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A B S T R A C T

Following the previous work (Zhou and Hu, 2017), a comprehensive assessment was performed to further
evaluate the film cooling’s surface quantities behind shaped and sand dune-inspired holes. Adiabatic film cooling
effectiveness, heat transfer coefficient, and net heat flux reduction (NHFR) were measured at four blowing ratios
(M=0.40, 0.90, 1.40, and 2.00). The measured quantities were compared side-by-side between the shaped and
sand dune-inspired holes. The pressure-sensitive paint (PSP) technique was used to acquire high-resolution
adiabatic effectiveness and the temperature-sensitive paint (TSP) technique was used to map the corresponding
heat transfer coefficient over the surface. Nitrogen and air, with a density ratio of about one, were used as the
coolant for the PSP and TSP tests respectively. The measured results showed that the adiabatic effectiveness of
the Barchan dune-shaped injection compound (BDSIC) was significantly higher than that of the shaped hole.
Improvements of 20–150% in the centerline and 30–400% in the laterally averaged effectiveness were observed
behind the BDSIC compared to the shaped hole. As for the heat transfer performance, although the BDSIC
showed 10–20% higher heat transfer coefficient, hf/h0, the measured spatially averaged NHFR still demonstrated
an augmentation of 50–150% in heat flux reduction in comparison to the shaped hole. This paper represents the
first effort to comprehensively evaluate the surface quantities behind BDSIC film cooling concept using both PSP
and TSP techniques.

1. Introduction

In modern gas turbines, the film cooling technique has been ex-
tensively used to isolate vital components from extremely hot gas.
Featured as a jet-in-cross-flow configuration, the cooling air is bled
through the coolant hole to form a thin coolant blanket over the pro-
tected surface [2–4]. Given the challenge of improving film cooling
performance at reduced levels of coolant consumption, considerable
efforts have been made to optimize the cooling hole’s geometries [5–8]
to ensure stable coverage of the coolant film over the influential area. In
recent times, the appearance of additive manufacturing technique has
further inspired novel film cooling hole concepts, such as the anti-
vortex hole [9,10], the dumbbell-shaped hole [11], the sweeping jet
[12], and sand dune-inspired concepts [1,13]. Substantial investiga-
tions have shown superior cooling performance for new cooling holes

than the conventional circular hole, especially for the sand dune-in-
spired concepts [1], which was inspired by the unique shape of sand
dunes in deserts. The proposed Barchan dune-shaped injection com-
pound (BDSIC) [1] had demonstrated significant improvement in
cooling effectiveness (i.e., 30–500%) and reduced loss at high blowing
ratios compared to the circular hole. But, detailed PIV results also de-
monstrated a complex vortex dynamic behind the dune, which is dra-
matically different from that of the shaped hole. The complex vortices
would lead to complicated spatial distributions of surface cooling
quantities. These quantities, which are closely associated with thermal
stress, are regarded as important parameters in the community of
structural integrity analysis. However, no heat transfer results have
been reported yet. Therefore, it is highly desirable to quantify the
surface cooling quantities behind the BDSIC in a comprehensive
manner, including adiabatic effectiveness, heat transfer coefficient, and
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net heat flux reduction (NHFR).
Numerous techniques have been applied to map the spatial dis-

tributions of surface cooling quantities over protected surfaces. Aside
from the traditional thermocouples used in earlier studies, advanced
optical-based techniques, such as liquid crystal thermometry [14], in-
frared thermometry [15], pressure-sensitive paint (PSP) [16], and
temperature-sensitive paint (TSP) [17], have been widely used in recent
times. The measurement of cooling quantities can generally be classi-
fied into temperature-based and mass transfer-based methods. The
temperature-based methods have been widely used to determine the
film effectiveness and heat transfer performance. Using infrared ther-
mometry, Baldauf et al. [15,18] separately analyzed film cooling
coefficient and heat transfer performance behind a circular hole.
Narzary et al. [17] applied the TSP technique to study the coolant
density effect on film cooling effectiveness. A similar method was
adopted by Russin et al. [19], who measured the heat transfer of a
circular hole. Compared to “hot” experiments, mass transfer-based
methods (such as the naphthalene sublimation and PSP techniques),
which can eliminate the concern of heat conduction loss, are also
popular methods. Chen and Goldstein [20] used naphthalene sublima-
tion for simulating the heat transfer on a blade. Haring et al. [21] si-
mulated heat transfer on a turbine blade airfoil. As for the PSP tech-
nique, Wright et al. [22] studied the effect of the density ratio (DR) on
film effectiveness using PSP. Khojasteh et al. [23] used PSP for suc-
cessfully resolving the effectiveness patterns near a coolant hole. It is
worth noting that Russin et al. [19], who combined both the PSP and
TSP techniques, successfully measured the film cooling effectiveness,
heat transfer performance, and NHFR. This strategy offers an alter-
native solution for obtaining surface quantities in a comprehensive
manner but with reduced complexity in the experimental system -
without the requirement for heating up the mainstream flow. There-
fore, a complementary PSP and TSP measurement was conducted in this
study.

