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Evaluation of Heat Transfer
Enhancement on Rotational Gas
Turbine Blade Internal Cooling
Channel With Dimpled Surface
The present investigation represents the rotational effect on gas turbine blade internal
cooling with a uniform heat flux of 2000 W/m2 at the bottom wall. The experiment was con-
ducted with three different rpms, such as 300 rpm, 600 rpm, and 900 rpm, with Reynolds
number (Re) ranging from 6000 to 50,000 with a two-pass cooling channel. The numerical
investigation was conducted with the large eddy simulation (LES) technique to understand
the rotational flow behavior of the cooling channel. Four distinct arrangements of dimpled
cooling channel surfaces were considered with two different dimple shapes, i.e., partial
spherical and leaf. It is found that the rotation effect, dimple arrangement, and design
have significant influences on heat transfer. Results indicated that the partial spherical
1-row dimpled surface experienced the highest heat transfer coefficient and pressure
drop. In contrast, the leaf-shaped dimpled cooling channel experienced the highest
thermal efficiency. [DOI: 10.1115/1.4054288]

Keywords: gas turbine blade internal cooling, dimple, rotational cooling channel, heat
transfer enhancement, large eddy simulation (LES), combustion of waste/fluidized bed,
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1 Introduction
The gas turbine is one of the most widely used power generation

equipment in today’s world. It was first used back in 1939 for power
generation [1]. With time, the demand for power increases, and the
necessity for a more efficient turbine increases. There are five ways
to improve the gas turbine efficiency: increase in turbine inlet tem-
perature, use of regeneration, reheating and intercooling, and
improvement in turbine metals. Among the possible opportunities
to increase the efficiency, increasing the turbine inlet temperature
is the most promising as it improves thermal efficiency. The
higher inlet temperature demands for a metal surface which can
withstand with it. Nowadays, several composite materials, such as
nickel-based alloy, can withstand high temperatures. However, it
is not good enough to resist at the 1600 °C surface temperature of
a gas turbine blade. Therefore, efficient gas turbine internal
cooling is mandatory. There are several cooling methods to cool
the internal blade surface, such as smooth surface [2,3], dimple
cooling [4,5], rib turbulator cooling [6,7], pin-fin cooling [8,9],
and jet impingement cooling [10,11].
Researchers found that dimple cooling has outstanding heat

transfer and energy management performance. Besides, it has a
lower weight, low-pressure drop penalty, and simple fabrication.
Figure 1 represents the flowmechanism responsible for heat transfer
improvement by dimples. The flow gets separated at the entrance of
dimples, and recirculation forms in the upstream half of the dimples,
where the heat transfer is very low. The flow is reattached a little
before exiting the dimples. The air experiences a flow circulation
in the wide section of it. The flow mechanism is more or less the
same for different dimple shapes. The slight change in flow
pattern affects the heat transfer depending on the dimple shapes.

The main factors for improving the heat transfer are flow separation,
reattachment, impingement, and vortex roll generation.
A wide range of studies has been conducted with a dimpled

surface for stationary cases based on dimple depth to diameter
ratio, different shapes of dimples such as spherical, hemispherical,
elliptical, and teardrop with other arrangements of dimple array
[12–35]. The literature shows that the highest depth of dimpled
surface experiences the highest heat transfers and pressure drop.
The numerical model was primarily used Reynolds-averaged
Navier–Stokes (RANS) models, such as k–ω, k–ω shear stress trans-
port (SST), and k–ɛ turbulence model. The numerical study con-
cluded that geometrical parameters such as the channel height
ratio to the dimple diameter, the ratio of the dimple depth to dia-
meter, and the angle of the major ellipse axis to flow direction
caused a significant impact on the heat transfer boost.
The study of heat transfer augmentation in a rotational dimpled

cooling channel is limited in the open literature. However, a few
researchers investigated rotational cases. Zhou and Acharya [20]
investigated the hemispherical depressions with rotation number
0.2 at Reynolds number 21,000. The leading and trailing surfaces
were dimpled, and the other surfaces were smooth. The dimpled
walls increase heat transfer over smooth surfaces, both stationary
and rotational cases. The results also concluded that the maximum

