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ABSTRACT

An experimental study was performed to explore a novel film cooling design with a Barchan-Dune-
Shaped Injection Compound (BDSIC) concept for improved film cooling performance over a test plate.
Inspired by the unique crescent-shaped Barchan dunes commonly seen in deserts, the BDSIC concept
was proposed to enable coolant streams to be discharged tangentially from hollowed Barchan-dune-
shaped (BDS) shells and stay attached to the surface of the test plate. During the experiments, while a
high-resolution Particle Image Velocimetry (PIV) system was used to conduct detailed flow field mea-
surements to quantify the dynamic mixing process between the coolant stream and the mainstream
flows over the test plate, a Pressure Sensitive Paint (PSP) technique was used to map the corresponding
adiabatic film cooling effectiveness over the surface of interest based on a mass-flux analog to traditional
temperature-based cooling effectiveness measurements. The effects of various important design param-
eters, including the shape of the BDS shells, the blowing ratio of the coolant streams, and the span-wise
distance (i.e., the pitch) between the neighboring BDSICs, on the film cooling performance were evaluated
in great detail based the quantitative PSP and PIV measurements. It was found that, in comparison with
that of conventional film cooling design with coolant stream injected from circular hole (i.e., the baseline
case), the film cooling effectiveness over the test plate would be enhanced significantly (i.e., 30-500%) by
using the BDSIC design, especially for the test case with elongated BDS shells. As expected, the BDSIC
design was found to cause a higher aerodynamic loss at relatively low blowing ratios, due to a greater
friction loss associated with its complex shape. However, since the unique BDSIC design could keep
the coolant stream to stay attached more firmly on the surface of the test plate (i.e., reducing the aero-
dynamic loss associated with the penetration of the coolant streams into the mainstream flow), the aero-
dynamic loss of the BDSIC design was found to become even smaller than that of the conventional film
cooling design with circular hole design at relatively high blowing ratios.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

performance while reducing the consumption of coolant flow in a
gas turbine, which requires substantial investigations on film cool-

Thermodynamic analysis reveals that the power output and
thermal efficiency of a gas turbine can be further enhanced
through a higher turbine inlet temperature, which is now far
beyond the maximum endurable temperature of any turbine mate-
rials. Therefore, strategies to protect the hot components of gas
turbines from melting and burning out are crucial to ensure the
sustainable operation of the gas turbines, especially the implemen-
tation of film cooling technique. The idea of film cooling is to gen-
erate a thin coolant film over the surfaces of hot components to
prevent them from direct hot gas exposure, hence, increasing their
working hours. A real challenge is how to provide essential cooling
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ing to understand its inherent physics and optimize the designs for
better protection of turbine components from harsh environments.

Film cooling, as a state-of-the-art, can be fundamentally equiv-
alent to a jet-in-cross-flow (JICF) problem. As suggested by Fric and
Roshko [1], the dominant flow features for a JICF problem include
shear-layer vortices formed at the leading edge of the jet, counter-
rotating-vortex (CRV) pair in the jet, horseshoe vortices around the
jet, and wake vortices downstream of the jet. The performance of a
film cooling design is closely related to how firmly a coolant
stream can remain attached to the protected surface after injecting
into the crossflow. One major problem of film cooling is that, due
to the detrimental vortex induction caused by the JICF, the coolant
stream tends to take off from the protected surface, leading to a
deteriorated cooling performance. In recent years, extensive exper-
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imental and numerical studies have been performed to explore
novel film cooling designs to alleviate the detrimental vortex
induction in JICF, therefore, improving the corresponding film cool-
ing effectiveness. For example, Heidmann et al. [2] and Dhungel
et al. [3] introduced an anti-vortex hole concept that could reduce
the strength of a CRV pair in the coolant jet. Their measurements
showed improved effectiveness of film cooling at certain hole ori-
entation. Zaman and Foss [4] experimentally studied an inclined
jet interacting with a triangular tab, and showed that the tab
would produce a vorticity cancellation effect that could postpone
the jet lifting off from the wall surface. Similar conclusions were
also reported by Zaman et al. [5] and Shinn et al. [6], who measured
the film cooling effectiveness behind micro-ramp vortex genera-
tors. Na and Shih [7] studied a film cooling configuration with a
ramp placed upstream of a coolant hole, and found that a
backward-facing ramp can largely enhance the effectiveness of
film cooling over the test plate. Zhou and Hu [8] proposed a
Barchan-dune-shaped ramp concept, and found that the detrimen-
tal effect of the CRV was partially counteracted by the newly
formed anti-CRV pair, leading to improved effectiveness of film
cooling behind the dune. Though most of the designs suggested
in those previous studies are shown to be effective in improving
film cooling performance, some designs with non-streamlined
shape could cause increased aerodynamic losses. Therefore, new
film cooling designs that not only can provide improved cooling
performance, but also with much less aerodynamic loss will be
particularly valuable to the gas turbine community.

Barchan dunes are commonly-seen features in deserts. Charac-
terized by a crescentic platform with two gradually-widened horns
pointing downstream [9,10], they have streamlined shape in both
of the windward (convex face) and leeward side (concave face)
along the incoming flow direction. When an air stream flows over
it, a pair of symmetric vortices would form in the wake of the dune
[11,12]. Due to the arched shape of a Barchan dune, the formed
vortex pair can generate a continual suction along the axis of
horns, creating a “quiet” wake flow behind the dune. As a result,
sand particles can settle down on the ground behind the dune,
instead of being blown away by the incoming airflow. It should
also be noted that, the streamline shaped Barchan dune was found
to be able to minimize the aerodynamic losses as airstreams flow-
ing over the dune. Inspired by the unique shape of Barchan dunes,
a novel film cooling design with Barchan-dune-shaped injection
compound (BDSIC) concept was proposed here to enable coolant
streams discharged tangentially from hollowed Barchan-dune-
shaped (BDS) shells, and stay more firmly on the surface of the test
plate. It should be noted that, the BDSIC design described here can
be considered as an upgraded version of BDS ramp concept pre-
sented in the earlier work of Zhou & Hu [8].

