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Abstract: The effects of the coolant pulsation and the plasma aerodynamic actuation (PAA) on the
film cooling are herein explored via large eddy simulations. The electrohydrodynamic force derived
from the PAA was solved through the phenomenological plasma model. The Strouhal number of the
sinusoidal coolant pulsation and the averaged pulsation blowing ratio were 0.25 and 1.0, respectively.
Comprehensive analyses were carried out on the time-averaged flow fields, and the results reveal
that the pulsed cooling jet might cause a deeper penetration into the crossflow, and this phenomenon
could be remarkably mitigated by the downward force of the PAA. Comparing steady film cooling
to pulsed film cooling revealed a modest 15.1% reduction in efficiency, while the application of the
dielectric barrier discharge plasma actuator (DBDPA) substantially enhanced the pulsed film cooling
efficiency by 42.1%. Moreover, the counter-rotating vortex pair (CRVP) was enlarged and lifted off
from the wall more poorly due to the coolant pulsation, and the PAA weakened the detrimental
lift-off effect and entrainment of the CRVP. Then, the spatial-temporal development of the coherent
structures was figured out by the alterations in the centerline temperature, reflecting the formation of
the intermittent coherent structures rather than hairpin vortices due to the coolant pulsation, and
their size and upcast behaviors were reduced by the PAA; thus, the turbulent integration of the
coolant with the crossflow was suppressed fundamentally. Finally, the three-dimensional streamlines
confirmed that the coherent structure dynamic behaviors were significantly regulated by the PAA
for alleviating the adverse influences of the coolant pulsation. In summary, the PAA can effectively
improve the pulsed film cooling efficiency by controlling the spatial-temporal development of the
dominant coherent structures.

Keywords: pulsed film cooling; large eddy simulation; coherent structure; film cooling efficiency

1. Introduction

The broad utilization of gas turbine engines is highly advantageous, and their thrust-
weight ratio and thermal efficiency are significantly affected by the turbine inlet tempera-
ture, which has exceeded 2000 K. For the purposes of reducing the thermal loading of the
gas turbine blades and extending their lifetime, protection of the turbine blades against
extremely hot gases is typically carried out via film cooling. The extraction of coolant from
the compressor is undertaken in the film cooling, followed by the injection of coolant into
the hot gas on the blade surface, and the interaction of the coolant with the hot gas is made,
which may lead to the formation of complicated vortex structures. Hence, the film cooling
is a convective heat transfer problem dominated by the vortex structures. In particular, the
major counter-rotating vortex pair (CRVP) lifts the coolant off the wall surface and entrains
the hot gas beneath the coolant, resulting in a great reduction in the film cooling efficiency.
Therefore, improving the film cooling efficiency through controlling the vortex structures
of the film cooling is crucial for gas turbine engines.

Researchers have proposed various approaches to improve the film cooling efficiency,
and the shaped film cooling hole is one of the effective approaches. Goldstein et al. [1]
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originally found that the film cooling efficiency could be noticeably improved using fan-
shaped holes, which could enhance the adherence and the lateral coverage of the coolant.
Thereafter, numerous scholars concentrated on the shaped holes and proposed various
shaped holes. Later, Bunker et al. [2] reviewed the origins of the classical shaped film cooling
holes, summarized our knowledge of the shaped film cooling holes, and demonstrated that
the shaped film cooling holes also have some drawbacks (e.g., high aerodynamic mixing
losses). Recently, Saumweber et al. [3] attempted to further figure out the effects of the
inclination angle, expansion angle, and length of the inlet cylindrical section on the film
cooling efficiency of the fan-shaped holes and reported that the changes in geometrical
parameters could significantly affect the film cooling efficiency. Except for the shaped
film cooling holes, auxiliary regulating devices were proposed to weaken the destructive
features of the vortex structures for enhancing the film cooling efficiency. Kusterer et al. [4]
invented double-jet holes with compound angles to improve the film cooling efficiency,
and it was revealed that the CRVPs of the double-jet hole mutually interfered with and
counteracted each other, thereby enhancing the film cooling efficiency, while the double-
jet holes required a reasonable arrangement. A ramped vortex generator was placed
downstream of the cooling hole for terminating the CRVP progression via creating a
new vortex pair; thus, the coolant was positioned close to the wall surface and stretched
further downstream [5]. Recently, the film cooling performance (FCP) of a novel furcate
hole was examined, and it was found that the lateral coverage of the coolant was more
comprehensive than that of the traditional cylindrical holes [6]. Generally, all of the
aforementioned approaches are passive flow control techniques and are limited, and the
dynamic nature of the film cooling flow requires a flow control technique, which could be
adjusted in real-time in the course of the flow state, emphasizing the demand for an active
film cooling control technique.