We extensively evaluated the surface quantities of film cooling be-
hind the shaped and BDSIC holes. It was assessed in terms of adiabatic
film effectiveness (η), heat transfer coefficient (h), and NHFR. The
shaped hole was treated as the baseline due to its wide application in
gas turbines. This paper represents the first effort to comprehensively
quantify the thermal performances behind BDSIC, which aren’t in-
cluded in the previous paper [1]. The PSP technique was used to ac-
quire adiabatic effectiveness and the TSP technique was used to map

the corresponding heat transfer over the surface. Based on the acquired
effectiveness and heat transfer results, high-resolution NHFR was
computed for all the tested cases. This study is expected to help us
further evaluate the potential of implementing the BDSIC in engine
cooling. Note that, previous experiments [1] for BDSIC used carbon
dioxide as the coolant. But, Nitrogen is used in the present study (for
the PSP tests) to ensure the same density ratio (i.e., DR≈ 1.0) with that
of the heat transfer experiments (i.e., TSP tests). In general, this paper
attempts to quantify the surface cooling quantities rather than flow
quantities [1] for a better understanding of the overall cooling perfor-
mance of BDSIC.

2. Experimental apparatus and measurement techniques

2.1. Experimental models and test conditions

In this study, all film cooling models were constructed layer by layer
using a 3D printing machine that has a resolution of 50 μm. Fig. 1 shows
the schematic configuration of the shaped and BDSIC test models. Note
that, the shaped hole is a reproduction of the previously designed 7-7-7
shaped hole [24], which opens 7° in lateral directions and 7° laidback
toward the surface. But the injection angle is 35° for the present study
rather than 30° in the reported 7-7-7. The shaped hole consists of a 2.8D
long cylindrical tube and a 2.2D diffused section. The diameter of the
circular part is 8 mm. Fig. 1(b) illustrated the proposed BDSIC concept,
which is the same as that in the literature [1]. It features with a 2.9D
wide and 4.3D long dune shell that could cover the circular hole
completely. Based on the alignment holes on the surface, the hollow
dune was attached to the circular hole using 80-µm thick double-sided
tape. All test models were polished carefully to achieve desired surface
quality with 2000-grit sandpaper. The test plate was flush against the
bottom wall to avoid potential misalignments. A relatively large
plenum with dimensions of 150mm×200mm×180mm was
mounted below the flat plate and would be able to provide stable
coolant flow.

The film cooling and heat transfer experiments were performed in a
low speed, suction-type wind tunnel located at Shanghai Jiao Tong
University. The tunnel has a 320mm×80mm optically transparent
test section with a corresponding hydraulic diameter, Dh, of 128mm. To
achieve low-turbulent uniform flow, honeycombs and fine screens were
placed ahead of tunnel contraction. The flow inside the test section was

Nomenclature

Bi Biot number
D diameter of coolant injection hole
Ds concentration diffusion coefficient
DR coolant-to-mainstream density ratio, ∞ρ ρ/c
hf heat transfer coefficient with film cooling
h0 heat transfer coefficient without film cooling
hi heat transfer coefficient of internal cooling
I coolant-to-mainstream momentum ratio, ∞ ∞ρ U ρ U/c c

2 2

Le Lewis number,α D/ s
M blowing ratio or mass flux ratio, ∞ ∞ρ U ρ U/c c
MW molecular weight ratio of coolant to mainstream
p( )o air2 partial pressure of oxygen with air as the coolant
p( )o mix2 partial pressure of oxygen with non-oxygen gas as the

coolant
Pr Prandtl number
q″w net local heat flux
Re Reynolds number
Taw adiabatic wall temperature
Tc coolant stream temperature

∞T mainstream flow temperature

Uc coolant stream velocity
∞U incoming flow velocity

VR velocity ratio, ∞U U/c
x0 unheated starting length

Greek symbols

α thermal diffusion coefficient
θ injection angle
δ99 boundary layer thickness

∗∗δ momentum thickness
η instantaneous film cooling effectiveness
φ non-dimensional metal temperature

