat. Table 1 gives
the maximum uncertainties for Nusselt numbers and
pressure coeﬃcients under diﬀerent test conditions. For
the four Reynolds numbers tested in this study, the
maximum uncertainty for Nusselt number is between
8.23% and 9.8% for the leading edge and is less than
3.92% for areas other than the leading edge.

The periodicity of the velocity proﬁles between
adjacent ﬂow paths and the velocity proﬁles in the radial
direction at the inlet and outlet of the central ﬂow path
and at the inlet and outlet of an adjacent ﬂow path have
been obtained [19]. The results indicated that the periodicity of velocity proﬁle between adjacent ﬂow paths
was excellent and the ﬂow direction at the inlet and
outlet of both ﬂow paths was uniform. Also, the inlet
and outlet velocity proﬁle was essentially uniform between a 25% and 75% span.

3.2. Eﬀects of Reynolds number
In Fig. 5(a), the local pressure coeﬃcients (Cp ) for
four Reynolds numbers without grid turbulence are
presented to show the eﬀect of Reynolds number on
local pressure coeﬃcient. The local pressure coeﬃcient is
presented as a function of the normalized distance (x=C)
from the leading edge along the blade surface to a local
position. On the suction surface, the local pressure
coeﬃcient increases along the streamwise direction until
x=C ﬃ 0:7, indicating ﬂow acceleration at the upstream
portion of the suction surface. The peak at x=C ﬃ 0:7
corresponds to the highest velocity on the suction surface. The local pressure coeﬃcient slightly decreases
after the peak, until x=C ﬃ 1, at which point the ﬂow
begins to separate. At a given location on the suction
surface, the local pressure coeﬃcient increases as Reynolds number decreases. The diﬀerence between the two
pressure coeﬃcient curves, each corresponding to a
diﬀerent Reynolds number, increases as x=C increases.
The eﬀect of Reynolds number on local pressure coeﬃcient becomes negligible when the Reynolds number is
reduced to 30,000. On the pressure surface, there is a
region of low-velocity ﬂow near the leading edge. The
local pressure coeﬃcient remains low and quite stable in
the upstream portion (x=C < 0:4), and slightly increases
as the mainstream ﬂows downstream and starts to
accelerate. The local pressure coeﬃcient on the pressure
surface decreases with decreasing Reynolds number
from 105,000 to 52,000. However, the reverse is true for
x=C > 0:6. The eﬀect of Reynolds number on local
pressure coeﬃcient on the pressure surface is small when
Reynolds number is lower than 52,000.
Fig. 5(b)–(e) presents the local pressure coeﬃcient at
diﬀerent Reynolds numbers for the four grid cases, i.e.,
ﬁne and coarse grids at position #1 (21 cm upstream)
and position #2 (60 cm upstream). The eﬀect of Reynolds number on local pressure coeﬃcient for all four
grid cases is similar to that for the no-grid case. There is,
at a given location on the suction surface, the lower the
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Tu(%)

105,000
52,000
31,400
15,700
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0.73
0.7
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9
8

7

7

6

6

Cp

Cp

8

5
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Tu(%)

105 ,000
52,000
31,400
15,700

6.76
5.51
4.02
3.08

5

Suction Side

Suction Side

4

4

3

3

2

2

Pressure Side

1
0

(a)

0

0

1

0.5

(b)

Re

9

105,000
52,000
31,400
15,700

8

0.5

Tu(%)

9

15.31
14.33
10.07
8.65

8

7

7

6

6

5

Cp

Cp

0

1

x/C

10

10

Suction Side

4

3

3

2

2

Pressure Side

1

0

0.5

Re

Tu(%)

105 ,000
52,000
31,400
15,700

2.72
2.6
2.07
1.6

5

4

0

Pressure Side

1

x/C

(c)
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Suction Side

Pressure Side

1
0

1

x/C

0

0.5

(d)

1

x/C

10
9
8

Re

Tu(%)

105 ,000
52,000
31,400
15,700

5.34
5.02
3.59
2.81

7

Cp

6
5

Suction Side

4
3
2

Pressure Side

1
0

(e)