Scholars have proposed pulsed film cooling to optimize the film cooling efficiency.
Ekkad et al. [7] firstly used solenoid valves to directly control the cooling jet for improving
the film cooling efficiency and found that the effects of pulsed jets on the film cooling
showed promising outcomes. Thereafter, the film cooling efficiency and flow field tempera-
ture were examined at different BRs for a variety of pulsing frequencies and duty cycles,
and it was revealed that pulsing at high frequencies was beneficial to reduce the overall
jet lift-off in some cases, thereby improving the film cooling efficiency, whereas pulsing at
low frequencies tended to produce the opposite effect [8]. The influences of the duty cycle
and Strouhal number on the pulsed film cooling efficiency, particularly at high BRs, were
numerically figured out [9], and it was noted that the recirculation region downstream of
the cooling hole was remarkably reduced with pulsing, leading to an increment in the film
cooling efficiency. Rutledge et al. [10] analyzed the influences of the pulsed film cooling
on the turbine blade heat flux, and the superiority of steady film cooling to pulsed film
cooling at a low BR was confirmed, while pulsed film cooling could be beneficial at a
high BR, confirming the flat plate film cooling. The LES was employed to indicate how
the square-wave pulsating film cooling jet could be interacted with recirculation vortexes,
and the noticeable role of entraining recirculation vortexes in the near-wall region was
figured out [11]. In recent years, coolant pulsation, as one of the active control techniques,
has exhibited a high degree of efficiency that could improve the film cooling efficiency;
however, further conclusive outcomes are essential [12] and evidence is required to prove
the role of coolant pulsation in enhancing the film cooling efficiency. It is worth noting
that hot gas unsteadiness will inevitably cause coolant pulsation in real engines, and the
large-scale vortex structures of the pulsed film cooling are more complicated than those of
the steady film cooling. Therefore, exploring active flow control techniques to effectively
improve the pulsed film cooling efficiency may be advantageous for gas turbine engines.

