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An experimental investigation was conducted to study the effects of blowing ratio and the existence of lands on the

film cooling effectiveness of a turbine blade trailing-edge model. Instead of using a temperature-based technique, a

mass transfer analogywas used to quantify the film cooling effectiveness. This was done through themeasurement of

the distribution of oxygen concentration over the surface of interest with airflowas themainstream flowandnitrogen

as the coolant stream. The pressure sensitive paint technique was used to map the distribution of the oxygen

concentration on the surface of the cutback region of the trailing-edgemodel. The experimental studywas conducted

at five different blowing ratios between 0.4 and 1.6, both with and without moveable lands mounted on the trailing-

edge model. The measurement results indicate clearly that the blowing ratio and the existence of the lands would

affect the film cooling effectiveness of the tailing-edge design significantly. The detailed film cooling effectiveness

maps were correlated with the characteristics of the flow structures revealed from the particle image velocimetry

measurements to elucidate underlying physics and to explore and optimize design paradigms for a better protection

of the critical portions of turbine blades from the extremely hot environment.

Nomenclature

Ccoolant = oxygen concentration of cooling stream
Cmain = oxygen concentration of mainstream
Cmix = oxygen concentration of the mainstream-coolant

mixture
H = height of the coolant slot
Ib = intensity of the black image without light excitation
I�P�air = intensity recorded with air as the coolant stream
I�P�mix = intensity recorded with nitrogen as the coolant

stream
I�P�ref = intensity of the excitation light at the reference state

(no flow)
L = length of the upper plate of the trailing-edge model
M = blowing ratio (i.e., mass flux ratio of the cooling

stream and mainstream flow)
�PO2
�air = partial pressure of oxygen with air as the coolant

�PO2
�mix = partial pressure of oxygen with nitrogen as the

coolant
Pref = partial pressure of oxygen at reference state
Rec = Reynolds number of the slot jets
Taw = adiabatic wall temperature
Tc = temperature of the coolant stream
T1 = temperature of the mainstream
t = lip thickness
U, V,W = X, Y, Z component of the flow velocity
Uc = velocity of the cooling stream
U1 = velocity of the mainstream flow
�aw = adiabatic cooling effectiveness

I. Introduction

T HE requirement for higher turbine inlet temperatures in gas
turbines and better thermodynamic efficiency has caused the

turbine blades to be critical components to protect. Without an
appropriate cooling technique applied to turbine blades, the blades
would not survive in the extremely hot environment. In various
regions on turbine blades, several cooling techniques, such as
internal convective cooling andfilm cooling on the blade exterior, are
used widely in order to increase the lifetime of the blades. Film
cooling is a state-of-the-art technique in protecting the key com-
ponents in gas turbines. For the cooling of turbine blades, trailing
edges are especially difficult to cool. Inmany reported damage cases,
catastrophic failures commonly originate at the edges: trailing edges,
tips, and roots of turbine blades. The thin trailing edges are very
prone to thermal damage. In the present study, we are particularly
concernedwith the trailing-edge cutback regions of turbine blades, in
which coolant slots are disrupted by stiffening lands. Usually, the
trailing edges of turbine blades are cooled by slot jets of coolant, in
which the pressure side of turbine blades is cut back a small length to
form a characteristic step with spanwise slots to exhaust coolant
streams.

A number of studies have been carried out in recent years to
examine the trailing-edge cooling design of turbine blades. Taslim
et al. [1] investigated the effects of different slot geometries on the
film cooling effectiveness in the vicinity of the slot breakout region at
various blowing ratios and density ratios. Itwas found that the ratio of
lip thickness to slot height is a key parameter for the film cooling in
the cutback region. Uzol et al. [2] and Uzol and Camci [3]
investigated the aerodynamic loss characteristics of a turbine blade
with trailing-edge coolant ejection. The effects of cutback length,
spanwise rib spacing, freestream Reynolds number, and chordwise
rib length on discharge coefficients were investigated. It was found
that the discharge coefficients is almost independent of Reynolds
number, therefore, the discharge coefficient experiments can be
performed at relatively low Reynolds numbers. Martini et al. [4,5]
conducted comprehensive studies on the discharge coefficients, film
cooling effectiveness, and heat transfer coefficients on the trailing-
edge cutback of gas turbine blades with various internal cooling
designs. Holloway et al. [6,7] conducted both experimental and
numerical studies on trailing-edge slots. It was found that trailing-
edge cooling is not as effective as anticipated, i.e., hot gas reaches the
surface more readily than expected. For instance, numerical simu-
lations based on steady, Reynolds-averaged analysis approaches
predicted notably better cooling effectiveness than the experimental
measurements. The vortex shedding behavior from the lip of the slot
exit was suggested to induce the fast decay of film cooling
effectiveness for the cases with large t=H of the slot exit. More
recently, numerical simulations ofMedic and Durbin [8] and Joo and
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Durbin [9] revealed that three-dimensional unsteadiness, which
occurs in cooling slot jets, is a primary cause of poor trailing-edge
protection. This suggests a path to redesigning the coolant stream to
alleviate the heat load. While Medic and Durbin [8] and Joo and
Durbin [9] showed that the cooling jet stream contains unsteady,
three-dimensional vortical components that have a significant effect
on transporting heat and contaminants to the surface due to the
coherent, three-dimensional vortex shedding from the upper lip of
the breakout slot, the computational evidence has not been verified
yet experimentally.

