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a b s t r a c t

An experimental investigation has been performed to investigate the effects of the rotation and blowing
ratio on the film cooling effectiveness distributions of the leading-edge regions of a twist gas turbine
blade using a thermochromic liquid crystal (TLC) technique. The experiments were carried out at three
rotating speeds, including 400 rpm (positive incidence angle), 550 rpm (zero incidence angle), and
700 rpm (negative incidence angle). The averaged blowing ratio ranged from 0.5 to 2.0. CO2 was used
as the coolant to ensure that the coolant-to-mainstream ratio was equal to 1.56. The Reynolds number,
based on the mainstream velocity of the turbine outlet and the rotor blade chord length, was 6.08 � 104.
The effects of the rotating speed and the blowing ratio were analyzed based on the film cooling effective-
ness distribution. The results show that rotating speed plays an indispensable role in determining the
film cooling effectiveness of distributions on the leading edge. The position of the stagnation line moves
from the pressure side (PS) to the suction side (SS) via an increase in rotating speed. Under the same
blowing ratio, the area-averaged film cooling effectiveness increases monotonously with an increase in
rotating speed. Under the same rotating speed, the area-averaged film cooling effectiveness increases
with the increase in blowing ratio. More details about the effects of the rotation speed and blowing ratio
on the spanwise averaged film cooling effectiveness of the leading-edge region are shown in this study.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In the design of the modern gas turbine engine, the inlet tem-
perature of the turbine has been increased continuously to obtain
a higher thermal efficiency. However, the higher inlet temperature
exceeds the melting point of the currently used heat resistant
alloys, which can greatly reduce both the reliability and the
lifetime of the turbine. Therefore, a variety of cooling techniques
are employed to ensure that the turbine operating temperature
remains in a safe range. Film cooling, an efficient cooling
technique, has been widely accepted as a method of preventing
the turbine components from experiencing high-temperature ther-
mal deterioration. In this technique, a relatively cooler coolant
penetrates the film hole or gap in the end face of the turbine blade
surface and forms a shielded film between the turbine components
and the hot temperature gases. Over the past 5 decades, a consid-
erable number of researchers have sought a deeper understanding
of the physical process of film cooling to optimize a design config-
uration that can achieve more efficient protection with less cooling

gas. The various aspects of the heat exchange mechanism and the
cooling process of the turbine blade were described by Han et al.
[1].

The leading-edge region of the turbine blade often withstands
higher heat loads than any part of the blade surface due to the
highest heat-transfer rate. Many investigations into the film cool-
ing process of the leading edge of a turbine blade have been carried
out with the blade in a stationary state. A detailed study of the heat
transfer characteristics and film cooling effectiveness on a circular
leading-edge model was performed by Mick and Mayle [2]. Those
researchers reported that the maximum values of the heat
exchange coefficient and film effectiveness do not occur in the
same region. More recently, Cruse et al. [3] analyzed the effect of
a stagnation line position on the adiabatic effectiveness of the film
cooling of a leading-edge model. The results from their experi-
ments showed that the stagnation line position is a very important
factor in changing the cooling flow direction. A thermochromic
liquid crystal (TLC) technique was used by Ekkad et al. [4] to study
the effects of mainstream turbulence and coolant density on the
effectiveness of film distribution over a leading-edge test model.
The mainstream Reynolds number was Re = 1.009 � 105 and the
blowing ratio was maintained at 0.4, 0.8 and 1.2. Their results
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showed that film effectiveness decreases as mainstream turbu-
lence increases at a low blowing ratio. The highest film cooling
effectiveness was measured at M = 0.4 and M = 0.8 for air and
CO2 coolants, respectively. Ou et al. [5] conducted a film cooling
investigation in which film effectiveness was measured on a circu-
lar leading-edge model. The mainstream Reynolds number varied
from 3.0 � 104 to 6.0 � 104, and the blowing ratio was set to 1.0,
1.5, 2.0 and 2.5. Those researchers noted that under high turbu-
lence conditions, the film effectiveness increases as the blowing
ratio increases from 1.0 to 2.0 for both Reynolds numbers. Film
effectiveness increases as the Reynolds number rises, except for
the M = 2.5 case for higher turbulence. Kim and Kim [6] used infra-
red thermography technology to experimentally study the influ-
ence of five different structures of the film hole on the blade’s
leading-edge film cooling characteristic. The blowing ratio was
maintained at 0.7, 1.0, 1.3 and 1.7, respectively. Their results
demonstrated that traditional cylindrical holes show the lowest
level of film cooling performance. Those researchers also found
that the shape of the holes can effectively improve the film cooling
characteristic. Rozati and Tafti [7] studied the effect of the blowing
ratio on leading-edge area film cooling via contributions from a
large eddy simulation (LES) method. They reported that film cool-
ing effectiveness decreases with an increase in the blowing ratio.
Johnson et al. [8] studied the influence of a fluctuating flow on
the film cooling characteristics of a turbine blade leading-edge
model. They found the film cooling effectiveness with an oscillat-
ing stagnation line was degraded by as much as 25% compared
to the effectiveness of a steady flow with the stagnation line
aligned with the roe of holes at the leading edge. Li et al. [9] pre-
sented the film cooling characteristics of the leading edge using
the Pressure Sensitive Paint (PSP) technique. Their results showed
that shaped holes can provide better protection than cylindrical
holes at a higher blowing ratio. Radial angle-shaped holes can pro-
vide the highest cooling effectiveness at a higher density ratio. In
Chowdhury et al. [10], an experimental study was conducted in a
wind-tunnel facility to consider the effect of turbine blade
leading-edge shape on film cooling. Three leading-edge models
were considered including a semi-cylinder of radius R = 38.1 mm,
elliptical leading edges of major radius 1.5R and 2.0R with an after
body. That study’s results suggest that a 1.5R leading-edge model
can provide better cooling performance than the other two models.