Fig. 1 Flow mechanism responsible for heat transfer improve-
ment by dimples
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heat/mass transfer rates were obtained downstream of the dimples.
The minimum rates were found along the row containing the
dimples. Griffith et al. [36] and Kim et al. [37] revealed the
reasons for enhanced heat transfer in rotational motion. The study
was conducted for rotational numbers 0.04–0.3, varying the Rey-
nolds number 5000–40,000. The two-channel orientation, i.e.,
90 deg and 135 deg angled with the rotation plane, was considered.
In a rotating dimpled channel, Coriolis vortex force significantly
affects thermal behavior. The 90 deg angled channel experienced a
heat transfer enhancement at the trailing surfaces of almost 100%.
However, the leading surface showed little dependence on the rota-
tion number. In the case of the 135 deg angled channel, the trailing
outer surface showed an increase of more than 100% heat transfer.
The trailing inner and leading exterior surfaces experienced approx-
imately equal improvement in heat transfer, increasing by more than
50% from the stationary to the highest rotation number cases. Kim
et al. [36] conducted an experimental study in a dimpled rotating
test rig. They concluded that the heat transfer coefficient on the
trailing surface is higher than that on the leading surface.
Amano et al. [38–42] studied various rotational speeds for a gas

turbine blade internal cooling channel and reported the heat transfer
and flow variations in a crossflow region depending on the rotating
speed. The numerical study was conducted with different turbu-
lence models such as k–ω, k–ɛ Reynolds-stress model (RSM),
and large eddy simulation (LES) with rotation numbers ranging
from −0.4 to 0.4 clockwise and counter-clockwise. The research
team conducted the research with smooth and ribbed surfaces
both computationally and experimentally up to 600 rpm.
The present experimental study was conducted with the highest

rpm, i.e., 900 rpm, which corresponds with the Reynolds number
ranging from 6000 to 50,000 for four different cases. Partial
sphere and leaf dimpled surface were considered in this study,
with a smooth surface cooling channel as a baseline case. The
numerical study was conducted by implementing the large eddy
simulation technique.

2 Experimental Methods
An experimental setup was built in the gas turbine lab of the Uni-

versity of Wisconsin-Milwaukee to run the rotational cases. The
setup can run a maximum of 900 rpm. Figure 2 represents the
cooling channel geometry. The inlet leg is 490 mm, and the outlet
leg is 460 mm long with a hydraulic diameter of 40 mm. The
setup was built using steel A −36 alloy. Dimples were designed

with a 3D printer and glued to the bottom surface of the steel
mold. The details of different channels can be observed in Table 1,
and the geometries of those channels are shown in Fig. 3. A variable
transformer was employed to apply a constant heat flux of 2000 W/m2

to the bottom surface. The airflow was supplied with a blower, and a
variable frequency drive (VFD) was used to control the airspeed. A
set of wireless K- type thermocouples were used to record the temper-
ature of the bottom surface. The wireless thermocouples send the
signal to the computer with the help of an adapter. The locations of
the thermocouples are included in Table 2. Figure 4 represents a
block diagram of the experimental setup where the cooling channel
was shown in the Z-direction for the ease of pictorial representation.
In contrast, the channel was considered in the X-direction in both
experimental and numerical studies. All the studied cases has been
represented in Table 3.

3 Physical Model and Boundary Conditions
The numerical solutions were set up to understand the flow beha-

vior of the rotational cases with Re= 6000, 30,000, and 50,000 for
the 900 rpm. The LES solution technique was considered. No-slip
velocity condition was set to the walls. Turbulent velocity distribu-
tion was selected for the inlet, and a pressure outlet was set for the
outlet. The inlet boundary condition was set as velocity inlet and
segregated flow. To compare with the experimental results, the
same heat flux, i.e., 2000 W/m2 was applied to the bottom surface
of the channels, and the rest of the wall was considered adiabatic.
The mesh independent study was conducted for 1.8, 2.5, 4.2, and