In the present study, an experimental investigation was per-
formed to explore a novel film cooling design with BDSIC concept
for improved film cooling effectiveness by leveraging the unique
flow characteristics behind Barchan dunes. During the experiment,
while the coolant stream was injected from a conventional circular
hole at an injection angle of 35°, the BDS shell was affixed on the
flat plate right above the coolant hole. A Pressure Sensitive Paint
(PSP) technique was used to map the corresponding adiabatic film
cooling effectiveness on the surface of interest based on a mass-
flux analog to traditional temperature-based cooling effectiveness
measurements. A high-resolution Particle Image Velocimetry
(PIV) system was also used to conduct detailed flow field measure-
ments to quantify the dynamic mixing process between the cool-
ant jet stream and the mainstream flow for the test cases with
the BDS shell mounted onto the test plate, in comparison to a base-
line case (i.e., with circular hole only). The effects of various impor-
tant design parameters, including the shape of the BDS shells, the

blowing ratio of the coolant stream, and the spanwise distance
(i.e., the pitch) between the neighboring BDSICs, on the effective-
ness of film cooling were evaluated based on quantitative PSP
and PIV measurements. Finally, the detailed flow field measure-
ments were correlated with the measured film cooling effective-
ness to elucidate the underlying physics pertinent to film cooling
in order to explore/optimize design paradigms for better protec-
tion of the hot section components in gas turbine.

2. Experimental setup and test models
2.1. Experimental models and test rig

The experimental study was conducted in a low-speed, open-
circuit wind tunnel located at the Department of Aerospace Engi-
neering of lowa State University. The wind tunnel has an
optically-transparent test section with a cross section of
200 mm x 125 mm, and is driven by an upstream blower. With
honeycombs and screen structures installed ahead of a contraction
section, the tunnel can supply uniform low-turbulence incoming
airflow into the test section. The turbulence intensity of the main-
stream airflow in the test section was found to be 1.5%, as mea-
sured by using a hot-wire anemometer.

In the present study, all the components of the test model,
including a test plate and BDS shells, were made of a hard plastic
material and manufactured by using a rapid prototyping machine
that built the model components layer-by-layer with a resolution
of about 25 pm. Fig. 1(a) shows the BDSIC film cooling concept,
where the BDS shell was affixed on the surface of the test plate
by using a layer of 80 pm-thick double-sided glue tape. For the
baseline case (i.e., with conventional circular hole only), the BDS
shell was removed from the test plate. The diameter (D) and injec-
tion angle of the circular hole on the test plate were 12 mm and
35¢, respectively. While the inlet and outlet of coolant hole were
sharp-edged, the internal path of the coolant hole (i.e., with 2.5D
entry length) was carefully polished with a 2000 grit sand paper.
As shown clearly in Fig. 1(a), the axial centerline of the circular
part would intersect the upper surface of test model at 144 mm
downstream from the leading edge of the plate model. As a
result, before interacting with the coolant stream, the boundary
layer of mainstream flow would develop over a length of 12D.
During the experiment, while the test plate was flushing mounted
onto the bottom wall of test section, a plenum chamber
(115 mm x 115 mm x 90 mm) was sited underneath the test plate
and sealed by a thin latex rubber gasket.

Fig. 1(b) shows the geometric dimensions of different BDS
shells, i.e., shortened, standard, and elongated BDS shells, used in
the present study to implement the proposed BDSIC film cooling
concept. It should be noted that, due to the environmental diver-
sity, the size and shape of the Barchan dunes existing in nature
were found to vary in a wide range. In the present study, the exte-
rior geometry of the standard BDS shell was generated from a
stereoscopic topographic map of an idealized Barchan dune
reported in previous studies [9,11,13,14]. The internal shape geom-
etry of BDS shell has a similar shape as the exterior geometry of the
idealized sand dune. The shortened BDS shell was obtained by
reducing the length of the BD horns of the standard BDS shell
(i.e., Lo =1.8D) to L, = 1.3D, but with all the other dimensions being
the same as the standard BDS shell case. A similar method was also
applied for the generation of the elongated BDS shell with the front
part (i.e., Ly) of the BDS shell being extended to be 2.0D to ensure a
full coverage of the coolant injection hole in the BDSIC configura-
tion. In the present study, the coolant streams exhausted from
the BDS shells were designed to inject tangentially into the
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(a) BDSIC film cooling design
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Fig. 1. The schematic of BDSIC film cooling concept, where D is the diameter of coolant injection hole.

mainstream flow, which can consequently minimize the mixing
loss. It should also be noted that, the BDS shells were designed to
have the same exit area as that of the conventional circular hole.

During the experiment, while the airflow from the wind tunnel
was used to simulate the hot gas flow in a typical turbine stage, an
oxygen-free gas (i.e., CO, with a density ratio of DR = 1.5 for the
present study) was supplied to simulate the “coolant” stream for
the PSP measurements. The coolant gas, supplied by a pressurized
CO, gas cylinder (99.99% purity), passed through a long
pipeline and a constant temperature thermal bath before finally
entering into the plenum chamber underneath the test plate. The
blowing ratios (i.e., mass flux ratios, M = p.U./p_ U, ) of the test
cases were monitored by a flow meter (Omega, FMA-1600A),
varied from 0.60 to 1.50. The corresponding momentum ratios
(I=pU?/p U2 = M?/DR) were found to range from 0.24 to
1.50, and the velocity ratios (V. = U./U,) being changed from
0.4 to 1.0.

In the present study, the mainstream flow velocity at the inlet
of the test section was fixed at a constant speed of U, =25 m/s.
A stripe of 2.0 in. wide and 32 grid sand paper was employed at
the leading edge of the test section to trip the incoming boundary
layer to ensure a fully-developed turbulent boundary layer airflow
over the flat surface. The boundary layer profile was measured
immediately upstream of the coolant holes (i.e., without BDS shells
mounted onto the test plate), which was found to have 899 ~ 0.72D,
corresponding momentum thickness 6~ 0.08D (i.e., the corre-
sponding Reynolds number of Re, ~ 1.5 K), and the shape factor,
H =~ 1.34.