The film cooling effectiveness has been experimentally measured
for many years. As more effective film cooling designs have been
developed, techniques to determine the film cooling effectiveness
have also progressed rapidly in recent years. Heat transfer experi-
ments were traditionally used to quantify the film cooling effective-
ness. Adiabatic film cooling effectiveness, �aw, which was defined
based on temperature measurements, is expressed as

�aw �
T1 � Taw
T1 � Tc

(1)

where T1 is the temperature of the main stream; Taw is the adiabatic
temperature of the surface of interest, and Tc is the temperature of the
coolant stream.

In the earlier heat transfer experiments to investigate the film
cooling of turbine blades, thermocouples were used to measure both
fluid and surface temperatures. When used to measure surface
temperatures, thermocouples can provide measurements only at
limited discrete points [10]. Therefore, it is usually difficult to
achieve temperature measurements (thereby, adiabatic film cooling
effectiveness)with relatively high spatial and/or temporal resolutions
based on the measurements with thermocouples. More recently,
optical-based advanced thermometry techniques, which can achieve
surface temperature distribution measurements with much higher
spatial and temporal resolutions compared with the thermocouple-
based measurements, have been used in both transient and steady
heat transfer experiments for turbine blade cooling studies. The
advanced thermometry techniques used for turbine blade cooling
studies include liquid crystal thermometry [11], infrared ther-
mometry [12]; laser induced fluorescence [13] and temperature
sensitive paint [14] techniques. It should be noted, although useful
information has been revealed from those temperature-based
experiments, there always exists concerns and implications about the
errors of the adiabatic temperature measurements on the surface of
interest due to the effects of heat conduction through the test model in
those heat transfer experiments.

Instead of conducting temperaturemeasurements on the surface of
interest, it becomes more and more popular to quantify the effec-
tiveness of turbine blade cooling designs by conducting “cold”
experiments with the pressure sensitive paint (PSP) technique
[15,16]. The PSP technique used for film cooling effectiveness
measurements is based on mass transfer analogy, which is free from
heat conduction related measurement errors frequently encountered
in the temperature-based experiments.

In PSP measurements, the surface of interest is coated with an
oxygen sensitive paint layer. The paint layer consists of sensor
molecules (luminophores) and binder material. Upon the excitation
of photons at an appropriate wavelength [ultraviolet (UV) light
source is usually used], the luminophores can emit photolumi-
nescence light at a longer wavelength. In the presence of oxygen
molecules, the ability of the luminophores to emit photoluminance
light is inhibited by a collision with oxygen molecules. The
phenomenon is called oxygen quenching [15,16]. Higher concen-
tration of oxygenwould cause lower intensity of photoluminescence,
and thus higher luminescent intensity indicates lower oxygen
concentration.

To implement the PSP technique for film cooling effectiveness
measurements on the surface of interest, airflow is usually used to
represent the hot gas stream, while nitrogen is supplied to simulate
the coolant stream. The mixing process between the hot gas flow and
cold coolant stream in gas turbines is simulated by the dynamic

mixing between the airflow (i.e., oxygen concentration about 21%)
and the nitrogen (i.e., oxygen free) over the surface of interest. By
preventing the oxygen molecules from the mainstream flow (i.e.,
airflow) from reaching the surface of interest via nitrogen injection
through the cooling holes, based on mass transfer analogy, the film
cooling effectiveness distribution is determined in the term of oxygen
concentration distribution over the surface of interest. With the
concentrations of oxygen to replace the temperature in Eq. (1), the
film cooling effectiveness can be expressed as

�� Cmain � Cmix

Cmain � Ccoolant

(2)

When pure nitrogen is used as the coolant stream, Ccoolant will be
zero. Since no heating is involved in the experiment, errors arising
from heat conduction are eliminated completely, resulting in distinct
and well-defined traces of the coolant streams.

In the present study, an experimental study was conducted to
quantify the effects of blowing ratio of the coolant stream and the
existence of lands on the effectiveness of film cooling over a typical
turbine blade trailing-edge model. PSP technique was used to
achieve detailed measurements of the film cooling effectiveness
distributions on the surface of interest at different blowing ratios and
with and without lands mounted on the trailing-edge model. The
detailed film cooling effectiveness maps were correlated with the
flow field measurements obtained by using a particle image
velocimetry (PIV) system to elucidate underlying physics in order to
explore new trailing-edge cooling strategies for a better protection of
the critical portions of turbine blades.