Abbreviations

BDSIC barchan dune-shaped injection compound
CRV counter-rotating vortex
NHFR net heat flux reduction
PSP pressure-sensitive paint
TSP temperature-sensitive paint
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found to be around 1.1% as measured by hot-wire anemometer.
Mainstream airflow and nitrogen (i.e., density ratio of 0.98) were used
to simulate the hot gas and coolant flow for the PSP tests, respectively.
However, to match density ratio, pure air was selected as the coolant
for the TSP experiments. The coolant gas, supplied by a pressurized gas
cylinder (99.99% purity), passed through a long pipeline and constant-
temperature thermal bath to reach an equivalent temperature with the
mainstream before injecting into plenum. A flowmeter (Omega, FMA-
1610A) was chosen to monitor the blowing ratios (i.e., = ∞ ∞M ρ U ρ U/c c ).
In this study, the blowing ratio was varied from 0.40 to 2.00 to suc-
cessively simulate jet attaching, partially, and fully taking-off. Its cor-
responding momentum ratio ( = ∞ ∞I ρ U ρ U/c c

2 2 ) and velocity ratios
( = ∞V U U/r c ) was varied from 0.16 to 4.08 and from 0.41 to 2.04, re-
spectively. The incoming flow was maintained constant at 9.1 m/s, and
the corresponding Reynolds number was about 4850 with respect to the

hole diameter (i.e., 8 mm). The freestream boundary layer was devel-
oped at approximately 50D ahead before reaching the leading edge of
the coolant hole. The velocity profile was measured by a hot-wire probe
(Dantec, 55P11-16). It was confirmed to be fully developed and had a
boundary layer thickness of δ99≈ 1.4D and momentum thickness of
δ**≈ 0.12D. During the experiment, the uncertainty level of flowmeter
reading was less than 1%. And the measured velocity uncertainty was
estimated to be within 3%.

2.2. Measuring the adiabatic film cooling effectiveness using the pressure-
sensitive paint technique

As an important dimensionless parameter, the adiabatic film cooling
effectiveness is normalized by adiabatic wall temperature Taw and de-
fined as:

= −
−

∞

∞
η T T

T T
aw

c (1)

An effectiveness values of η=1.0 represents a perfect coolant
coverage on the surface, while that of η=0 denotes no coolant pro-
tection. As mentioned above, varieties of techniques have been used to
determine the film cooling effectiveness. In the present study, we uti-
lized the pressure-sensitive paint to quantify the effectiveness dis-
tribution. It is a method that uses mass transfer analogy to simulate heat
transfer process. With the Lewis number (Le = α/Ds) around 1.0, the
thermal and concentration boundary layer is of the same thickness,
denoting a heat and mass transfer analogy within the two differential
equations [25,26]. Since PSP experiments are performed under iso-
thermal condition, the heat conduction errors associated with the
temperature-based method can be eliminated easily. Based on mass
transfer analogy, the adiabatic effectiveness Eq. (1) can be further ex-
pressed as Eq. (2) [27], where MW is the coolant-to-mainstream mo-
lecular weight ratio.

= −
− +

η
p p MW

1 1
[(( ) /( ) ) 1] 1o air o mix wall2 2 (2)

When the PSP coated surface is illuminated by certain ultraviolet
lights, it will emit certain photoluminescence that has longer wave-
lengths than the light source. However, the excited molecules may re-
turn to the ground state via reduced or radiation-less emission with the
appearance of diatomic oxygen molecules. This is the so-called oxygen
quenching process. Furthermore, the photoluminescence intensity is
inversely proportional to the local oxygen concentration. Therefore,
based on recorded light intensity and calibration process [23], the
adiabatic effectiveness can be calculated through application of Eq. (2).
Further technical details of pressure-sensitive paint technique and ca-
libration procedures can refer to the literature of Wright et al. [22] and
Zhou and Hu [13].

Noted that, comparative studies were performed by Zhou and Hu
[13] and Johnson et al. [16] to quantify the differences between PSP
measurements and those obtained from temperature-based methods.
Good agreement was reported within these techniques. Applying si-
milar experimental setups to those used in Zhou and Hu [13], the PSP
technique was utilized to map the effectiveness distributions at various
blowing ratios.