2.2. Adiabatic film cooling effectiveness measurement by using PSP
technique

Traditionally, adiabatic film cooling effectiveness, 7, is
expressed as,

7T00_Tﬂw
"=T T, (1)

where T, is the temperature of the mainstream flow, T, is the adi-
abatic wall temperature under inspection, and T, is the temperature
of the coolant stream at the hole exit. Obviously, the primary chal-
lenge associated with the temperature-based methods lays in mea-

suring the true adiabatic wall temperature, in spite of the physical
reality of heat conduction through the test model.

When the Lewis number (Le = o/Ds, where o is thermal diffusion,
and Dy is concentration diffusion coefficient) for the coolant flow is
approximately 1.0, the thermal boundary layer and concentration
boundary layer thickness would be of the same order, implying
that the differential equations involving heat and mass transfer
would be analogous [15-17]. Based on a mass transfer analogy,
Pressure Sensitive Paint (PSP) technique has widely used in recent
years to measure film cooling effectiveness on the surface of inter-
est. Since PSP measurements can usually be conducted under
isothermal conditions, the concerns and implications due to the
effects of heat conduction through the test model can be elimi-
nated easily.

In PSP experiments, the surface of interest would be coated
with a layer of oxygen-sensitive paint, which consists of lumino-
phore molecules. When excited by certain UV light, the lumino-
phore molecules would emit photoluminescence. However, the
excited molecules may return to the ground state via a reduced
or radiationless emission in the presence of diatomic oxygen mole-
cules. This process is usually called oxygen quenching [18], and the
intensity of the photoluminescence is inversely proportional to the
concentration of the local oxygen. Consequently, the concentration
of oxygen over the interested surface can be calculated based on
the recorded light intensity through the use of a calibration curve
[19]. Applying the concentrations of oxygen rather than tempera-
tures into Eq. (1), the film cooling effectiveness can be expressed
as Eq. (2), as suggested by Charbonnier et al. [20], where MW is
the molecular weight ratio of the coolant gas to the mainstream
gas.

1
"= o) S Bo) ) — TMW 1

@)

The pressures in Eq. (2) can be determined by using the
recorded intensity of emitted photoluminescence light, which is
inversely proportional to the partial pressure of oxygen. The math-
ematic function between the normalized intensity and partial pres-
sure can be obtained through a dedicated PSP calibration
procedure. Further technical details about PSP technique and cali-
bration procedure for film cooling effectiveness measurements can
be found in the references of [17,19,21].
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It should be noted that, Johnson et al. [19] and Zhou & Hu [8]
performed comparative studies of the measured film cooling effec-
tiveness by using PSP technique against those derived from
temperature-based measurements under same or comparable con-
ditions. It was found that the measured effectiveness of film cool-
ing with PSP technique agrees well with those derived from
temperature-based measurements. Applying the similar experi-
mental setup as those used in Johnson et al. [19] and Zhou & Hu
[8], the PSP technique was utilized in the present study to map
the film cooling effectiveness distribution over the surface of inter-
est at various test conditions. Fig. 2 shows the schematic of the
experimental setup used for the PSP measurements. A constant
UV LED light (LM2X-DM, ISSI) with wavelength of 390 nm was
used as the excitation source for the PSP measurements. A 14-bit
(2048 pixel x 2048 pixel) charge-coupled device (CCD) camera
(PCO2000, Cooke Corp.) with a 610 nm long-pass filter was used
to records the intensity of the photoluminescence light emitted
by excited PSP molecules. The PSP paint used in the study was
Uni-FIB provided by ISSI, which has a low sensitivity to tempera-
ture variation (~0.5%/°C). The experimental study was conducted
at an isothermal condition with the environment temperature
being held at constant temperature of 22 + 0.5 °C.

In the present study, a spatially-averaging procedure with inter-
rogation windows of 9 pixels x 9 pixels and a 50% overlap rate was
performed for the PSP image processing in order to minimize the
random noises on the PSP measurements. The acquired PSP images
have a magnification of 0.085 mm/pix, which results in a spatial
resolution of 0.34 mm or 0.03D for the PSP measurement results.
It should be noted that the uncertainty of measured film cooling
effectiveness by using PSP technique is closely related to PSP cali-
bration process, quality of the acquired raw images, and the flow
conditions of the mainstream and coolant streams. Following up
the work of Johnson & Hu [22], the absolute measurement uncer-
tainty of the present study was estimated to be within Ay = 0.02
for the measured centerline film cooling effectiveness. The relative
measurement uncertainty is estimated to be within 3% for 1 = 0.6
and 5% for # = 0.4. As for the laterally-averaged film cooling effec-
tiveness, the absolute uncertainty would be within Ay = 0.03, and

the corresponding relative uncertainty is within 5% for # = 0.6 and
7% for n = 0.4. These uncertainty values were estimated based on a
Taylor Series Method [23,24].

2.3. Flow field measurements by using the PIV and stereoscopic PIV
(SPIV) technique

A high-resolution PIV system was used to conduct detailed flow
field measurements to quantify the dynamic mixing process
between the coolant and mainstream flows over the test plate.
Fig. 3 shows the schematic of the experimental setup for the PIV
measurement. During the experiment, the mainstream airflow
and the cooling jets (i.e., CO, for the present study) were seeded
with ~1 um oil droplets generated by droplet generators. Illumina-
tion was provided by a double-pulsed Nd:YAG laser (NewWave
Gemini 200), adjusted on the second harmonic and emitting two
pulses of 200 mJ with the wavelength of 532 nm at a repetition
rate of 5 Hz. Using a set of high-energy mirrors and optical lenses,
the laser beam was shaped into a thin light sheet with thickness of
about 1.0 mm in the measurement interest. The illuminating laser
sheet was firstly aligned along the mainstream flow direction,
bisecting the coolant hole in the middle of the test plate, to conduct
2D PIV measurements in the X-Y plane. Then, the laser sheet was
rotated 90° to perform stereoscopic PIV (SPIV) measurements at
different downstream locations behind coolant exit to reveal the
flow structures in the cross planes (i.e., Y-Z planes).