The DBDPA has been successfully applied in numerous fields [13,14]. Benmoussa
conducted a comprehensive exploration of the influence of dielectric barrier discharge
plasma actuators (DBDPAs) on the entire spatial-temporal development (STD) of the flow
field in quiescent air [15]. In a subsequent study by Benmoussa et al. [16], the investigation
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delved into the impact of DBD plasma actuators on the spatial-temporal development of
the flow field in quiescent air. This research showcased the substantial influence of active
flow control, emphasizing its significant role in enhancing the performance of cycloidal
rotors. Daraee [17] numerically investigated the impact of plasma actuators on Vertical-
Axis Wind Turbines (VAWTs), specifically focusing on optimizing installation positions
and activation timings. The study unveiled a significant improvement in the turbine
power coefficient through strategic actuator deployment. Yang et al. [18] assessed the
influence of the DBDPA on the entire spatial-temporal development (STD) of the flow
field in quiescent air. For the purpose of integrating the plasma and fluid dynamics, the
phenomenological model and the first-principles-based model of the DBD were proposed,
facilitating the integration of multi-dimensional plasma dynamics with fluid dynamics [19].
Singh et al. [20] investigated a plasma actuator’s impact on spatial-temporal flow field
development in quiescent air, revealing a fourth-order polynomial relationship between
the induced fluid velocity and the amplitude of the rf potential. Researchers have proposed
various plasma models to estimate electric fluid dynamics, including algebraic models and
chemical models [21]. Chemical models take into account the plasma’s chemistry, which
involves various ions, electrons, and neutral substances. The equations in chemical models
are computationally expensive due to the need to solve the dynamic control equations
of ionized air substances for inferring electric dynamics. Thus, the phenomenological
model appears to be highly advantageous. Hence, Roy and Wang [22] first utilized the
DBD PAA to improve the film cooling efficiency, and the numerical findings revealed
the active alteration of flow structures by the plasma aerodynamics near the DBDPA,
thereby inducing the attachment of the coolant to the wall surface. Later, He et al. [23-25]
further investigated the effects of the position, power input, number, and geometry of the
DBDPA on the FCP, providing a deeper understanding of the mechanism of the PAA for
improving the film cooling efficiency. Recently, Dolati et al. [26] employed neural networks
to generalize the complicated communication that involves variables (e.g., flow, geometric,
and electrical variables), thus gaining a useful correlation with different input-output
parameters. Accordingly, Audier et al. [27] explored the ability of the PAA for the film
cooling efficiency’s enhancement through an experimental setup, and the experimental
results confirmed the advantages of the PAA for improving the film cooling efficiency as
predicted by the abovementioned numerical findings. More recently, it was demonstrated
that the PAA could actively control large-scale coherent structures (LSCSs) of film cooling,
and the coherent structures were reduced in size and number, making them beneficial for
film cooling [28,29]. In general, the promising potential of the PAA for the film cooling
efficiency’s enhancement has been well demonstrated both numerically and experimentally.
However, it is essential to indicate how the PAA can control pulsed film cooling.

The impact of dielectric barrier discharge (DBD) plasma on the temperature field
remains a subject of significant controversy. Experimental measurements performed by
Jukes et al. [30] revealed a modest temperature change of only 2 °C near the metal electrodes
of the DBD plasma exciter. This led to the conclusion that the aerodynamic excitation
induced by plasma has a negligible effect on the temperature field. In a numerical study
aimed at improving the film cooling efficiency using DBD plasma aerodynamic excitation,
Liming He et al. from the Air Force Engineering University [31] considered the heat
generated by the exciter. They found that, although the exciter converted some electrical
energy into heat, the impact on the overall film cooling effect was minimal due to the
limited heat generated during ionization and the dissipation of heat by a large amount of
upstream cooling airflow. Subsequent numerical studies by the research group [24] did
not account for the heat generated by the plasma exciter in its influence on film cooling.
Similarly, Roy and Wang [22] conducted a numerical study on the enhancement of the film
cooling efficiency through plasma aerodynamic excitation without considering the heat
produced by the exciter. Experimental results from Audier et al. [27] demonstrated that
plasma aerodynamic excitation could enhance the efficiency of slot film cooling. However,
in their experiments, they did not explicitly discuss the impact of the heat generated by the
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plasma exciter on film cooling. As such, this study will temporarily overlook the discussion
of the impact of the heating effects generated by the plasma actuator on film cooling.

In the current study, the pulsed film cooling flow coupled with the PAA was simulated
via LES, and we then comparatively assessed the time-averaged flow fields to reveal the
comprehensive effects of the coolant pulsation and the PAA on the film cooling performance.
Subsequently, the STD of the LSCSs was quantified to further describe how the coolant
pulsation and the PAA could influence the coolant-gas interaction.

2. Computational Domain and Boundary Conditions (BCs)

On the basis of the research by Kohli and Sinha et al. [32,33], the computational domain
of the present study was established. Figure 1 shows the computational domain of the
film cooling and the arrangement of the DBDPA. The computational domain consists of a
cooling hole (cooling hole diameter d = 12.5 mm), its length (5.2 d), the streamwise angle
of the cooling hole (35°), and a crossflow channel. The height, width, and length of the
crossflow channel are 10 4, 3 d, and 38.5 d, respectively. The cooling hole exit’s trailing
edge was considered in order to place the Cartesian coordinate system’s origin, and the
computational domain’s streamwise, lateral, and normal directions are denoted by the x-,
y-, and z-axis, respectively. The DBDPA was arranged just downstream of the cooling hole.