Fig. 2(a) shows the experimental setup for the PSP experiments. A
high-power ultraviolet LED light (UHPT-LED-385, Prizmatix) with a
wavelength of 385 nm was used as the excitation source. A high-re-
solution CCD camera (PCO1600, Cooke Corp.) was used to record the
photoluminescence at a sampling rate of 3 Hz. A 650 nm ± 50 nm
band-pass filter mounted ahead of the camera was used to filter out
background noise from the ambient environment. The experimental
study was conducted in isothermal conditions with a constant en-
vironmental temperature of 21 °C ± 0.5 °C. The PSP images were re-
corded at 0.06mm per pixel, resulting in a spatial resolution of 0.03D.
The measurement uncertainty of the PSP experiment was estimated to

Fig. 1. The schematic of the (a) shaped hole and (b) BDSIC hole, where D is the
diameter of coolant hole.
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be within 5% for ⩾η 0.4. The uncertainty level was determined by the
PSP calibration, the quality of the acquired images, and the flow con-
ditions of the incoming flow and coolant streams [16].

2.3. Measuring the heat transfer coefficient using the temperature-sensitive
paint technique

The heat transfer coefficients (hf) [8,28] for film cooling were
measured using the TSP technique, which is defined as follows:

=
″

−
=

″ − ″

−∞
h

q
T T

q q

T Tf
w

w

gen loss

w aw (3)

where qw″ is the net local heat flux, qgen″ is the generated heat flux from
the heater, and qloss″ is the local heat loss due to heat conduction and
radiation. The parameter Tw is the steady-state local wall temperature
when the heater is on, and Taw is the adiabatic wall temperature mea-
sured with the incoming airflow on but the heating element off (i.e.,
approximately equal to the mainstream temperature). Two parallel tests
were performed separately to obtain the final heat transfer coefficients
(hf). First, the adiabatic wall temperature (Taw) was measured with the
heater off but wind tunnel on. The heater was then turned on and the
local wall temperature (Tw) was measured once the system reached
steady state. Consequently, hf could be easily computed based on the
measured results from both tests. In this study, the mainstream and
coolant air were maintained at room temperature, but the test plate was
heated up by an ultra-thin heater that could be treated as a constant
flux condition. Further information about the heat transfer theory of
film cooling can be found in the literature [8,29–31].

The main purpose of film cooling is to isolate the excessive heat
from the mainstream and protect the hot-section components in the gas
turbine. As a result, the overall performance of film cooling should be

evaluated in terms of NHFR, which considers both film cooling and heat
transfer from the hot gas to the protected surface.

=
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[32]

f i (6)

where h0 is the heat transfer coefficient for the case without coolant
injection (i.e., flat plate results were used in this study), q0gen″ and q0loss″

are the corresponding heat flux and local heat loss, respectively, φ is the
non-dimensional metal temperature, Bi is the Biot number (ht k/ , where
t is airfoil thickness, and k is the thermal conductivity), and hf/hi is the
ratio of the external heat transfer coefficient to the internal heat
transfer coefficient. As noted by Johnson et al. [32], Bi and hf/hi were
estimated as Bi=0.35 and hf/hi=3.1 for a typical engine condition.
Consequently, the NHFR distributions behind coolant holes can be
obtained if the values of both η and hf/h0 are known. It should be noted
that one limitation of this strategy lies in the deviation of density ratio
from typical values for film-cooled turbine vanes and blades, which
usually in the range of 1.5–2.0 [4,33]. This limitation might lead to

(a) PSP and TSP experimental setup 

(b) Constant heat flux setup for TSP 

Fig. 2. Experimental setups for the PSP and TSP measurements.

(a) TSP Calibration curve    

 (b) Measured values vs predictions from empirical equation [32] 

Fig. 3. TSP calibration curve and verification of measured heat transfer coef-
ficient by using TSP technique.
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different cooling performance over the protected surface since the
corresponding momentum ratio would be overestimated if the blowing
ratio was fixed but with a lighter coolant (i.e., DR≈ 1.0).

In this study, the TSP technique was utilized to quantify the heat
transfer coefficient behind the shaped and BDSIC holes. The test surface
was coated with layers of TSP, consisting of luminescent molecules that
emit luminance when illuminated by certain wavelengths of light.
Excited TSP molecules may also return to the ground state without light
emission via a thermal deactivation process, namely the so-called
thermal quenching process [34,35]. This process is inversely propor-
tional to the local surface temperature. As the surface temperature rises,
the quantity of thermally deactivated molecules increases but the lu-
minescence intensity decreases.