In the present study, two 14-bit high-resolution CCD cameras
(PCO2000, Cooke Corp.) were used for the SPIV image acquisitions.
The two cameras were arranged with an angular displacement
configuration of about 45 degrees to get a largely overlapped view.
With the installation of tilt-axis mounts, the laser illumination
plane, the lenses, and the camera bodies were adjusted to satisfy
the Scheimpflug condition. The CCD cameras and double-pulsed
Nd:YAG laser were both connected to a Digital Delay Generator
(Berkeley Nucleonics, Model 565) to control the timing of the
lasers and image acquisitions. A general in-situ calibration proce-
dure was conducted to obtain the mapping functions between
the image planes and object planes for the SPIV measurements. A
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Fig. 2. Experimental setup used for the PSP measurements.
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target plate (~150 x 100 mm?) with 0.5 mm diameter dots spaced
at intervals of 1.0 mm was used for the in-situ calibration. The
mapping function used in the present study was a multi-
dimensional polynomial function, which is fourth order for the
directions parallel to the laser illumination plane (i.e., Y and Z
directions), and second order for the direction normal to the laser
sheet plane (i.e., X direction). The coefficients of the multi-
dimensional polynomial were determined from the calibration
images by using a least-square method as used by Hu et al. [25].
For the 2D PIV measurements in the streamwise plane, instanta-
neous flow velocity vectors were obtained by using a frame-to-
frame cross-correlation technique to process the acquired PIV
images with an interrogation window size of 32 pixels x 32 pixels.
An effective overlap of 50% of the interrogation windows was
employed in PIV image processing, which resulted in a spatial res-
olution of 0.7 mm (i.e., ~0.06D) for the PIV measurement results.
Similar process methodology was also used for SPIV image pro-
cessing. The instantaneous 2D velocity vectors were then used to
reconstruct all three components of the flow velocity vectors in
the laser illuminating plane by using the mapping functions
obtained through the calibration procedure. After the instanta-
neous flow velocity vectors (u;, ;, w;) were determined, the distri-
butions of the ensemble-averaged flow quantities such as mean
velocity (U, V, W), normalized turbulence kinetic energy

(0.5(u? + v2 +w?)/U?), spanwise vorticity (o, =24 — %) for the

2D PIV measurements, and streamwise vorticity (wx = % — %)
for the SPIV measurements were obtained from a sequence of
1000 frames of instantaneous PIV measurement results. The uncer-
tainty level for the PIV measurements is estimated to be within 3%
for the instantaneous velocity vectors, while the uncertainties for
the measured ensemble-averaged flow quantities such as vorticity

distributions are about 10%.

3. Measurement results and discussions
3.1. Effects of the BDS shells on the film cooling effectiveness
Fig. 4 shows the film cooling effectiveness distributions over the

test plate for the proposed BDSIC film cooling designs (i.e., with dif-
ferent BDS shells, including shortened, standard, and elongated

shells) at various blowing ratios, in comparison with those of the
baseline cases (i.e., the conventional circular hole case without
BDS shell). As shown clearly in Fig. 4, the film cooling effectiveness
for the BDSIC cases were found to be much higher than those of the
baseline cases at the blowing ratios of M = 0.6, 0.9 and 1.2. At the
relatively low blowing ratio (i.e., M = 0.6), though the baseline case
was found to exhibit a decent film coverage, the appearance of BDS
shells was found to greatly improve the coverage of coolant over
the surface of interest. As the blowing ratios increased to relatively
high values (i.e., M > 0.9), the regions with high cooling effective-
ness for the baseline cases were found to become shorter and nar-
rower, which indicates the high momentum coolant streams
having taken off from the surface of the test plate. On the contrary,
the film cooling effectiveness for the BDSIC cases was found to
increase monotonically as the blowing ratio increase. It should be
noted that, the film cooling performance for the test case with
elongated shell was found to be the best among all the tested
BDSIC designs. In general, the measured film cooling effectiveness
results suggest that the existence of BDS shells are very beneficial
for improving the film cooling performance over the test plate,
especially for the BDSIC design with elongated shell.

Based on the measured cooling effectiveness distributions
shown in Fig. 4, the centerline as well as the laterally-averaged
cooling effectiveness profiles were extracted and replotted in
Fig. 5, which were used to reveal the effects of the BDS shells on
the film cooling performance more clearly and quantitatively.
The centerline effectiveness profiles (i.e., (1,_,)) refer to the mea-
sured cooling effectiveness values along the centerline of the cool-
ant injection hole, while the Ilaterally-averaged effectiveness
profiles (i.e., (1, 5p)) are determined by averaging the measured
cooling effectiveness along the spanwise direction over one full
period of the hole spacing (i.e., in the region of —1.5 < Z/D < 1.5).
It is worth noting that, while similar results were also found at
other blowing ratios, only the measured results with the blowing
ratios of M = 0.6 and 1.2 are shown here for conciseness. As shown
clearly in Fig. 5, the measured cooling effectiveness (i.e., including
both the centerline and laterally-averaged profiles) for the test
cases with BDSICs were found to be significantly higher than those
of the baseline case, which is consistent with the characteristics
revealed in the spatial contour distributions shown in Fig. 4. This
is largely due to the fact that, as jet momentum increases, the cool-
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ant stream for the baseline case tends to take off from the surface
of the test plate and penetrate into the mainstream flow. However,
the unique BDSIC designs would suppress the take-off of the cool-

ant flow and make it stay firmly on the surface of the test plate.