II. Experimental Setup

A. Experimental Rig and Test Model

Figure 1 shows the schematic of the experimental setup used in the
present study. The experiments were conducted in a low-speed,
open-circuit wind tunnel that has a maximum velocity of 40 m=s
located in the Aerospace Engineering Department of Iowa State
University. The tunnel has an optically transparent test section of
8 � 5 in: (i.e., 200 � 125 mm) in cross section. The tunnel has a
10:1 contraction section upstream of the test section with honey-
combs and screen structures installed ahead of the contraction
section to provide uniform, low-turbulence incoming flow into the
test section. The turbulence intensity in the center of the inlet of the
test section was found to be about 1.0% of the incoming flow
measured by using a hotwire manometer.

The test model used in the present study was designed to replicate
only the trailing-edge portion of a typical turbine blade. As shown in

Fig. 1 Schematic of the experimental setup.
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Fig. 2, the trailing-edge model was simplified as a combination of
two Plexiglas plates. The primary dimensions of the trailing-edge
model were indicated in Fig. 2, which were chosen based on the
geometry parameters listed in Taslim et al. [1]. In the present study,
while air flow from the wind tunnel was supplied to simulate the hot
gas flow, the coolant channel was fed by pure nitrogen to simulate the
coolant stream to protect the cutback surface on the lower plate of the
trailing-edge model. The mixing of the hot gas into the coolant flow
at the trailing edge of a turbine blade was simulated by the mixing of
mainstream airflow into the nitrogen stream over the surface of
interest on the lower plate. As shown schematically in Fig. 2, a
relatively large plenum (a cubic box with 152 mm in length, width
and height), which is mounted underneath the lower plate, was
designed to settle the coolant flow (i.e., nitrogen). Two partition
platesweremounted inside the plenum in order tomaintain a uniform
flow condition for the coolant stream before exhausted through the

slot holes in the cutback region of the trailing-edge model. Five long
slot channels were engraved into the bottom side of the upper plate to
let the coolant stream exhausted from the coolant plenum onto the
cutback region of the trailing-edge model as five slot wall jets. The
turbulence intensity of the coolant stream at the exit of the slot holes
was found to be about 7.0%, measured by using a hot wire
anemometer. For the test cases with lands, six removable land pieces
weremounted onto the lower plate of the trailing-edgemodel to form
five flow channels along spanwise direction (i.e., Z-direction) in the
cutback region. During the experiments, the upper plate of the test
model was flush mounted on the bottom wall of the test section. A
25 mm streamwise gap was held between the bottom wall and the
sharp leading edge of the trailing-edge model in order to remove the
effects of the turbulent boundary layer from upstream.

In the present study, the main flow velocity at the inlet of the test
section was set asU1 � 16:2 m=s. Based on the length of the upper
plate (L� 178 mm) of the trailing-edge model, the corresponding
Reynolds number is 1:9 � 105. The experimental study was
conducted at five different blowing ratios between 0.4 and 1.6, which
is defined as the mass flux ratio of the cooling stream to mainstream
flow (i.e.,M� �cUC=�1U1) The small density difference between
the coolant stream (nitrogen) and mainstream airflow is neglected in
the present study. The corresponding Reynolds number of the
coolant stream, Rec, is in the range of 2800 to 10,500 (based on the
height of the slot, H). The flow parameters were found to be in
the same range as those used in Martini and Schulz [4] and Choi
et al. [17].

During the experiments, an air conditioning system was used to
maintain the temperature of the mainstream airflow at 22�C. The
coolant flow, which was supplied from a purified nitrogen gas
cylinder or a high-pressure air tank depending on the requirement of
the measurement, passed through flow control valves to enter the
coolant plenum. The lower plate surface of the test model was
sprayed with Binary UniCoat PSP supplied by Innovative Scientific
Solutions, Inc.. A constant UV light with a wavelength of 400�
5 nmwas used as the excitation source for the PSPmeasurements. A
charge-coupled device (CCD) camera (PCO 1600, Cooke Corp.)
with a 610 nm filter was used to records the intensity of the
photoluminescence light emitted by the excited PSP molecules.
Since the Binary UniCoat paint used in the present study is slightly
temperature sensitive, a thermometer was used to measure the
temperature variations on the surface of interest in order to
compensate the effects of the temperature variations on the film
cooling effectiveness measurement results.