The experimental setup for TSP is similar to that of the PSP. It
shared the same LED light source but was equipped with a different
band-pass filter (600 nm). Furthermore, the same camera with the exact
same configuration was used in this test to map the temperature field.
This ensured that the heat transfer distributions would exactly match
with the film effectiveness fields. Several thermocouples were welded
on the top surface to monitor the surface temperature and perform the
TSP calibration. As for the multi-layer heat flux configuration (Fig. 2
(b)), an ultra-thin Kapton heater (∼90 µm) was attached to the test
section (15mm with thermal conductivity of 0.18W/[m∙K]) to provide
uniform heat flux to the surface, starting from the trailing edge of holes
to ∼15D downstream. An insulation sheet (0.02W/[m∙K]) with a
thickness of ∼10mm was glued to the back of the plate to reduce the
heat loss through the wall. During the test, heat conduction loss was
estimated using thermocouple reading and the materials’ properties. It
was found to be less than 4%. Radiation loss was estimated to be within
9%.

A deliberate calibration was performed to establish the relationship
between temperature and emission intensity. The reference condition
was set at room temperature. The luminescence intensity (i.e., Eq. (7))
was therefore defined as the ratio of recorded intensity at the reference
condition to a certain temperature. Varying the surface temperature of

the test model, the TSP was calibrated at various conditions. The results
are shown in Fig. 3(a). Further details concerning the TSP calibration
process can be found in Ghorbani-Tari et al. [35].

⎜ ⎟= ⎛
⎝

⎞
⎠

T f
I

I T( )
ref

(7)

The TSP experiment had the same spatial resolution as the PSP test.
Following the method proposed by Moffat [36], the measurement un-
certainty of the local heat transfer coefficient was estimated to be
within 10% and the NHFR was estimated to be within 15% based on a
95% confidence level. This uncertainty estimation accounts for various
measurement errors, including those regarding voltage, current, heat
loss, non-uniform heat flux, and wall temperature.

Before the experiment, a verification study was performed to vali-
date the accuracy of the TSP technique. The heat transfer coefficient of
unblown case was well described by the empirical equation (i.e., Eq.
(7)) [37] considering an unheated starting length of x0 with constant
heat flux. Fig. 3(b) shows the comparison of the heat transfer coeffi-
cients between the measured values by the TSP technique and predic-
tions using the empirical equation. As shown clearly in the figure, the
measured heat transfer profile was consistent with the predicted values
over the entire measurement of interest. Discrepancies of less than 10%
were found between them, which were within the measurement un-
certainty. Therefore, the TSP technique is reliable and can be used to
measure the temperature on the surface.

⎜ ⎟= ⎡

⎣
⎢ −⎛

⎝ +
⎞
⎠

⎤

⎦
⎥∞

− −
−

h ρcU x
x x

0.0308 Re Pr 10
0.2 0.67 0

0

0.9 1/9

(8)

3. Results and discussion

3.1. Adiabatic film cooling effectiveness results

The PSP technique was used to quantify the adiabatic effectiveness

Fig. 4. Measured film cooling effectiveness distributions for the shaped hole and the BDSIC designs at various blowing ratios.
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over the surface, which was the first side-by-side comparison between
the BDSIC and shaped hole. Measured results could help us further
evaluate the potential of the BDSIC concept. Furthermore, the acquired
effectiveness results were later correlated with the heat transfer coef-
ficient to derive the high-resolution NHFRs. Note that, previous BDSIC
results were reported at a density ratio of 1.5 [1]. But this study used
nitrogen as the coolant, rather than carbon dioxide, to ensure equiva-
lent density ratio with that of heat transfer experiments.

Fig. 4 shows the measured effectiveness contours of the BDSIC
concept compared to the laidback fan-shaped hole at blowing ratios of
M=0.40, 0.90, 1.40, and 2.00. Apparently, the cooling effectiveness of

the BDSIC was significantly higher than that of the shaped hole at all
blowing ratios. When the blowing ratio was comparative low at
M=0.40, although the shaped hole demonstrated a good coolant
coverage, the BDSIC showed a greatly improved film coverage behind
the dune. As the blowing ratio increased to M=0.90, the footprints
behind both cases became wider and longer, indicating augmented ef-
fectiveness for shaped and BDSIC holes. However, the phenomenon
begins to change as M > 0.9. At M=1.40 and 2.00, the regions with
high cooling effectiveness (shown in blue) behind the shaped hole be-
came smaller and narrower, indicating the partial takeoff of the high-
momentum jet from the test surface. Although the shaped hole was
designed to diffuse the coolant jet in both streamwise and spanwise
directions, it was unable to hold it as M > 0.9. As for the BDSIC,
however, it increased monotonically as the blowing ratio increased.
This is consistent with the previous conclusion [1]. In general, the dune
shell could keep the coolant stream on the surface, leading to sig-
nificantly better film coverage over the protected surface.