913

Based on the measured results given in Fig. 5, it can also be seen
clearly that the effectiveness of film cooling for the test case with
the elongated BDS shell was found to be the highest among all
the tested BDSICs, followed closely by the case with standard
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BDS shell, and finally the shortened BDS shell case. For the test
cases with the BDSIC, the coolant stream bled from the circular
tube would impinge onto the inner front part of dune at first,
and then discharge into the cross-flow. During this process, the
length of the front part of BDS shell would be a critical parameter
that will affect the behavior of the coolant jet stream. The BDSIC
design with longer front length could completely avoid the separa-
tion of the coolant jet stream from the test surface, otherwise a
portion of the coolant stream may take off from the test plate
and penetrate into the mainstream flow, resulting in reduced cool-
ing performance. In the present study, the design with the elon-
gated BDS shell has the longest front part of the shell, which
consequently leads to the highest effectiveness behind the coolant
injection hole among the three tested cases.

In general, the existence of the elongated BDS shell for the
BDSIC design would greatly improve the effectiveness of the film
cooling over the surface of interest. More specifically, in compar-
ison to the baseline case, an augmentation of 30-500% in
laterally-averaged cooling effectiveness was observed for the elon-
gated BDS shell case at the blowing ratios of M = 0.6-1.2. Since the
elongated BDSIC design was found to exhibit the best cooling per-
formance among all the test cases, this configuration was chosen
for further investigation to examine the underlying physics perti-
nent to the improved film cooling performance. From now on, if
without any specification, the measurement results given in the
present study would refer to the BDSIC design with the elongated
BDS shell.

3.2. 2-D PIV measurement results for the BDSIC and baseline cases

As described above, a high-resolution 2D PIV system was used
in the present study to conduct detailed flow field measurements
to quantify the dynamic mixing between the mainstream and cool-
ant flows, where the laser sheet was aligned along the middle
plane of coolant hole (i.e., X-Y plane as shown in Fig. 3). Fig. 6
shows the PIV measurement results for the baseline case (left col-
umn) and the BDSIC design with the elongated BDS shell at the
blowing ratio of M = 0.9, where the CO, gas (i.e., DR = 1.5) was used
as the coolant in the present study. As revealed clearly in Fig. 6(a),
the coolant jet stream was found to mix intensively with the main-
stream flow over the test plate, which would dilute the potential of
coolant stream to protect the surfaces of the turbine blades from
hot gas stream in gas turbine. Due to the Kelvin-Helmholtz insta-
bilities [26-28] within the shear layer between the coolant and
mainstream flows, packets of unsteady vortex structures were
found to be generated along the interface between the two streams
for both circular hole and BDSIC cases.

As shown clearly in Fig. 6(b), while the coolant stream
exhausted from the conventional circular hole for the baseline case
was found to separate from the test plate, the coolant stream
injected from the BDSIC with the elongated BDS shell was found
to discharge tangentially into the mainstream flow and stay on
the surface of test plate nicely. Due to the existence of the BDS
shell, the high momentum jet stream would stay firmly on the sur-
face of the test plate as it exhausted from coolant injection hole.
This observation also indicates that the cooling effectiveness for
the BDSIC case would be significantly higher than that of the base-
line case, which is consistent with the measured film cooling effec-
tiveness results shown in Fig. 5.

3.3. Stereoscopic PIV measurement results for the BDSIC and baseline
cases

As discussed above, the most prominent features in a JICF would
include jet shear layer vortices formed at the leading edge of jet,
horseshoe vortices around the jet, CRV pair within the jet, and

wake vortices downstream of jet flow [1]. As shown clearly in
the PIV measurement results given in Fig. 6, the coolant jet stream
for the baseline case was found to take off from the test plate and
penetrate into the mainstream flow due to the induction from the
strong CRVs, which leads to deteriorated film cooling performance
over the surface of plate. As suggested by Heidmann et al. [2],
Dhungel et al. [3], Zaman et al. [5], Shinn et al. [6], and Zhou and
Hu [29], one effective method to improve the film cooling perfor-
mance is to reduce the detrimental vortex induction by introduc-
ing a pair of anti-CRV to weaken its strength, therefore
postponing the separation of the coolant jet from the surface of
interest.

To elucidate the underlying physics pertinent to film cooling, a
stereoscopic PIV (SPIV) system was also utilized in the present
study to quantify the generation and evolution of the streamwise
vortex structures for the test cases with the BDSIC, in comparison
to that of the baseline case. Fig. 7 shows the ensemble-averaged
results of the SPIV measurements in several cross planes (i.e.
within Y-Z plane) normal to the incoming mainstream flow. As
shown clearly in Fig. 7(a), a pair of CRVs was found to be generated
behind the coolant injection hole, which is found to be the domi-
nant vortex structures for the baseline case. Obviously, as induced
by the CRVs, the near-wall coolant stream would roll up and eject
away from the test plate, causing the formation of strong upwash
flow. As for the BDSIC case, while a similar pair of counter-rotating
vortices was found to form behind the BDS shell, the rotating direc-
tion of the induced vortices was found to be opposite to those of
the CRVs of the baseline case. Thus, the vortex structures are
referred to as anti-CRVs. Similar vortex pairs were also reported
by Zheng et al. [30] and Omidyeganeh et al. [31]. The anti-CRVs
generated for the BDSIC case were found to induce continuous
entrainment of coolant stream back to the protected surface, lead-
ing to the formation of downwash flows behind the BDS shell. As a
result, the coolant jet stream exhausted from the BDS shell would
spread widely on the surface of interest, and achieve largely
improved film cooling effectiveness as revealed in Fig. 5. It is worth
noting that, with the assistance of the BDS shell, the strong CRV
pairs formed behind the conventional circular hole were found to
almost disappear for the BDSIC case. This phenomenon is believed
to be closely related to the unique flow features induced by BDS
shell, where the coolant jet stream would discharge tangentially
from the BDS shell and remain attached firmly on the surface of
plate.

Fig. 7(b) shows the evolution of the ensemble-averaged stream-
wise vorticity contours for the two compared cases at three typical
downstream locations (i.e., at the downstream locations of X/
D=1.0, 5.0, 10.0). Apparently, the vorticity field for the baseline
case was characterized by a pair of strong CRVs formed behind
the circular injection hole, which was found to be the dominant
flow features for the JICF pertinent to film cooling as reported in
the previous studies [1,32]. Due to the viscous effects, the stream-
wise vortex structures were found to dissipate gradually as they
traveled downstream. For the test case with BDSIC, a pair of anti-
CRVs were found to be generated and congregate at each side of
the BDS shell, rather than staying together within the coolant jet
stream as those observed for the baseline case. It can also be seen
that, while a weak pair of CRV structures was found at the down-
stream location of X/D = 5.0 for the BDSIC case, they were found to
disappear almost completely at the downstream location of X/
D =10.0 due to the cancellation of the vortex induction caused
by the anti-CRV pair.