B. Film Cooling Effectiveness Measurement Theory and
Data Analysis

As previously described, since the photoluminescence intensity of
the excited PSP molecules is a function of the concentration of
oxygen molecules (i.e., oxygen partial pressure), the quantitative
information about the distributions of the oxygen concentration over
the surface of interest can be obtained from an intensity ratio along
with a PSP calibration curve. The oxygen concentration information
can be directly converted into static pressure distributions for the case
with air flow as the coolant stream. Intensity ratios for air and air–
nitrogen mixture can be expressed as Eqs. (3) and (4), respectively:

I�P�ref � Ib
I�P�air � Ib

� f��PO2
�air;Pref� or f�P;Pref� (3)

I�P�ref � Ib
I�P�mix � Ib

� f��PO2
�mix;Pref� (4)

Where the reference intensity (with illumination, no flow, sur-
rounding pressure uniform at 1.0 atm) is required in order to
determine the intensity ratio, and black image (no illumination and
no flow) intensity is used to remove the effects of camera noise.
With a PSP calibration curve, the partial pressure of oxygen (i.e.,
oxygen concentration) on the surface of interest with both air and
nitrogen as the coolant stream can be calculated. Then, the film

Fig. 2 The trailing-edge model used in the present study.
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cooling effectiveness can be expressed as the ratio of the oxygen
concentrations measured by PSP technique with the following
equation:

�aw �
C1 � Cmix

C1
�
�PO2
�air � �PO2

�mix

�PO2
�air

(5)

Figure 3 depicts a schematic of the system setup used in the present
study to determine the PSP calibration curve. To perform the PSP
calibration, a test plate was sprayed with Binary UniCoat PSP. Air
was removed from the test chamber by a vacuum pump, and the
photoluminescence intensity of the excited PSP molecules was
calibrated with the pressure in the vacuum chamber varied from
23.0–101.3 kPa. At each measurement point, the PSP molecules
were excited by using a UV light at the wavelength of 400� 5 nm.
The CCD camera with a 610 nm filter was used to records the
images. A water circulation system was used to adjust the temper-
ature of the test plate, which was monitored by using a thermo-
couple. Since the ambient temperature for the trailing-edge cooling
experiments was 22�C, the temperature of the test plate was set at
the same temperature during the calibration. The PSP calibration
curve, which was based on the averaged intensity ratio and the
averaged pressure data measured by using a pressure transducer
(DSA 3217 16PX 1.0PSID, Scanivalve, Corp.), is shown in Fig. 4,
where the measurement data were fitted to a polynomial curve.
Further information about the experimental setup and PSP
calibration procedure is available in [18].

C. Discussions About Measurement Uncertainties

With the perspective angle of the camera used for the PSP
measurements, the complicated three-dimensional structures of the
trailing-edge model might induce some measurement errors in the

two-dimensional views. The vertical surfaces of the lips of the slot
exits and lands would be revealed as thin regions around the coolant
slots in the cutback region. However, for the measurements given in
the present study, it is assumed that all the measurement data only
represent the information from the top surfaces of the lips and the
lands in the cutback region. Thiswould inducemeasurement errors in
those regions. The width of the regions was estimated to be about
2 mm (about 1=3 ofH). Since the Binary UniCoat PSP paint used in
present study is temperature sensitive to some extent, even though the
temperature difference between the mainstream air flow and the
coolant nitrogen flow was found to be only about 1�C at the low
blowing ratio of M � 0:4, and about 2� 3�C at higher blowing
ratios, the temperature difference will result in measurement
uncertainties in the PSP measurements. Following the work of Kline
and McClintock [19], the measurement uncertainty of the present
study was estimated, which was found to be about 4� 5% for the
oxygen partial pressure distribution, and about 9% for the film
cooling effectiveness measurement results.

III. Results and Discussions

A. Effects of Blowing Ratios on Film Cooling Effectiveness for Cases

Without Lands

As previously described, the coolant stream would be exhausted
from the five slot holes as five slot jets aligned along spanwise
direction in the cutback region of the test model. The PSP
measurement results revealed a very similar pattern at the down-
stream of the exits of the five coolant holes in the term of film cooling
effectiveness distributions. To reveal the characteristics of the
trailing-edge cooling more clearly, only the film cooling effec-
tiveness distribution at the downstream of the exit of the central slot
hole was shown in the present study. Figure 5 shows the map of the
film cooling effectiveness in the cutback region at different blowing
ratios without the lands mounted onto the trailing-edge model. The
film cooling effectiveness distributions are indications of the
intensive mixing between coolant streams and mainstream flow at
different blowing ratios. At low blowing ratio of M� 0:4,
neighboring coolant jet streams were found to coalesce in the near
field, resulting in a large region with uniform and high film cooling
effectiveness (i.e.,�aw > 0:90) near to the exit of the coolant slot hole.
The film cooling effectiveness was found to decay rapidly
downstream of X=H > 5:0, and reaches to �aw 	 0:45 at the
downstream location of X=H 	 8:0. As the blowing ratio increases,
the higher momentum of the coolant streamwas found to restrain the
coalescence of the neighboring coolant jet flows. Corresponding to
the core region of the coolant jet flows, the region with high film
cooling effectiveness at the downstream of the exit of the slot hole
was found to become longer and longer with the increasing blowing
ratio. It indicates that, as the blowing ratio increases, the coolant
streamwould tend to cover more area along the streamwise direction
at the downstream of the slot hole. Themainstream flowwas found to
be more ready to mix onto the surface of the cutback region in the
regions between the neighboring coolant jet streams, resulting in
relatively low film cooling effectiveness on the surfaces of the “gap”
regions. The feature becomesmore andmore apparent as the blowing
ratio increases. The measurement results suggest that it is easier for
the coolant stream to spread out and create more uniform coverage
along spanwise direction at relatively low blowing ratios. As the
blowing ratio increases, the higher momentum of the coolant stream
would restrict the spanwise spreading of the coolant stream, thus, it
would become more difficult for the coolant stream to cover the gap
regions between the neighboring coolant jet flows. Themeasurement
results suggest that, optimizing the blowing ratio involves finding a
balance between themore uniform spanwise coverage and the longer
streamwise coverage at the downstream of exit of the slot hole. It
should also be noted that, the maximum values of the measured film
cooling effectiveness were found to be around 1.0 for all test cases
shown in Fig. 5, which is difficult to be obtained by the mea-
surements of those heat transfer experiments due to the effects of heat
conduction.