Although there have been numerous studies of film cooling
characteristics, most of those studies were conducted in the sta-
tionary state. Only a few useful results use experimental investiga-
tion to study film cooling under rotating conditions because of the
great difficulty in conducting such experiments. The film cooling
performance of a blade under rotating conditions was first studied
by Dring et al. [11]. Film coolant was injected from cooling holes on
both the pressure side (PS) and the suction side (SS). According to
the obtained results, the radial component of the jet trajectory has
an indispensable influence on the distribution of cooling effective-
ness. On the SS, the radial deviation of the jet is small, which is
consistent with a previous research result taken on a flat plate.
An obvious radial deviation caused by the radial component of
the main flow on the PS results in lower cooling effectiveness. A
heat-mass transfer analogy was used by Takeishi et al. [12] to mea-
sure the film cooling effectiveness of a low-speed cascade under
the stationary state and under the rotating conditions of the blade,
in turn. Those researchers reported that film cooling effectiveness
on the SS of the rotating blade is consistent with the result of the
stationary cascade and is only 30% lower downstream. The cooling
effectiveness of the PS is lower because of the radial flow of the
concave surface and the strong mix between the coolant jets and
mainstream fuel. Ahn et al. [13] presented an experimental inves-
tigation in which film cooling effectiveness was measured on the
blade’s leading edge in a 3-stage turbine under rotating conditions
via a PSP method. All their experiments were carried out at rota-
tional speeds of 2400 (positive incidence angle), 2550 (zero
incidence angle) and 3000 (negative incidence angle) r/min. Their
results demonstrate that rotation is the most important factor in
determining the distribution of film cooling effectiveness. Under
the same blowing ratio, the average film effectiveness shows a
decreasing trend with an increase in rotating speed. The average
film effectiveness shows a decreasing trend with an increase in
the blow ratio at X = 3000 r/min, whereas it is not sensitive to a
blowing ratio at 2400 and 2550 r/min cases. Subsequent research
by Ahn et al. [14] involved a further study on the blade’s leading
edge under rotating conditions. They reported that the rotating
speed changes the direction of the coolant traces. For the three
rotational speed conditions, the average film effectiveness
increases slightly as the blowing ratio rises. An experiment on
the film cooling performance of the blade under rotating

Nomenclature

C blade chord length (mm)
d film hole diameter (mm)
DR density ratio, qc=qg
M blowing ratio, M ¼ qcmc=qgmg
Ma Mach number (Ma ¼ v=s)
Re Reynolds number, Re ¼ qgmoutC=l
p hole spacing in the spanwise direction (mm)
X distance from the stagnation line (mm)
T temperature (K)
v velocity (m/s)
s sound velocity (m/s) (s ¼

ffiffiffiffiffiffiffiffiffi
kRT

p
)

R gas constant [J/(kg�K)]
k specific heat ratio

Abbreviations
TLC thermochromic liquid crystal
RGB Pixel Red, Green and Blue values
HSV hue, saturation, value
PS pressure side

SS suction side
CCS camera control system
SCS strobe control system
SCM single-chip microcomputer

Greek symbols
g adiabatic film cooling effectiveness,

g ¼ ðTg � TwÞ=ðTg � TcÞ
q density (kg/m3)
X rotating speed (rpm)
l dynamic viscosity of the mainstream, kg/(m�s)

Subscripts
w adiabatic wall
g mainstream
c coolant
out turbine outlet
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