Fig. 7(c) shows the evolution of the normalized Turbulent
Kinetic Energy (TKE) distributions for the baseline case with a con-
ventional circular hole and the BDSIC cases at various downstream
locations. As revealed clearly in Fig. 7(c), in the near-hole region
(i.e., X/D = 1.0), the magnitude of normalized TKE for the baseline
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Fig. 6. PIV measurement results for the test cases of baseline (left) and BDSIC design with elongated shell (right) at the blowing ratio of M = 0.9.

case was found to be significantly higher than that of the BDSIC
case with the elongated BDS shell, which is believed to be caused
by the intensive interaction between the coolant and mainstream
flows. Then, the N.TKE was found to decrease to a similar level with
that of the BDSIC case at the downstream location of X/D =5.0.
However, as the coolant stream traveled further downstream
(i.e., X/D = 10.0), the jet flow for the baseline case was found to take
off from the surface and mix intensively with the mainstream flow,
leading to a slightly lower N.TKE level, in comparison to that of the
BDSIC case. It is worth noting that, the evolution of N.TKE shown in
Fig. 7(c) also confirmed the detachment of the coolant jet stream
from the surface of interest for the baseline case, while the coolant
flow was still found to concentrate in the region near the surface of
the test plate for the BDSIC case. Such a conclusion was found to be
consistent with that revealed from the 2-D PIV measurement
results as shown in Fig. 6(b).

In the present study, a sketch of the flow features behind the
BDSIC was conjectured based on the 2-D PIV and SPIV measure-
ment results given in Figs. 6 and 7, which is shown in Fig. 8. This
figure vividly illustrates the unique flow features associated with
novel BDSIC design for improved film cooling effectiveness. It can
be used to uncover the underlying physics pertinent to the better
film cooling performance for the BDSIC designs. As shown clearly
in the diagram, the flow features behind the BDSIC are relatively
simple in comparison to the BDS ramp film cooling concept sug-
gested in our previous study [29], featured by a tangential jet flow
and a pair of large-scale streamwise vortices behind the BDS shell.
Due to the unique flow features induced by the BDSIC, the jet flow
exhausted from the circular coolant injection hole would impinge
onto the inner surface of BDS shell at first, and then discharge tan-
gentially into the mainstream flow. This process could suppress the
take-off of the coolant jet flow and make it stay firmly on the sur-
face of interest, therefore, significantly improving the film cooling
performance. The large-scale streamwise vortices generated
behind the BDS shell were found to be anti-CRVs, which would

induce a downwash flow to ensure the coolant stream spreading
widely along the lateral direction over the surface of test plate.
Consequently, the values of the film cooling effectiveness behind
the BDSIC were found to become much higher than those of the
baseline case. In summary, the augmentation of the film cooling
effectiveness for the test case with BDSIC as observed in Fig. 5 is
believed to be due to the combined effects of the tangential coolant
flow injection over the surface of the test plate and the downwash
flow induced by the anti-CRVs generated behind the BDS shell.

3.4. The effects of blowing ratio on the film cooling effectiveness behind
the BDSIC

In order to examine the effects of blowing ratio on the effective-
ness of film cooling performance of the BDSIC design, a series of
experiments were performed at the blowing ratio of M = 0.6, 0.9,
1.2, and 1.5, respectively, and the PSP measurements are shown
in Fig. 9. It is apparent that, the measured film cooling effectiveness
behind the BDSIC, including both centerline and laterally-averaged
profiles, were found to increase monotonously as the blowing ratio
increase. With the existence of the BDS shell, the coolant jet
stream, unlike that of the baseline case to separate from the sur-
face of the test plate, was found to stay firmly over the surface of
the test plate disregarding its momentum augmentation. It should
also be noted that, the improvement in the film cooling effective-
ness for the BDSIC design was found to become smaller and smaller
as the blowing ratio increases. This is believed to be due to the
combined effects of the increased blowing ratio and more intensive
turbulent mixing between the coolant and mainstream flows at
higher blowing ratios. While an increase in the blowing ratio value
would demand more coolant gas for film cooling, i.e., to provide a
better protection to the surface of the test plate, this beneficial
effect would be counteracted by the more intensive mixing
between the coolant and mainstream flows, leading to an
increased entrainment of the “hot” gas from outside to the region
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Fig. 7. Stereoscopic PIV measurement results for baseline (left) and BDSIC cases at M =0.9 and DR = 1.5.

near the surface of the test plate. As a result, the improvements in
the film cooling effectiveness behind the BDSIC was found to
become smaller and smaller for as the blowing ratio increases.

In order to make a quantitative comparison of the film cooling
effectiveness between the proposed BDSIC design and the idealized
slot film cooling, a theoretical model as suggested by Ballal and
Lefebvre [33,34] was used to estimate the film cooling perfor-
mance of the tangential coolant injection from an idealized slot,
which can be estimated by using following equation,

0.15 -0.2 -0.2
n—128 (ui) ()Sf) (g) for 1.3 <M < 4.0, 3)

where s is the height of slot (assuming the slot has a same exit area
with the BDS shell, i.e., #D/8), 1. and u_ are the dynamic viscosity
of coolant and mainstream flows, respectively, and t is the lip thick-
ness (i.e., 0.1D in the present study).