Fig. 3 Schematic layout of the calibration setup.
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Fig. 5 Film cooling effectiveness distributions at different blowing ratios without lands.

Fig. 6 PIV measurement results along the middle plane of the coolant jet flow.
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To gain more insight into the underlying physics pertinent to the
trailing-edge cooling, Yang [18] conducted detailed PIV measure-
ments to characterize the dynamic mixing between the mainstream
flow and coolant stream over the trailing-edge model used in the
present study. While further detailed information and discussions
about the PIVmeasurements are available at Yang [18], some typical
PIVmeasurement resultswere shown in the present study to facilitate
the understanding of the characteristics of trailing-edge cooling
revealed from the PSPmeasurements. Figure 6 shows the typical PIV
measurements along the middle plane of the coolant jet flows at two
typical blowing ratios, i.e., M� 0:4 and M � 1:6. It can be seen
clearly that, for the case at low blowing ratio of M� 0:4, the
mainstream flow has little effects on the evolution of the coolant
stream in the near region close to the exit of the slot hole. After the
coolant stream was exhausted from the exit of the slot hole, it could
cover the cutback surface nicely in the near region, which results in
almost perfectfilm cooling effectiveness in the nearfield downstream
the exit of the slot hole as revealed in the PSP measurements. It was
also revealed that, vortex structures shedding from the thick lip of the
slot holewould interact with the coolant stream andmainstream flow,
resulting in an intensivemixing between themainstream flow and the
coolant stream at further downstream of the slot exit. As a result, the
film cooling effectiveness further downstream of the slot exit (i.e.,
X=H > 5:0) was found to decrease rapidly, as revealed from the PSP
measurements shown in Fig. 5. Similar phenomena were also
observed by Martini and Schulz [4], Telisinghe et al. [20] and Choi
et al. [17].

For the case at higher blowing ratio ofM � 1:6, the coolant stream
would have much higher momentum to dispel the mainstream flow
away from the surface of interest at the downstream of the slot exit,
which results in higher film cooling effectiveness over the surface of
interest. Because the intensive mixing between the coolant stream
and themainstream flow, the high-speed region of the coolant stream
was found to become thinner and thinner with the increasing
downstream distance. As shown clearly in the PIV measurement
results shown in Fig. 6, since the coolant streamwas still able to cover
the surface of interest nicely, the mainstream flow was found to be
driven out from the near wall region up to X=H > 10 downstream of
the slot exit. Therefore, there is no apparent decrease of the film
cooling effectiveness along the centerline of the coolant jet flow,
which was confirmed quantitatively by the PSPmeasurement results
given in Fig. 5.

To reveal the effects of blowing ratio on the film cooling
effectiveness over the surface of the cutback region more clearly and
quantitatively, the profiles of the film cooling effectiveness along the
centerline (i.e., Z=H � 0) of the coolant jet flow as a function of
downstream distance at various blowing ratios were plot in the same
graph, which are shown in Fig. 7a. It can be seen clearly that, at the
low blowing ratio of M� 0:4, the film cooling effectiveness was
found to decreases drastically in the downstream region of
X=H > 5:0. All the other profileswere found to follow a similar trend
with the film cooling effectiveness decreasing slightly with the
increasing downstream distance, which is almost independent of
the blowing ratio. Based on the theoretical model of Mukherjee [21],
the predictions of the film cooling effectiveness for the tangential slot
film cooling over aflat plate at blowing ratio ofM � 0:4 andM� 1:6
were also given in the graph for comparison. It can be seen clearly
that a generally good agreement between the theoretical prediction
and the experimental measurements was obtained for the case with
high blowing ratio of M� 1:6, with the theoretical model slightly
overpredicted the experimental measurements at the downstream of
X=H > 6:0. However, for the case with low blowing ratio of
M � 0:4, a significant difference was found between the theoretical
prediction and the measurement results. This may be explained by
the fact that, Mukherjee’s theoretical model was developed with the
assumption of a two-dimensional slot jet flow, while the coolant jet
streams of the present study are discrete jetflows.As shown clearly in
Fig. 5, the spanwise spreading of the coolant stream at low blowing
ratios was found to be much more pronounced compared with that at
high blowing ratios, therefore, the effects of the three-dimensionality
of the coolant jet flows was found to become more severe at low