Cfosﬁﬂo\N

Figure 1. The physical model of flat plate film cooling.

The ANSYS CFD software was utilized for generating hexahedral meshes of the
computational domain (Figure 2). The grid points are extremely refined near the walls of
the flat plate and the cooling hole, and the y+ of the first layer mesh near the walls was less
than 1.0. To avoid the generation of an excessive number of meshes, the stretching factor
was about 1.05 in the wall-normal direction, and about 7 million meshes could be generated.

The BCs utilized in the current research are consistent with those presented in Kohli
and Sinha et al.’s study [32,33], in which the crossflow atmosphere was ambient and the cool-
ing jet was a mixture of CO, and N at a temperature of 188 K. The velocity-inlet boundary
was set at the inlet of the crossflow channel (crossflow velocity . =20 m/s), temperature
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(Teo =298 K), and boundary layer thickness (5 = 1.0 d). We attempted to apply the pressure-
outlet boundary at the outlet of the crossflow channel (static pressure, 101,325 Pa), Reynolds
number (Re = usd/v = 15,625), and kinematic viscosity (v = 1.6 x 107> m?/s). The periodic
conditions were set in the lateral direction of the crossflow channel (at y/d = £1.5) for
superimposing the influences of adjacent cooling jets. All walls were set to be adiabatic
and non-slip.

Figure 2. The meshing of the computational domain.

3. Governing Equations and Phenomenological Plasma Model

The LES can directly solve the LSCSs and simulate the sub-grid scale vortex structures
via a sub-grid model approximately. Thus, the influences of the pulsation and the PAA on
the LSCSs can be perfectly figured out, dominating the coolant-hot gas interaction. The
algebraic wall-modeled LES (WMLES) model [34] was employed to assess the sub-grid
scale dynamic effects, and the grid-filtered continuity, momentum, and energy equations
for compressible flows can be formulated as

ot e o) =0 g

0. _ J , _ Jd ,  oP 9Tj '
g(Pui)*"a—xj(Puiuj)—a—xj(Uz]) ox  ax +F 2)

Jd , — d — ap_uj d d oT PUsgs oT
g(PE) + ox; (oHE) = Tow + a_xl-ul (3 — Tﬂ)_a_xj </\a_x] " Prug 0, 3)
In Equation (2), the sub-grid scale and viscous stress terms are defined as
Tj = piij — piii; and oj; = [p(07;/0X; 4 01;/0X;)| — 2/36;j4(9ux /9X) respectively.
In Equation (3), the eddy viscosity is defined as vsqs = min{(kdw)z, (CSmagA)z} -5

{ 1—exp [— (y*/ 25)3} } . More detailed parameters can be found in [34]. F; is the EHD

force vector generated by the DBDPA. We describe the phenomenological plasma model in
the following sections.

A typical DBDPA is schematically illustrated in Figure 3. It consists of two electrodes
insulated by a dielectric barrier and mounted on the wall surface. After applying a high
alternating voltage to the exposed electrode, the nearby air is weakly ionized due to
the barrier discharge, and a non-thermal plasma layer is generated over the covered
electrode [35]. It was previously revealed that the EHD force generated by the DBDPA is
the main mechanism of active flow control [36]. Shyy et al.’s phenomenological plasma
model [37] was utilized to account for the EHD force, neglecting the momentum collision
between the charged particles and the airflow. Hence, fewer computational resources are
essential for this model, it can capture the main features of the plasma structure, and it
has been successfully applied to diverse plasma-based flow control applications [38]. Film
cooling flows were simulated via LES, which requires numerous computational resources,
confirming the appropriateness of the phenomenological plasma model for solving for
the EHD force [39]. The plasma occurs mainly in a tiny region just downstream of the
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exposed electrode and over the covered electrode (Figure 3a). Therefore, it was assumed
that the DBDPA-generated EHD force acts on the airflow only in the triangular region
ABC, whose height and length are denoted by a and b, respectively (Figure 3b). In our
numerical simulations, the height of the plasma region was specified to be a = 2.0 mm in
Equations (4) and (5), the width of the plasma region was denoted b = 4.0 mm, and the
distance 1 was set to 0.25 mm. Point A is the location of the maximum electric field intensity
(Eo = Vpp /1), where is the space between the two electrodes in the x-axis. A linear decrease
in the electric field intensity is achievable with the movement from Source A, and the
electric field intensity fluctuation can be formulated as