10 million cells for Case C. Figure 5 shows the surface average
Nusselt number (Nu) for four different cells at Re= 30,000. The
2.5 and 4.2 million cells have the closer Nu number. The LES solu-
tion takes a substantial time to complete a solution. Thus, the 2.5
million cells were considered for all the cases. The physical time
is 2 s with time-step 0.0001 s. Surface remesher and prism layers
were considered. There was a total of 12 prism layers set to
capture the near-wall behavior with 1.2 stretching of the cells.
Figure 6 reveals the meshed scene for Case C at Re= 30,000.
An implicit unsteady solver was considered in these solutions,

which resulted in a maximum convective Courant number (CCN)
of 0.36 for a smooth surface and 0.54 partial spherical dimpled
surface at the maximum Re number= 50,000 at 900 rpm.
Figure 8 represents the Wall Y+ behavior of Case C. Wall distance,
Y+, indicates the nondimensional distance from a wall. The
maximum value of wall Y+, 0.91, was found in the bend section
of the channel. In the bend section, airflow changes its flow direc-
tion and becomes more turbulent.

4 Data Reduction, Error, and Uncertainty Analysis
The convective heat transfer coefficient, h, was calculated with

the constant heat flux, Q′ ′ delivered through the variable trans-
former, surface and local air temperature were recorded from
the thermocouple data. With the combination of hydraulic
diameter, Dh and thermal conductivity, k, Nusselt number (Nu)

Fig. 2 Dimensions of the cooling channel (all dimensions are in
mm) [36]

Table 1 Channel details

Channel
name

Surface
type

Number of
dimples in leg 1

Number of
dimples in leg 2

Dimple
diameter (mm)

Dimple depth
(mm)

Dimples depth to
diameter ratio

Percentage of area
occupied by dimples (%)

Case A Smooth N/A N/A N/A N/A N/A N/A
Case B Partial

sphere
8 × 1 7 × 1 40 10 0.25 20.65

Case C Partial
sphere

8 × 2 7 × 2 20 10 0.50 10.30

Case D Leaf 8 × 2 7 × 2 20 10 0.50 10.30
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was calculated [43]

h =
Q′′

Ts − T∞
(1)

Nu =
h × Dh

k
(2)

The theoretical Nusselt number, Nuo, for the turbulent flow, was
calculated using the Dittus–Boelter equation [36]

Nuo = 0.023 × Re0.8 × Pr0.4 (3)

The thermal efficiency was calculated to determine the optimized
cooling channel with the optimum heat transfer and pressure drop.
The friction factor, f, represents the pressure drop performance of
the cooling channels. The Darcy friction factor of the flow across
the cooling channel can be shown as follows [43]:

f =
ΔP

(L/Dh)(1/2ρu2)
(4)

Friction factors for all channels were normalized with the Blasius
formula [36]. For Re < 105, the Blasius formula for the friction
factor is as follows:

fo = 0.316 Re−0.25 (5)

The thermal performance, η, is the function of the Nu number and
friction factor, which leads to

η =
Nu/Nuo
( f /fo)

1/3 (6)

The Reynolds number was evaluated using the air velocity sup-
plied to the cooling channel. The standard properties of density,
ρ, and dynamic viscosity (air), µ, were considered. The hydraulic

Fig. 3 Geometry of all the channels

Table 2 Thermocouple locations along the cooling channel

Thermocouple number Thermocouple locations

1 210 mm from the inlet
2 300 mm from the inlet
3 360 mm from the inlet
4 410 mm from the inlet
5 450 mm from the inlet
6 480 mm from the inlet
7 Bend is the location at the center
8 350 mm from the outlet
9 200 mm from the outlet
10 100 mm from the outlet
11 70 mm from the outlet
12 40 mm from the outlet
13 10 mm from the outlet

Fig. 4 Block diagram of the experimental setup [43]
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diameter, Dh, was counted as the characteristic length for the Rey-
nolds number

Re =
ρuDh

μ
(7)

The rotational speed was found from the controller of the rotation
speed and leads to the calculation of the rotation number, which is

Ro =
ΩDh

u
(8)

The computational model was validated with experimental
results. Figure 9 represents the heat transfer along the leaf
dimpled cooling channel. The scatter bars of Fig. 9 were generated
using a 95% confidence interval. There is a slight difference
between the experimental and computational results near the bend
region. Near the bend region, the air gets more turbulent, which
leads to an irregular airflow. Besides, the environment during the
experiment was not ideal, while the perfect conditions were consid-
ered in the numerical study.