blowing ratios. Furthermore, the lip thickness was assumed to be
zero in the Mukherjee’s theoretical model, while the ratio of lip
thickness to slot height was 1.0 for the present study. As described
clearly in Mukherjee [21], the zero lip thickness assumption would
result in overestimation of the film cooling effectiveness. As a result,
for the case with a low blowing ratio ofM� 0:4, the measured film
cooling effectivenesswas found to bemuch lower comparedwith the
theoretical prediction based on the Mukherjee’s model. Similar
observations were also reported by Choi et al. [17]. It is noted that,
Mukherjee [21] also suggested that the overestimation in film
cooling effectiveness due to the nonzero lip thickness assumption
would become less significant with the increasing blowing ratio,
which was confirmed by the present study as less discrepancies
between the theoretical prediction and the measurement results were
found at the high blowing ratio ofM� 1:6.

As shown in Fig. 7b, the comparison of the film cooling
effectiveness profiles along spanwise direction at the downstream
location of X=H � 4 reveals an apparent difference at different
blowing ratios. All the profiles were found to reach the peak value of
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Fig. 7 Film cooling effectiveness profiles for the cases without lands.
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�aw 	 1:0 at the position of Z=H � 0 (i.e., along centerline of the
coolant jet flow), which indicates a perfect film cooling effectiveness
in the region. The film cooling effectiveness was found to decrease
rapidly with the increasing distance away from the centerline of the
coolant jetflow along spanwise direction, and reach the lowest values
at the location of jZj=H 	 2:0, which is at the centerline of the region
between the neighboring coolant jet flows, i.e., gap region in short.
The film cooling effectiveness in the gap region was found to
decrease drastically as the blowing ratio increases. The observation
can be explained in correlation with the less spanwise spreading of
the coolant stream at higher blowing ratios in the gap region, as
previously described.

Figure 7c shows the spanwise-averaged film cooling effectiveness
(the averaged area covers the region between Z=H ��2:0 and
Z=H � 2:0) as a function of the downstream distance at different
blowing ratios. It can be seen clearly that, the spanwise-averaged
film cooling effectiveness would decrease with the increasing
blowing ratio except for the case with the lowest blowing ratio of
M � 0:4 at the downstream region of X=H > 4:0. Such observation
is believed to be closely related to the less spanwise spreading of the
coolant streams at higher blowing ratios. It is noted that the
observation is found to disagree with the findings of Martini and
Schulz [4], who suggested that a higher film cooling effectiveness
will be reached at the higher blowing ratio. The disagreement is
believed to be mainly caused by the different design of trailing-edge
models used by the two studies. It should also be noted that the
coolant-to-mainstream density ratio was quite different for the
present study compared with those of Martini and Schulz [4]. While
the coolant-to-mainstream density ratio is about 1.0 for the present
cold study (i.e., no temperature differences between the coolant
stream and mainstream flow), the density ratio of the “hot” study of
Martini and Schulz [4] was found to be about 1.6 with significant
temperature differences between the coolant and mainstream flows.
A systematic study is planned to investigate the effects of coolant-to-
mainstream density ratio on the film cooling effectiveness in the near
future.

B. Effects of Blowing Ratios on Film Cooling Effectiveness for Cases

with Lands

PSPmeasurements were also conducted for the caseswith six land
pieces mounted onto the lower plate of the trailing-edge model.With
the six land pieces mounted onto the test model, the coolant stream
exhausted from the five slot exits were separated into five channel
flows along the spanwise direction. As previously described, since
the measurement results in the five slot channel were found to be
almost identical, only the distribution of the film cooling effec-
tiveness over the central unit, which includes the bottom surface of
the central slot channel and tops surfaces of the neighboring lands,
are shown in the present study. While the experimental study was
carried out at five different blow ratios between 0.4 and 1.6, Fig. 8
shows the film cooling effectiveness distributions at four typical
blowing ratios. It can be clearly seen that, the regions with relatively
high film cooling effectiveness were found to concentrate in the
center of the slot channel, as expected. The magnitude of the film
cooling effectiveness in the regions was found to be about 1.0, which
indicates that the coolant stream could protect the surface almost
perfectly, and themainstream flowwould be dispelled away from the
surface in those regions. At the blowing ratio of M� 0:4, the film
cooling effectiveness along the centerline of the slot channel was
found to drop to about 0.9 at the downstream of X=H > 4:5 for the
present study. Choi et al. [17] reported that the film cooling
effectiveness would decrease slightly slower compared with the
findings of the present study, which would decrease to about 0.9 at
the downstream ofX=H > 6:0. The discrepancymay be attributed to
the different Reynolds numbers of the coolant jet flows (i.e., Rec �
2800 for the present study and Rec � 5000 for Choi et al. [17]) as
well as the different design parameters of the trailing-edge models
used in the two studies.