E= Eo—klx—kzz (4)

plasma
exposed

electrode

©

dieléctric
covered

electrode

(a) Schematic illustration of the DBDPA (b) Geometry for the phenomenological plasma model
Figure 3. A schematic illustration of the DBDPA and the phenomenological plasma model.

In Equation (4), a field strength of E, = 30 kV/cm was employed to assess
ki = (Ep — Ep)/b and k, = (Eg — Ep,)/a at the plasma boundary. Hence, the electric field
intensity components in diverse directions are formulated as

E, = Ek1/+/ k12 + k22. Ey = Eky// k12 + k22 (5)

The plasma discharge occurs at only one-half cycle and the time t, is about 67 us,
during which the plasma forms. Thus, the EHD force components in the x and z directions
can be formulated as

Fex = {peeExOty. Foz = {peeE;0t) 6)

where pe = 10'7 /m? is the electron number density, e is the elementary charge, ¢ = 6.0 kHz
is the frequency of the applied voltage, and { is the factor explaining the collision efficiency.
A detailed explanation of the above values can be found in [37]. Additionally, it is crucial
to note that the force is linearly attenuated along the internal normal direction of the
triangular side, reaching its maximum value at the minimum gap between the plates. The
high frequency of the plasma discharge (6.0 kHz) is correlative with the EHD force acting
on the airflow as a constant; therefore, the DBDPA-generated EHD force was assumed to
be a steady-state body force acting on the film cooling flow.

The ANSYS Fluent software was utilized for the LES of the pulsed film cooling flows
with and without the DBDPA. The user-defined function (UDF) was employed to add EHD
force components (i.e., body force terms) into the momentum equations, carrying the effects
of the plasma discharge on the film cooling. The pressure interpolation was undertaken
via the body force weighted scheme. The momentum and energy equations were solved
discretely using a bounded central scheme and a second-order upwind scheme, respectively.
The solvation of transient equations was carried out by the bounded second-order implicit
scheme (time step, 1.0 x 1073 s; maximum number of iterations, 40/time step). We
considered a time-averaging approach, taking the main flow through the computational
domain over a period AT = 0.017 s as one statistical cycle. Throughout this process, a total
of 17,000 iterations were carried out, statistical averaging was performed over a duration of
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5 x AT, and, in the current investigation, the CFL number was approximately 0.946. When
a quasi-steady state could be reached by the film cooling flow, six cycles were allocated
to the flow field to obtain time-averaged statistical information, in which the time of the
crossflow through the crossflow channel was taken to be indicative of one cycle.

The adiabatic film cooling efficiency was formulated as

n(x/d,y/d) = (Teo — Taw(x/d,y/d))/ (Teo — Tc) )

where T4y, is the temperature of the adiabatic wall. We attempted to average the adiabatic
film cooling efficiency along the full lateral length in order to attain the lateral-averaged
film cooling efficiency, which can be formulated as

1 15
Mo =3 || x4,/ d)a(y/d) ®

The UBL case is representative of un-pulsed film cooling flow, and the PBL-off case
and the PBL-on case are indicative of pulsed film cooling flow without and with the DBDPA,
respectively, in the current research.