To compare the effectiveness more quantitatively, the centerline
and laterally averaged effectiveness curves were computed from the
contours and shown in Fig. 5. The centerline effectiveness (〈ηz=0〉)
indicates the value along the centerline of the injection holes. The
laterally averaged profiles (〈η|z|≤1.5D〉) represent the average quantities
of effectiveness along the lateral direction in the region of −1.5≤ z/
D≤ 1.5. As shown clearly in Fig. 5, the measured centerline and the
laterally averaged effectiveness of the BDSIC were found to be sig-
nificantly higher than those of the shaped hole. Both exhibited in-
creased effectiveness (including the centerline and laterally averaged
profiles) as the blowing ratio increased. But the shaped hole was found

(a) Centerline effectiveness 

(b) Laterally-averaged effectiveness 
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Fig. 5. Comparison of the cooling effectiveness profiles between the shaped hole and BDSIC case at various blowing ratios.

Fig. 6. Measured heat transfer coefficient distribution for the BDSIC designs at
zero blowing ratio.
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to become smaller as M > 0.90. This agrees with the features de-
monstrated in the spatial contours shown in Fig. 4. Due to the mo-
mentum increases, the coolant jet for the shaped hole tended to par-
tially separate from the test plate, leading to deteriorative cooling
performance. In contrast, the coolant stream in the BDSIC would be
suppressed down by the dune shell and stayed on the surface.

In general, the BDSIC concept demonstrates a greatly augmented
cooling effectiveness in comparison to the baseline. More specifically,
compared to the shaped hole, improvements of 20–150% in the cen-
terline and 30–400% in the laterally averaged cooling effectiveness
were observed behind the BDSIC. Therefore, the BDSIC demonstrate
strong potential to provide a wider and more uniform coolant coverage
over the protected surface.

3.2. Heat transfer coefficient results

After the PSP test, the original paint was completely removed from
the models. The TSP was sprayed on the surface using an airbrush. It
was left to dry for 24 h in a clean environment and kept away from dust
particles and scratches. Similar experimental setups were used for the
TSP experiment, except that the 650-nm band-pass filter was switched
to 600 nm. Other configurations, such as camera setting and wind

tunnel speed, were kept exactly same to ensure the correlation of the
TSP and PSP results.

Fig. 6 shows the heat transfer coefficient contour behind the BDSIC
at zero blowing ratio, where hf is the measured result with film cooling
and h0 is the heat transfer result without film cooling (i.e., heat transfer
along the flat plate). It is worth mentioning that as a small variation was
observed between the flat plate and shaped hole atM=0, only the heat
transfer map of the BDSIC is shown here for conciseness. Clearly, Fig. 6
shows the effect of the dune shape on the heat transfer performance
downstream of the BDSIC concept. As expected, the appearance of the
Barchan dune on the surface generated a strong turbulent wake that
greatly promoted heat transfer (shown in red) within the mainstream
and surface wall. The affected region was found to start right after the
dune’s horn and continue all the way downstream to x/D=12. Fur-
thermore, its effect spread so widely in the lateral direction that the
heat transfer coefficient was found to be ∼10% higher than the flat
plate at the lateral z/D= ±3 position. Along the streamwise direction,
a maximum enhancement of the heat transfer coefficient of ∼30% was
observed at x/D=4.5, which is believed to be the flow reattachment
location [38]. It can also be seen that a significantly low heat transfer
region (shown in blue) was spotted in the bay of the dune shell (i.e.,
1.0 < x/D < 2.5). Due to the arched shape of Barchan dune, it created

Fig. 7. Measured heat transfer coefficient distributions for the shaped hole and the BDSIC designs at various blowing ratios.
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an almost “dead zone,” leading to dramatically decreased heat transfer
performance.

Figs. 7 and 8 show the comparison of the measured heat transfer
coefficients between the shaped and BDSIC holes at blowing ratios of
M=0.40, 0.90, 1.40, and 2.00. As shown in the figures, the heat
transfer coefficients, hf/h0, behind the shaped hole were typically found
to be typically around 1, indicating a similar magnitude of heat transfer
with that of the unblown case (i.e., without film cooling). But the BDSIC
configuration showed dramatically different distributions that the re-
gion with high heat transfer was found to vary as the blowing ratio
increased. In general, the BDSIC design demonstrated an augmented
heat transfer coefficient, hf/h0, compared to the shaped hole for most of
the test cases.