It can also been seen clearly that the top surfaces of the lands
surrounding the slot channel were found to have relatively low film
cooling effectiveness. Compared with those shown in Fig. 5, the
values of the film cooling effectiveness on the top surfaces of the
landswere found to bemuch smaller comparedwith those in the “gap

Fig. 8 Film cooling effectiveness at different blowing ratios for the cases with lands mounted onto the test model.
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regions” for the cases without the lands mounted onto the surface of
the trailing-edge model. This can be explained by the facts that the
land pieces would serve as the barriers to guide the coolant stream
flowing smoothly inside the slot channel. It will be much difficult for
the coolant stream to climb up to cover the top surfaces of lands
compared with the spanwise spreading of the coolant stream over the
surface of the lower plate of the trailing-edgemodel to protect the gap
regions.

As the blowing ratio increases, the momentum of the coolant
stream would become higher and higher, which would have stronger
power to blow themainstream flow away from the surface of interest.
As a result, the regions with almost perfect film cooling effectiveness
inside the slot channel were found to become bigger and bigger. It is
also worthy of note that, while the contour lines of the film cooling
effectiveness near the center of the slot channel was found to be
bulged outward to extend further downstream for the cases with the
blowing ratio smaller than 1.0 (i.e.,M< 1:0), the contour lines were
found to be bulged inward to face upstream for the cases with the
blowing ratio greater than 1.0 (i.e.,M> 1:0). Similar features were
also revealed in the numerical simulation results of Joo and Durbin
[9]. The observation is believed to be closely related to the
characteristics of the flow structures generated in the cutback region
of the trailing-edge model.

As previously described, with the same trailing-edge model used
in the present study, Yang [18] conducted detailed flow field
measurements to quantify the dynamic mixing process between the
coolant stream and mainstream flow by using a high-resolution
stereoscopic PIV system. The time sequence of the instantaneous
PIV measurements revealed clearly that the mixing process between
the coolant stream and mainstream flow in the cutback region would
be changed significantly due to the existence of the lands. While
further details about the stereoscopic PIV measurements at different

blowing ratios can be found at Yang [18], Figs. 9a and 9b show the
ensemble-averaged results of the stereoscopic PIV measurements at
the blowing ratioM� 0:4 andM� 1:6, respectively. Based on the
PIVmeasurements as those shown in Figs. 9a and 9b, the schematics
of the streamlines and vortex structures in the cutback region were
derived, which were shown in Figs. 9c and 9d. It can be seen clearly
that, a series of streamwise vortices would be generated at the corners
of the coolant slot channel, which are closely related to the mixing
process of the coolant streamwith themainstreamflow in the cutback
region. For the cases with the blowing ratio smaller than 1.0 (i.e.,
M< 1:0), the coolant stream will be entrained by the high-
momentum mainstream flow. When viewing from upstream along
the streamlines of the coolant stream, the streamwise vortices at the
left corners of the slot channel were found to be counterclockwise,
while the vortices at the right corners of the slot channel were
clockwise. As a result, the streamwise vortices would promote the
coolant stream climbing up around the edges of the lands to cover the
top surfaces of the lands, which contributed to the relatively good
film cooling effectiveness on the top surfaces of the lands at relatively
low blowing ratios. Conversely, as the blowing ratio becoming great
than 1.0, the mainstream flow would be entrained by the high-
momentum coolant stream. After exhausted from the coolant slot
exit, the high-momentum coolant stream would more readily flow
along the slot channel and provide a better protection over the bottom
surface of the slot channel, which results in almost perfect film
cooling effectiveness on the surface inside the slot channel as
revealed from the PSPmeasurements. The streamwise vortices at the
corners of the slot channel were found to revere their direction with
the clockwise vortices at the left corners and counterclockwise
vortices at the right corners of the slot channel as the blowing ratio
becoming greater than 1.0. The streamwise vortices would limit the
climbing up of the coolant stream to cover the top surfaces of the

Fig. 9 Flow structures near the cutback region of the trailing-edge model.
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lands. It would result in the relative low film cooling effectiveness on
the top surfaces of the lands, as confirmed from the PSPmeasurement
results shown in Fig. 8. Since the coolant stream with higher
momentum would more readily flow inside the slot channel as the
blowing ratio increases, the film cooling effectiveness on the tops of
the lands was found to become lower and lower. Similar phenomena
were also revealed by the numerical simulations of Chen et al. [22].