The density ratio (DR) was equal to 1.6 (p./p), the velocity-inlet boundary was
applied at the inlet of the cooling hole, and the adjustment of the cooling jet inlet ve-
locity was performed on the basis of the BR (M = pctic/peotico) and the momentum ratio
I= pcuc2 / poouooz. For the un-pulsed film cooling, the BR was 1.0; thus, 12.5 m/s was
allocated to the cooling jet velocity (u.). For the pulsed film cooling, the total amount of
the coolant was the same as for the steady film cooling in an operating cycle; thus, the
time-averaged BR of the pulsed film cooling was 1.0 and the BR was in the range of 0.5-1.5
in a cycle (Figure 4). Therefore, the cooling jet velocity was specified as uc(1.0 + 0.5sin(27ft)),
where f is the pulsation frequency of the cooling jet. The Strouhal number (St) of the coolant
pulsation was defined as St = df /1., and St was set to 0.25.

2 -
15p---- U
C 7 /3
L l4
= I
B 5 t;
0.5 --mmmmmm e m oo et
- s
L I 1 1 | 1 1 1 1
0 0.5 1

Figure 4. The BR variations of the pulsed and un-pulsed film cooling.

The asymmetric installation of the DBDPA was carried out downstream of the cooling
hole exit (x/d = 0.0). The widths of the exposed electrode and covered electrode were 5 and
10 mm, respectively, = 0.25 mm is indicative of the gap between the two electrodes, and a
noticeable number of polyimide films were involved in the dielectric barrier. The length of
the two electrodes was set to 3 d to avoid a restriction on the plasma generation in the lateral
direction. The power supply of the DBDPA had a high frequency (6.0 kHz) and a high
voltage (8.0 kVpp); thus, the electrohydrodynamic (EHD) force was estimated to be about
2 MN/m?3, which is compatible with the previously achieved value [18,19], and the power
consumption of the plasma actuator was around 0.75 watts. However, it is worth noting
that DBD plasma actuators are characterized by a low efficiency of electrical-to-fluid energy
conversion, with a maximum efficiency below 0.1%. This efficiency is significantly lower
than that of the other control devices we studied. Nevertheless, DBD plasma actuators
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offer such advantages as simplicity, a lack of moving parts, and a wide frequency band,
making them suitable for practical flow control applications.

4. Model Validation

In order to verify the reliability of the phenomenological model used in the present
study, the streamwise velocity profile of the numerical simulation results was compared with
the results of Shyy et al. [37]. Figure 5 shows that, from the comparison of the numerical
streamwise velocity and the experimental data, the maximum value of the streamwise velocity
predicted by the phenomenological model agrees well with the experimental data and the
vertical perturbation range affected by the DBD plasma is about 3 mm, which is in good
agreement with the experimental measurement. Therefore, the phenomenological model used
in the present study can effectively predict the influences of the DBDPA on the flow field.

LES
a Experiment

z(mm)
PEBEEEE ) p )

)]
T

Figure 5. The flow induced by the DBDPA [29,37].

To validate the LES calculation procedure used in the present study, the centerline film
cooling efficiency predicted by the LES was compared with the experimental results of Kohli
and Sinha [32,33]. Figure 6 shows the LES predictions and experimental measurements
of the centerline film cooling efficiency in the streamwise direction. It is apparent that
the streamwise variations in the centerline film cooling efficiency show good agreement
between the LES results and the experimental data, and there are some discrepancies
downstream at 3 < x/d < 5, where the recirculation region has formed and the reverse
flow is complicated. This may be explained by the fact that the computational domain
of the LES has no plenum and the cooling hole length is slightly longer than that in the
experiments. Therefore, the LES calculation procedure used in the present study is feasible
and acceptable. When using 6 million grids and 7 million grids, the differences between
the two are negligible, and they align well with experimental data. Therefore, it can be
considered that the numerical model constructed with 7 million grids provides a relatively
accurate simulation of the original experimental model. In the subsequent computational
processes, a numerical model with 7 million grids was employed.