5 Results and Discussion
5.1 Heat Transfer Distribution. Due to rotational speeds,

Coriolis force generates secondary forces inside the cooling

channel. It creates crossflow patterns. Density gradients cause the
buoyancy forces, making the free convection heat transfer more sig-
nificant. Figures 10–12 represent the heat transfer distribution along
the smooth surface channel at the rotational speed of 300 rpm,
600 rpm, and 900 rpm. At the entrance of leg 1, the heat transfer
is higher near the inlet. However, it decreases until the flow
reaches the bend region. In the bend region, the U-turn induced sec-
ondary flow vortices which increases the heat transfer in this region.
The heat transfer distribution follows a similar trend along the

dimpled surface channel (Figs. 13–21). Figures 13–15 represent
the heat transfer along the dimpled cooling channel with a 1-row
partial spherical dimple arrangement. For rotation numbers, Ro=
0.07, 0.13, and 0.20, the heat transfer distribution in the bend
region encounters a peak considering the other rotational number
as at the highest air velocity, and the Coriolis force affects signifi-
cantly. A similar trend is observed for Case C (Figs. 16–18). For
Case D (Figs. 19–21), the heat transfer coefficient showed a
higher peak right before and after the bend region as irregular
airflow phenomena create more turbulence in this region. Addition-
ally, the Coriolis and buoyancy force strongly affect the heat trans-
fer here.

Table 3 Summary of experimental cases

Cooling surface rpm Rotation number

Case A 300 0.36, 0.15, 0.07
600 0.71, 0.30, 0.13
900 1.07, 0.45, 0.20

Case B 300 0.36, 0.15, 0.07
600 0.71, 0.30, 0.13
900 1.07, 0.45, 0.20

Case C 300 0.36, 0.15, 0.07
600 0.71, 0.30, 0.13
900 1.07, 0.45, 0.20

Case D 300 0.36, 0.15, 0.07
600 0.71, 0.30, 0.13
900 1.07, 0.45, 0.20

Fig. 5 Mesh independent study at Re= 30,000 for Case C

Fig. 6 Mesh scene with 2.5 × 106 number of cells

Fig. 7 Convective Courant number at Ro=0.20

Fig. 8 Wall Y+ at Ro=0.20
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Fig. 9 Error analysis of experimental data at 95% confidence level (Case D at Ro=0.20)

Fig. 10 Heat transfer distribution along the cooling channel of Case A at Ro=0.36, 0.15, and
0.07

Fig. 11 Heat transfer distribution along the cooling channel of Case A at Ro=0.71, 0.30, and
0.13
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Fig. 12 Heat transfer distribution along the cooling channel of Case A at Ro=1.07, 0.45, and
0.20

Fig. 13 Heat transfer distribution along the cooling channel of Case B at Ro=0.36, 0.15, and
0.07

Fig. 14 Heat transfer distribution along the cooling channel of Case B at Ro=0.71, 0.30, and
0.13
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Fig. 15 Heat transfer distribution along the cooling channel of Case B at Ro=1.07, 0.45, and
0.20

Fig. 16 Heat transfer distribution along the cooling channel of Case C at Ro=0.36, 0.15, and
0.07

Fig. 17 Heat transfer distribution along the cooling channel of Case C at Ro=0.71, 0.30, and
0.13
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Fig. 18 Heat transfer distribution along the cooling channel of Case C at Ro=1.07, 0.45, and
0.20

Fig. 19 Heat transfer distribution along the cooling channel of Case D at Ro=0.36, 0.15, and
0.07

Fig. 20 Heat transfer distribution along the cooling channel of Case D at Ro=0.71, 0.30, and
0.13
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Fig. 21 Heat transfer distribution along the cooling channel of Case D at Ro=1.07, 0.45, and
0.20

Fig. 22 Normalized Nusselt number for all the cases at Ro=1.07, 0.45, and 0.20

Fig. 23 Velocity distribution along leg 1 for different cases at
Re =50,000, rpm=900, and Ro=0.20