0

0.5

1

x/C

Fig. 5. Eﬀect of Reynolds number on local pressure coeﬃcient distribution: (a) the no grid case, (b) the ﬁne grid at position #1, (c) the
ﬁne grid at position #2, (d) the coarse grid at position #1, and (e) the coarse grid at position #2.
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Reynolds number, the higher the local pressure coeﬃcient. For the two cases with comparatively low turbulence intensity (ﬁne and coarse grids at position #2), the
eﬀect of Reynolds number on local pressure coeﬃcient
becomes negligible when the Reynolds number is reduced to 30,000. However, on the pressure surface, local
pressure coeﬃcient trends to increase with decreasing
Reynolds number.
3.3. Eﬀects of turbulence intensity
Fig. 6(a)–(d) shows the eﬀects of turbulence intensity
on the local pressure coeﬃcient at a given Reynolds
number. In the Re ¼ 105,000 case shown in Fig. 6(a), the
local pressure coeﬃcient on the suction surface increases
as turbulence intensity increases, indicating that higher
turbulence intensity results in higher pressure loss.

Interestingly, for intensities of about the same value, the
coarse grid-generated turbulence intensity (5.34%) has a
stronger eﬀect on the local pressure coeﬃcient than does
the ﬁne grid-generated turbulence intensity (6.67%). This
suggests that turbulence length scale might aﬀect pressure loss. Also, the turbulence intensity eﬀect tends to
level oﬀ when the turbulence intensity reaches certain
high values as shown in Fig. 6(a). On the pressure side,
the local pressure coeﬃcient decreases as turbulence
intensity increases because higher turbulence intensity
impedes ﬂow separation near the leading edge. Fig.
6(b)–(d) shows the eﬀects of turbulence intensity on local
pressure coeﬃcient at Re ¼ 52,000, 31,400, and 15,700,
respectively. The same trend is observed from both Fig.
6(b)–(d) as from Fig. 6(a), but the eﬀect of turbulence
intensity on local pressure coeﬃcient decreases as Reynolds number decreases.
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4. Heat transfer coeﬃcient on the blade
4.1. Eﬀects of Reynolds number
Fig. 7(a) presents the eﬀect of Reynolds number on
local Nusselt number distribution for the case without a
turbulence grid. The positive and negative abscissa (x=C)
indicates the streamwise distance along suction surface
and pressure surface, respectively. On the suction surface, the Nusselt number decreases monotonically with
increasing streamwise distance due to laminar boundary
layer growth. At a given location, the Nusselt number
increases as Reynolds number increases. Increasing
Reynolds number tends to suppress ﬂow separation on
the suction surface. For the low Reynolds number case
(Re ¼ 31,400 and 15,700), a small drop in Nusselt
number is observed at x=C ﬃ 0:17 due to the ﬂow sep-

aration, while Nusselt number decreases monotonically with increasing streamwise distance for (Re ¼
52,000 and 105,000). Increasing Reynolds number also
promotes boundary layer transition on the suction surface: in the case of high Reynolds number (Re ¼
105,000), the Nusselt number increases sharply at
x=C ﬃ 1:0 due to laminar-to-turbulence transition. On
the pressure surface, the Nusselt number decreases
sharply with increasing streamwise distance from the
leading edge due to laminar boundary layer growth,
with lower velocity, with further decrease near
x=C ﬃ 0:25 due to a strong ﬂow separation in that
region. However, it gradually increases from x=C <
0:25 as the ﬂow reattaches and accelerates to impede
the laminar boundary layer growth. The Nusselt number on the pressure surface increases as Reynolds number increases.
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Fig. 7(b)–(e) respectively presents the eﬀect of Reynolds number on the surface distribution of the local
Nusselt number for the ﬁne grid case at position #2 (60
cm upstream), the ﬁne grid case at position #1 (21 cm
upstream), the coarse grid case at position #2 (60 cm
upstream), and the coarse grid case at position #1 (21
cm upstream). For all the four grid (turbulence)
arrangements, the local Nusselt number at a given
location increases with increasing Reynolds number.
For low Reynolds numbers (Re ¼ 31,400 and
15,700), a small drop in Nusselt number due to the ﬂow
separation is observed near the suction leading edge for
the low Tu cases shown in Fig. 7(c)–(e), indicating that
low Reynolds number and low turbulence intensity enhance ﬂow separation near the leading edge. For the
high Reynolds number cases (Re ¼ 52,000 and 105,000),
and in all the four grid arrangements, Nusselt number
increases sharply downstream on the suction surface due
to boundary layer transition. In addition, as shown in
Fig. 7(d), boundary layer transition occurs at x=C ﬃ 0:5
for Re ¼ 105,000, at x=C ﬃ 0:8 for Re ¼ 52,000. No
transition was observed for Re ¼ 15,700. These observations suggest that high Reynolds numbers promote
boundary layer transition. On the pressure surface, for
the low Reynolds numbers (15,700 6 Re 6 52,000),
Nusselt number decreases sharply due to lower velocity
and a strong ﬂow separation upstream at the leading
edge, but starts to gradually increase as the ﬂow reattaches and accelerates. Flow separation on the upstream
pressure surface is greatly diminished for the cases with
higher Reynolds number (Re ¼ 105,000) and higher Tu
(>5%).