The film cooling effectiveness values of the idealized slot film
cooling are also plotted in Fig. 9 as the dashed lines for quantita-

tive comparison. It can be seen clearly that, as expected, the film
cooling effectiveness values for the idealized slot film cooling
were found to be higher than those of the BDSIC configuration.
It implies that, for a fixed amount of the coolant gas, the best
cooling strategy would be to have coolant flow spreading uni-
formly over the surface of test plate, i.e., being an idealize tangen-
tial slot flow for film cooling [35]. While the coolant stream
exhausted from the BDSIC was found to tangentially flow out of
the BDS shell, the distribution of the coolant stream over the sur-
face of the test plate was found to be not as uniform as the ide-
alized slot jet flow. Consequently, the film cooling effectiveness
values behind the BDSIC were found to be smaller than those of
the idealized slot film cooling.

3.5. The effects of the neighboring BDSICs on the film cooling
effectiveness

The film cooling for a gas turbine is usually achieved by inject-
ing coolant flow from arrays of cooling injection holes, rather than



W. Zhou, H. Hu/International Journal of Heat and Mass Transfer 110 (2017) 908-920 917

[

[

Ll

[

\

7
S
~

Anti-CRVs
Jformed behind
the BDSIC

Fig. 8. Schematic of the vortex structures behind a BDSIC, where the solid lines represent the streamlines of mainstream flow, the dash lines represent the streamlines of

coolant stream.

1r
0ok
08|
__orf
=
N 06F
e
05F

i BDSIC M=0.6

04r ———— BDSICM=09

F —o—— BDSICM=1.2

03 — v BDSICM=1.5

0.2: 1 1 P L 1 L | J

0 2 4 6 8 10 12 14
x/D

0.9 r
0.8F
0.7 r
/B 06F
0 F
Vo05F
& F
= %4 BDSIC M=0.6
03F ———— BDSIC M=0.9
55 b ———— BDSIC M=1.2
“F —¥— BDSIC M=1.5
01F  —mrmrmemes Slot model
0 L 1 1 1 1 1 1 J
0 2 4 3 8 10 12 14

x/D
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from only a single hole. In the present study, the film cooling effec-
tiveness over the surface of interest was also measured for the test
case with an array of BDSICs (i.e., with a pitch of p/D = 3), in com-
parison to that with a single BDSIC (i.e., with the pitch of p/D = o),
in order to examine the effects of the pitch between neighboring
BDSICs on the film cooling performance. The measurement results
are shown in Fig. 10. It can be seen clearly that, in comparison to
the test case with an array of BDSICs, while the film cooling
effectiveness along the centerline of the cooling injecting hole
was found to be slightly higher for the single BDSIC case (i.e.,
p/D = o), the laterally-averaged cooling effectiveness for the single
BDSIC case was found to be marginally lower than that of the
BDSIC array case. Due to the interactions of the adjacent anti-
CRVs (i.e., as shown in Fig. 7) induced by the BDS shells in the
regions between the neighboring BDSICs, the coolant jet streams
for the BDSIC array case were found to coalesce with each, leading
to an increased laterally-averaged cooling effectiveness but lower
centerline cooling effectiveness values. This phenomenon can be
seen more quantitatively from the measured lateral cooling
effectiveness profiles, as shown in Fig. 10 (¢) and (d), where the
profiles were obtained by extracting the cooling effectiveness dis-
tributions at the downstream locations of X/D=6 and X/D =10,
respectively.

3.6. Aerodynamic loss of the film cooling with the BDSIC design

In the present study, the aerodynamic loss of the film cooling
for the BDSIC case was also estimated in order to gain further
insight into the nature of the aerodynamic loss associated with
the film cooling of the BDISC design. It is well known that a number
of methods have been suggested to estimate the aerodynamic loss
pertinent to film cooling phenomena, including the methods based
on thermodynamic loss, entropy loss, total pressure loss, and so on.
Further information about the aerodynamic loss estimation of dif-
ferent film cooling designs can be found in the review paper of
Ligrani [36]. In the present study, the aerodynamic loss of the
BDSIC design was estimated by using the kinetic energy loss
method as suggested by Sargison [37], which is based on the esti-
mation of the aerodynamic penalty of a film cooling design by tak-
ing the energy component from the coolant jet flow into the
account.

Following the work of Sargison [37], the aerodynamic loss coef-
ficient of a film cooling design can be estimated based on the fol-
lowing equation:

3
Loss=1-_ 0.5pu3hA 7
ﬁ(Pom_PZ)‘i‘p_f(Poc_PZ)

(4)
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Fig. 10. Effects of the pitch between the adjunct BDSICs on the film cooling effectiveness.

where A is the exit area of a pre-selected control volume (i.e., 15D?);
p is the density of mixed flow at the exit of the control volume; p,,
is the density of mainstream flow; p, is the density of coolant flow;
u, is the velocity at the exit of the control volume (i.e., bulk velocity
was used here); P, is the wall pressure at the exit of the control vol-
ume; m,, is the mainstream mass flow rate; m, is the coolant mass
flow rate; P, is the total pressure of mainstream; and P, is the
total pressure of coolant stream.

In the present study, the kinetic energy balance in a control vol-
ume within a confined cuboid of —2D <X < 10D, 0 < Y < 2.5D, and
—3D <Z<3D was selected. The aerodynamic loss coefficients
were obtained by comparing the energy difference between the
‘in’ and ‘out’ of the control volume. During the experiments, the
total pressure of the coolant stream (P,.) was monitored by using
four pressure taps which were installed around the plenum. In
the meaning time, the wall pressure at the exit of the control vol-
ume was also measured by utilizing a row of pressure taps. It
should be noted that the coolant stream used in the aerodynamic
loss estimation is air for the present study, i.e., with a density ratio
of DR =1.0.