At M=0.40, the heat transfer coefficient (i.e., ∼0.9) around the
exit of the shaped hole was slightly lower than that of the unblown case.
As the coolant discharged from the hole, it would cover the surface that
thickened the boundary layer thickness and decreased the heat transfer
rate. But the heat transfer gradually rose up as the coolant moved
further downstream to x/D=8. The attached coolant became chaotic
due to the intensive turbulent mixing within flows, which can be seen
clearly from the centerline and laterally averaged hf/h0. Increasing the
blowing ratio to M=0.90, the region with low heat transfer became
larger for the shaped hole, starting from the hole exit to all the way
across the measurement of interest. Recall that the film effectiveness at
M=0.90 was the highest among all the test cases for the shaped hole,
as shown in Figs. 4 and 5. This indicates uniform coverage of coolant
film behind the hole. Furthermore, the coolant jet velocity was close to
the mainstream flow (i.e., VR=0.9), which largely reduced the shear

stress, thereby mitigating the turbulent mixing between the coolant and
mainstream flow. All these factors led to the decreased centerline and
laterally averaged hf/h0 at M=0.90 in comparison to the M=0.40
case.

Further increased blowing ratio to M=1.40 and 2.00, the high-
momentum jet of shaped hole partially separated from the surface, as
shown in Fig. 4, leading to intensive interactions within the coolant and
in the mainstream at the exit of the shaped hole. This is the reason why
the heat transfer coefficient around the hole exit region was moderately
higher than that of the lower M cases. As shown quantitatively in Fig. 8,
the centerline and laterally averaged hf/h0 was found to decrease from
∼1.0 at x/D=4 to ∼0.9 at x/D=12. This may have been caused by
the coolant accumulation in the downstream region. It also can be seen
that the improvement in the hf/h0 was quite small as the blowing ratio
increased from M=1.40 to M=2.00, indicating the approaching limit
of the heat transfer coefficient for the shaped hole.

A completely different phenomenon was observed for the BDSIC
cases. At M=0, the turbulent wake generated by the dune shape
greatly promoted the heat transfer between the mainstream and pro-
tected surface, as shown in Fig. 6. However, at M=0.40, the region
with high heat transfer became much smaller. As coolant injected from
the BDSIC, it largely reduced the size of the wake region and alleviated
the flow interaction within the dune and mainstream, which led to a
reduced heat transfer process. Increasing the blowing ratio toM=0.90,
the turbulent wake was further reduced. The previous region with a
high heat transfer coefficient (i.e., atM=0.40) disappeared completely
and another region showed up right behind the dune. The detailed
centerline and laterally averaged hf/h0 clearly showed the trend:

(a)  Centerline heat transfer coefficient 

(b) Laterally-averaged heat transfer coefficient 
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Fig. 8. Comparison of the heat transfer coefficient profiles between the shaped hole and BDSIC cases at various blowing ratios.
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compared to the BDSIC at M=0.40, although a peak appeared at x/
D=4 for M=0.90, the downstream region exhibited a large decrease
at x/D=11, an approximately 25% decrease in the centerline and
laterally averaged hf/h0. With a further increased blowing ratio of
M=1.40, a very similar pattern was observed for the M=0.90 case
behind the BDSIC, except for the slight increase in hf/h0 near the dune
region. But when M=2.00, the heat transfer coefficient increased
significantly. Since the injecting velocity (i.e., VR=2.04) is much
higher than that of ambient flow, the rebounded high-momentum jet
would generate intensive flow interactions, thus led to enhanced heat
transfer coefficient behind the BDSIC.

Compared to the shaped hole, the centerline and laterally averaged
hf/h0 (shown in Fig. 8) for the BDSIC configuration was initially higher
than the shaped hole at M=0.40, which was mainly due to the dune
geometry effect above the wall. As the blowing ratio increased to
M=0.90 and 1.40, the injected coolant alleviated the flow separation
and lowered the hf/h0 in the downstream region of the BDSIC. But, a
significantly higher hf/h0 was observed for the BDSIC case at M=2.00,
approximately 25% higher than that of the shaped hole. This indicates
that more heat for the BDSIC could be transferred from the hot gas to
the protected surface at M=2.00.