Fig. 24 Velocity distribution at bend for different cases at
Re=50,000, rpm=900, and Ro = 0.20
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The heat transfer increases with the increase of Reynolds
numbers regardless of the rotation speed (Fig. 22). Case B experi-
ences the highest heat transfer distribution among the dimpled
surface cases, i.e., Case C and Case D. The dimple depth is the
highest for Case B, leading to the highest transfer. There is a signif-
icant change in normalized heat transfer from Re= 6,000 to Re =
30,000 due to the considerable airspeed change. Again, for Re=
30,000 and Re= 50,000, the heat transfer ratio shows a closer
trend to each other.

5.2 Velocity Distribution Along the Channels. Figure 23
represents the velocity distribution at leg 1 for Re= 50,000 at
900 rpm. The flow pattern is different in the case of rotational
cases. There is a strong effect of Coriolis and buoyancy forces in
the rotational motions, which also increases the heat transfer in
the case of the rotor and reduces the pressure drop. The entrance
through before the bend, the flow pattern is regular. However,
near the bend region, flow started getting irregular. The first
vortex roll appears near the bend region for Case A. For Case B
to Case D or dimpled cases, the first vortex appears at the first
dimple, and near the bend section, the flow pattern is more irregular
with huge turbulence. Figure 24 represents the velocity distribution

Fig. 25 Velocity distribution along leg 2 for different cases at
Re =50,000, rpm=900, and Ro=0.20

Fig. 26 Normalized friction factor for different channels at rpm=900

Fig. 27 Thermal performance for different channels at rpm=900
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at the bend region. Figure 25 represents the velocity pattern of
leg 2. In leg 2, the direction of flow changes, and after the bend,
it shows higher turbulence which carries around the mid-portion
of leg 2. This phenomenon describes the higher heat transfer in
the bend region and leg 2.

5.3 Thermal Performance. The rotational motion generates
the buoyancy forces, which reduces the friction factor due to sec-
ondary flows. The pressure drop penalty can be observed in
Fig. 26. Case B showed the highest pressure drop for all the Rey-
nolds numbers due to the highest dimple depth. The smooth
surface cooling channel has the lowest pressure drop penalty.
However, the heat transfer is the lowest for a smooth surface
cooling channel. The optimum heat transfer and pressure drop
idea can be found in the thermal performance of the cooling
channel (Fig. 27). The most efficient channel was found with a com-
bination of leaf dimples with two arrays of dimples distribution
along the cooling channel.

6 Conclusions
The experimental and numerical investigation was conducted for

the rotational speed of 300 rpm, 600 rpm, and 900 rpm with Rey-
nolds numbers ranging from 6000 to 50,000 with a smooth
surface and dimpled surface cooling channel. The following obser-
vations can be made:

• The heat transfer increases with the increase of Reynolds
number for all cases at all rotational speeds. Combining both
increases the centrifugal and buoyancy forces, leading to the
higher heat transfer in the cooling channel.

• The heat transfer is the highest for the highest dimple depth.
• Case D showed the optimum heat transfer and pressure loss

due to the titled curve in its design.
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Nomenclature
h = convective heat transfer coefficient (W/m2 K)
k = thermal conductivity of air (W/m K)
u = velocity of air (m/s)
A = heater surface area (m2)
F = friction factor ( f=ΔP/((L/Dh)(ρu

2/2)))
Η = thermal efficiency (%)
Q′′ = convective heat flux (W/m2)
fo = smooth surface friction factor ( fo= 0.316Re−0.25)
Dh = hydraulic diameter (m)
Ro = rotation number (Ro=Ω Dh/u)
Ts = surface temperature (K)
T0 = local air temperature (K)
Nu = Nusselt number (Nu= hDh/k)
Nuo = theoretical Nusselt number (Nuo= 0.023Re0.8Pr0.4)
Pr = Prandtl number

Re = Reynolds number

Greek Symbols

μ = dynamic viscosity of air (kg/m s)
ρ = density of air (kg/m3)
Ω = rotational speed (rpm)
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