Fig. 11 shows the measured aerodynamic loss coefficients at
various blowing ratios for the BDSIC film cooling design, in com-
parison with those of the baseline case (i.e., conventional circular
hole). As expected, the BDSIC design was found to exhibit slightly
higher (i.e., about 4%) aerodynamic loss at relative low blowing
ratios of M < 0.6, which is due to the increased friction loss associ-
ated with its complex shape. However, as the blowing ratio
increases to the higher values of M=0.9, 1.2 and 1.5, the differ-
ences in aerodynamic loss between the two compared cases were
found to become smaller and smaller, and the baseline case was

02 ,
-A-Baseline ——-BDSIC /)

0.16

0.12

Loss

0.08

Fig. 11. Comparison of the aerodynamic loss of the BDSIC design with that of the
baseline case at various blowing ratios.

found eventually to have a greater aerodynamic loss in comparison
to the BDSIC design at the high blowing ratio of M=1.3. As
described above, since the coolant jet stream for the baseline case
was found to take off from the surface of the test plate at relatively
high blowing ratios (i.e., as shown in Fig. 6), the aerodynamic loss
of the film cooling would increase rapidly due to the penetration of
the cooling stream into the mainstream flow. However, the cooling
stream was still found to remain staying in the region near the sur-
face of the test plate for the BDSIC case even at relatively high
blowing ratios. As a result, the aerodynamic loss for the BDSIC case
was found to become even smaller than that of the baseline case at
the relatively high blowing ratios.
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4. Conclusion

An experimental study was performed to explore a novel film
cooling design with a Barchan-Dune-Shaped Injection Compounds
(BDSIC) concept to enhance the performance of film cooling over a
test plate. Inspired by the unique Barchan dune shape commonly
seen in deserts, the BDSIC concept was proposed to enable the
coolant stream discharged tangentially from hollowed Barchan-
Dune-Shaped (BDS) shells and stay firmly on the surface of the test
plate. The experimental study was conducted in a low-speed,
open-circuit wind tunnel at lowa State University. While a Pressure
Sensitive Paint (PSP) technique was used to map the adiabatic film
cooling effectiveness on the surface of interest, a high-resolution
Stereoscopic Particle Image Velocimetry (PIV) system was used
to conduct detailed flow field measurements to quantify the
dynamic mixing process between the coolant jet and mainstream
flows over the test plate. The effects of dune shape (shortened,
standard, and elongated BDS shells), blowing ratio (M = 0.6, 0.9,
1.2, 1.5), and the pitch (i.e., the spanwise distance) between the
neighboring DBSICs on the effectiveness of film cooling over the
test plate was evaluated in great detail based on quantitative PSP
and PIV measurements. The aerodynamic loss of the film cooling
design with the BDSIC concept was also evaluated, in comparison
to that of the conventional film cooling design with circular injec-
tion holes (i.e., the baseline case).

It was found that, with the same amount of the coolant stream
exhausted from the same circular hole, the film cooling effective-
ness over the test plate was found to be enhanced significantly
due to the existence of the BDS shells, especially for the case with
the elongated BDS shell. More specifically, in comparison with that
of the baseline case, the laterally-averaged film cooling effective-
ness for the BDISC case with the elongated BDS shell was found
to increase by 30-500%, as the blowing ratio increased from
M=0.6 to M =1.2. Based on the detailed PIV measurements, three
distinct mechanisms were suggested to be responsible for the
enhanced film cooling performance pertinent to the unique BDSIC
design. Firstly, due to the unique hollowed BDS shell design, the
coolant stream was discharged tangentially into the mainstream
flow to stay attached to the surface of the test plate, leading to a
good film cooling protection of the coolant flow to the surface of
the test plate. Secondly, the dominant counter-rotating-vortex
(CRV) structures usually seen in a jet-in-cross-flow (JICF) associ-
ated with conventional film cooling design with coolant injection
from circular holes were found to be weakened significantly
behind the BDSIC, indicating that the BDSIC design would suppress
the formation of the CRV structure in the JICF and prevent the sep-
aration of the coolant stream from the surface of the test plate.
Finally, generation of additional downwash flows (i.e., as induced
by the newly formed anti-CRV structures behind the BDSIC) would
entrain the coolant fluid from outside region back to near wall
region over the test plate, resulting in enhanced film cooling pro-
tection over the surface of interest.

It was also found that, the film cooling effectiveness behind the
BDSIC would increase monotonously as the blowing ratio
increases. This is because the fact that, with the BDSIC design,
the coolant jet stream would always stay attached on the surface
of the test plate, in spite of the momentum augmentation of the
coolant stream at higher blowing ratios. However, the improve-
ment margin for the BDSIC design in further enhanced film cooling
performance over the test plate was found to become smaller and
smaller as the blowing ratio increases, which is believed to be clo-
sely related to the more intensive turbulent mixing between cool-
ant and mainstream flows for the test cases with higher blow
ratios. The pitch of the BDSICs (i.e., the spanwise distance between
the neighboring DBSICs) was also found to have noticeable effects
on the film cooling effectiveness over the test plate. In comparison

to the test case with an array of BDSICs on the test plate (i.e., with
the effects of the neighboring DBSICs), while the centerline cooling
effectiveness values for the test case with only a single BDSIC (i.e.,
without the effects of the neighboring DBSICs) were found to be
slightly higher, the laterally-averaged cooling effectiveness values
were found to become marginally lower.

Due to a greater friction loss associated with its complex geom-
etry, the BDSIC design was found to have a higher aerodynamic
loss than the conventional film cooling design (i.e., with circular
injection hole only) at relative low blowing ratios, as expected.
However, since the BDSIC design would induce more complex vor-
tex structures downstream to keep the coolant stream to flow
more firmly over the surface of test plate (i.e., less aerodynamic
loss associated with the penetration of the coolant stream into
the mainstream flow), the aerodynamic loss of the BDSIC design
was found to become even smaller than that of the conventional
film cooling design at relatively high blowing ratios.

While the findings of the present study demonstrated clearly
that the proposed BDSIC concept is very promising to enhance film
cooling effectiveness over the surface of interest, especially for its
superior film cooling augmentation performance at relatively high
blowing ratios with even less aerodynamic loss than that of the
conventional film cooling design, more comprehensive investiga-
tions are still needed to elucidate the underlying physics and to
examine the relevant parameters, such as the discharge coeffi-
cients, heat transfer coefficients, the effects of the compressibility
of the gaseous flows, the geometry optimization of the BDSIC
design, in order to explore/optimize the design paradigms for bet-
ter film cooling protection of the hot components in gas turbines
from harsh environments.
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