Fig. 9. Net heat flux reduction maps for the shaped hole and the BDSIC designs at various blowing ratios.
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3.3. Net heat flux reduction analysis

To evaluate the overall cooling performance of the BDSIC holes, the
NHFR was estimated based on the adiabatic effectiveness and heat
transfer coefficient distributions (shown in Fig. 9). Red represents a
region with small heat flux reduction, a potential high-temperature
region, while the blue indicates large heat flux reduction, a potential
low-temperature region. As shown clearly in Fig. 9, the footprint of the
NHFR for the shaped hole was found to first become wider and longer
as M increased from 0.40 to 0.90, but it then decreased as M further
increased to 1.40 and 2.00. This demonstrated similar effectiveness
distributions to those of the shaped hole. As for the BDSIC, its footprint
increased monotonically as M varied from 0.40 to 1.40, but a slightly
decreased NHFR map was observed at M=2.00. This was caused by
the increasing turbulent flow mixing within the coolant and main-
stream, as shown in Fig. 7.

Finally, spatially averaged NHFR was evaluated to compare the
overall cooling performance of the different test cases. It was defined as

∬ NHFR dAA xz
1 , where A is the area of interest (i.e., 2≤ x/D≤ 13 and
−1.5≤ z/D≤ 1.5) and NHFRxz is the corresponding heat reduction at
each location. As shown clearly in Fig. 10, the spatially averaged NHFR
of the shaped hole reached a maximum value of∼60% at M=0.90 but
then dropped rapidly as M > 0.90. This is believed to be related to the
jet lift-off event for the shaped hole. A similar trend was observed for
the BDSIC, increasing rapidly at first but then reaching a relatively
stable value at ∼80%. It is worth noting that as M > 1.40, the en-
hanced turbulent mixing behind the BDSIC made the spatially averaged
NHFR decrease gradually. Compared to the shaped hole, although the
heat transfer coefficient, hf/h0, behind the BDSIC was approximately
10–20% higher, the measured values still showed an augmentation of
50–150% in mean NHFR due to the significantly improved effectiveness
distribution in comparison to the shaped hole.

4. Conclusion

An experiment was conducted to evaluate the cooling performance
of BDSIC concept to further determine its suitability for engine cooling.
Adiabatic film effectiveness, heat transfer coefficient, and NHFR were
quantified separately in comparison to the shaped hole. Adiabatic ef-
fectiveness was measured by PSP technique and the heat transfer
coefficient was obtained using the TSP technique. During the test, ei-
ther N2 or air was discharged from an injection hole at an inclination
angle of 35°. The effect of the blowing ratio (i.e., M=0.40, 0.90, 1.40,
and 2.00) on film cooling’s surface quantities was examined in a com-
prehensive manner based on the quantitative PSP and TSP results.

The PSP results clearly revealed that the measured cooling effec-
tiveness behind the BDSIC concept was significantly higher than the
shaped hole for all blowing ratios. At relatively low blowing ratios of
M=0.40 and 0.90, the coolant jet in the shaped hole was confirmed to
attach well on the surface and demonstrated increased effectiveness
distributions. However, it lifted off partially as M > 0.9 due to the
increased momentum of the coolant jet. As for the BDSIC configuration,
the dune shell could hold the coolant on the surface, leading to sig-
nificantly higher film effectiveness over the protected surface. More
specifically, improvements of 20–150% in the centerline and 30–400%
in the laterally averaged cooling effectiveness were observed behind the
BDSIC compared to the shaped hole.

As expected, the TSP results revealed that the appearance of the
dune shape greatly promoted the heat transfer from the mainstream to
the surface, but it started to decrease as M > 0 since coolant injection
alleviated the flow separation. During the experiment, the heat transfer
coefficients behind the shaped hole were typically around one, in-
dicating a similar magnitude of heat transfer with the unblown case.
Nevertheless, the BDSIC configuration exhibited a dramatically dif-
ferent pattern. Specifically, the region with high heat transfer varied as
M increased. In general, the BDSIC demonstrated a higher heat transfer

coefficient, hf/h0, than the shaped hole at relatively high values of M.
For example, there was an augmentation of ∼25% for the BDSIC
compared to the shaped hole.

Due to the jet lift-off event, the spatially averaged NHFR of the
shaped hole reached a maximum at M=0.90, but then decreased ra-
pidly as M > 0.90. A similar trend was observed for the BDSIC, which
first increased rapidly but then reached a relatively stable value at
∼80%. Compared to the shaped hole, although the heat transfer
coefficient, hf/h0, behind the BDSIC was approximately 10–20% higher,
the measured mean NHFR still showed an improvement of 50–150% for
the BDSIC case.

It is worth noting that though the measured results clearly demon-
strate that the BDSIC can greatly improve the overall film cooling
performance, extensive investigations are still needed to further inspect
the relevant parameters, such as the compressibility effect, density ef-
fect, turbulent intensity effect, and discharge coefficient.
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