4.2. Eﬀect of turbulence intensity
Fig. 8(a)–(d) shows the eﬀects of free-stream turbulence intensity on blade heat transfer for Re ¼ 105,000,
52,000, 31,400, and 15,700. Overall, at a given Reynolds
number, the local Nusselt number increases with
increasing turbulence intensity on both the suction and
pressure surface.
On the suction surface, an increase in turbulence
intensity results in higher heat transfer coeﬃcients. Three
explanations can be advanced. Firstly, increasing turbulence intensity promotes earlier boundary layer transition and causes broader boundary layer transition
region. For example, for Re ¼ 105,000, boundary layer
transition starts at x=C ﬃ 1 when Tu ¼ 0:71%, but it
starts at x=C ﬃ 0:5 when Tu ¼ 15:31% (Fig. 8(a)). Secondly, an increase in turbulence intensity retards ﬂow
separation (low Nusselt number) near the leading edge
for low Reynolds number cases (Re ¼ 31,400 and 15,700)
shown in Fig. 8(c) and (d). Thirdly, increasing turbulence
intensity disturbs laminar boundary layer regions and
thus enhances their heat transfer coeﬃcients.
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On the pressure surface, results clearly show that, for
Re ¼ 52,000 and 105,000, high turbulence intensity impedes ﬂow separation near the leading edge and thus
eliminates the separation (low Nusselt number) zone in
the upstream portion of the pressure surface. The eﬀect
of turbulence intensity on ﬂow separation is somewhat
reduced for low Re cases such as Re ¼ 31,400 and
15,700. In general, pressure surface heat transfer coeﬃcients increase with the increase in free-stream turbulence intensity for all Reynolds numbers studied.

5. Conclusions
The inﬂuence of free-stream turbulence and inlet
Reynolds number (15,700 6 Re 6 105,000) on turbine
blade surface pressure coeﬃcient and heat transfer has
been investigated in a low-speed wind tunnel. Two different grids were used to generate diﬀerent turbulence
intensity levels. The main conclusions are as follows:
1. In general, local pressure coeﬃcients on both the suction and pressure surfaces increase with decreasing
Reynolds number. The eﬀect of Reynolds number
on local pressure coeﬃcient becomes negligible when
Reynolds number is reduced to 30,000.
2. In general, local pressure coeﬃcients increase on the
suction surface and decrease on the pressure surface
as the turbulence intensity increases.
3. Flow separation in the leading edge region of the
blade is enhanced by decreasing Reynolds number but suppressed as the turbulence intensity increases.
4. Local Nusselt number increases with increasing Reynolds number and increasing turbulence intensity.
Also, the local Nusselt number in the separation region near the leading edge decreases with decreasing
Reynolds number, but increases as the turbulence
intensity increases.
5. Increasing Reynolds number and turbulence intensity
tend to promote boundary layer transition and enhance local heat transfer coeﬃcient.
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