Figure 10 shows the profiles of the spanwise-averaged film
cooling effectiveness on the bottom surface of the slot channel and
the top surfaces of the lands at five different blowing ratios. The
measurement results were also compared with the theoretical
prediction of Mukherjee [21] for the tangential slot film cooling on a
flat plate with no pressure gradient and zero lip thickness. As shown
in the figure, a reasonably good agreement between themeasurement
results and the theoretical prediction ofMukherjee [21] was obtained
for the spanwise-averaged cooling effectiveness on the bottom
surface of the slot channel. As previously described, the spanwise
spreading of the coolant stream was suggested to be the primary
reason to cause the disagreement between the measured cooling
effectiveness and the theoretic prediction of Mukherjee [21] for the
cases without lands mounted on the trailing-edge model. With
the lands mounted on the trailing-edge model, the lands would guide
the coolant stream flowing smoothly along the slot channel to protect
the surface of interest in the cutback region. Since the spanwise
spreading of the coolant stream was restricted by the existence of the
lands, the theoretical model of Mukherjee [21] would make a better
prediction of the film cooling effectiveness on the bottom surface of
the slot channel, as expected.

As previously described, since the coolant streamneeds to to climb
up the lands in order to cover the top surfaces of the lands, the
spanwise-averaged cooling effectiveness on the top surfaces of
the lands was found to be quite low in the region near the exit of the
coolant slot. Corresponding to the decreasing height of the lands
along the streamwise direction, the spanwise-averaged cooling
effectiveness on the top surfaces of the lands was found to increase
gradually as the downstream distance increases. The profiles of the
film cooling effectiveness on the bottom surface of the slot channel
was found to converge with those of the top surfaces of the lands
further downstream near the ends of the lands.

Figure 11 shows the comparison of the overall-averaged cooling
effectiveness on the surface of the cutback region as a function of the
blowing ratio for the two different turbine edge trailing-edge designs.
The overall-averaged film cooling effectiveness data were obtained
by spatially averaging the all the measurement data in the region
betweenZ=H ��2 andZ=H � 2 in spanwise direction andX=H �
0 and X=H � 8:0 in streamwise direction for the cases with and
without the landsmounted on the trailing-edgemodel. The profiles of
the overall-averaged film cooling effectiveness were found to reach
their peak values at the blowing ratio of M � 0:6� 0:8, and then
decreasewith the increasing blowing ratio,which does not agreewith

the monotonous decreasing trend reported by Choi et al. [17]. This
may be attributed to the different configurations of the trailing-edge
designs used by the two studies, especially for the inclining angle of
the coolant slot to themainstreamflows. It can also been seen that, the
case without lands would have higher overall-averaged film cooling
effectiveness in general. The lower overall-averaged film cooling
effectiveness for the case with lands is mainly because of the worse
film cooling effectiveness on the top surfaces of the lands. It should
be noted that, it does not necessarily mean that the trailing-edge
design without lands would be better than the design with lands,
since the overall performance of a turbine trailing-edge designwould
also include the considerations of heat transfer through heat
conduction, structural strength and system integrity. The trailing-
edge design with lands will definitely perform better in the terms of
heat transfer through conduction, structural strength and system
integrity, compared with the design without lands. Further inves-
tigations are needed to explore/optimize design paradigms for better
protection of the critical portions of turbine blades from the harsh gas
path conditions.

IV. Conclusions

An experimental study was conducted to investigate the effects of
blowing ratio and the existence of lands on the effectiveness of film
cooling over the cutback surface of a turbine trailing-edge model.
PSP technique was used to map the distributions of the film cooling
effectiveness on the surface of interest based on mass transfer
analogy. The measurement results revealed clearly that, for the case
without lands mounted on the trailing-edge model, higher blowing
ratiowould result in betterfilm cooling effectiveness on the surface of
interest along the streamwise direction, but worse film cooling
effectiveness along the spanwise direction. Optimization of the
blowing ratio involves balancing between the spanwise coverage and
the streamwise coverage of the coolant stream over the surface of
interest. With the lands mounted onto the trailing-edge model, the
lands would act as the side walls of the slot channels at the
downstreamof the coolant slot exits. As the coolant stream exhausted
from the slot exits, the lands would guide the coolant stream flowing
smoothly inside the slot channels to protect the bottom surfaces of the
slot channels, which leads to an almost perfect cooling effectiveness
on the bottom surface of the slot channel. However, the spanwise
spreading of the coolant stream would be restricted by the existence
of the lands, which results in relatively poor film cooling
effectiveness on the top surfaces of the lands. The best overall cooling
effectiveness was found to be achieved at the blowing ratio of
M� 0:6� 0:8 for both the trailing-edge designs with and without
lands. Although the design without lands was found to have better
overall cooling effectiveness compared with the design with lands,
extensive investigations are still needed to balance the system
integrity, structural strength and cooling effectiveness for the optimal
design of turbine blades.
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