0.6

S RANS-600million
1 —-—- RANS-700million

0.5 i - — =RANS-800million
"" —&— Experiment
0.4 &

0 5 10 15 20
x/d

Figure 6. Comparison of centerline film cooling efficiency values.
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5. Results and Discussion
5.1. Time-Averaged Flow Fields

The penetration extent of the cooling jet into the crossflow can be directly described
by the jet trajectory, which is important to understanding the film cooling. Jet trajectories
refer to a time-averaged streamline that may emanate from the center of the cooling hole
exit (Figure 7). In the vicinity of the cooling hole, the same path of jet trajectories could
be attributable to the high cooling jet exit momentum. While approaching downstream,
momentum is gradually lost by the cooling jet, followed by a deflection in the downstream
direction because of the pressure difference in the windward and leeward directions. At
the trailing edge of the cooling hole exit, the PBL-off case exhibits a taller jet trajectory
height versus the UBL case, which presumably results from the pulsed cooling jet’s larger
exit momentum at some times in the cycle, yielding adverse effects on the film cooling
performance. Conversely, downstream at x/d > 3, the jet trajectory height of the PBL-off
case is lower than that of the UBL case, which may be due to the fact that the pulsed cooling
jet aggravates the mixing of the coolant with the crossflow. More importantly, compared
with the other two cases, it is apparent that the jet trajectory height of the PBL-on case is
remarkably shorter, demonstrating the improvement of the adherence of the coolant to the
wall surface by the PAA.

2.0
1.5 F —
S0k s — s )
}1].0 N /’.
i pirt ---UBL
’ PBL-off
-/ ——PBL-off
05 1/ --—--PBL-on
0-0|l|||||||||||:||||||||||||

0 3 6 9 12 15
x/d

Figure 7. Jet trajectories.

At the cooling hole exit, time-averaged velocity profiles are illustrated in Figure 8. Once
the crossflow is approached, the hole exit’s velocity profile is affected, so the maximum
values of the streamwise and normal velocities are shifted to the trailing edge of the hole
exit. Near the trailing edge, the streamwise velocity of the PBL-off case was remarkably
greater than that of the UBL case (Figure 8a), positively influencing the streamwise coverage
of the coolant. Furthermore, the streamwise velocity became higher, which can be attributed
to the PAA. Downstream of the cooling hole, the streamwise velocity of the UBL case and
the PBL-off case is negative, implying that a recirculation zone has formed here. In the
PBL-on case, the increase in the streamwise velocity can be attributed to the PAA. Near
the trailing edge, compared with the UBL case, a noticeably higher normal velocity of the
PBL-off case can be found (Figure 8b). This aggravates the interaction of the cooling jet
with the crossflow, and the normal velocity has opposite characteristics near the leading
edge. Moreover, compared with the PBL-off case, a noticeably higher normal velocity of the
PBL-on case can be noted, which can be attributed to the PAA-generated downward force.

The profiles of the time-averaged streamwise velocity (1) at different values of x/d and
y/d are illustrated in Figure 9. Downstream of the cooling at x/d = 0.5, there were negative
values of the streamwise velocity in the near-wall region for the UBL case, reflecting
detachment of the cooling jet from the wall surface and the formation of a recirculation
region that would be immediately downstream of the cooling hole. For the PBL-off case,
the negative values were slightly decreased due to the coolant pulsation. For the PBL-on
case, the streamwise velocity values increased from negative to positive owing to the
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streamwise momentum injection effects generated by the PAA. This indicates that the
recirculation region disappeared. Further downstream at x/d = 0.5, the streamwise velocity
in the near-wall region was positive and large, signifying that the cooling jets had already
reattached to the wall surface. Moreover, the streamwise velocity values of the PBL-on case
are significantly larger than those of other two cases thanks to the PAA, showing that the
PAA helps the coolant extend further downstream. While approaching downstream, the
streamwise velocity values of the three cases become closer. This is due to the fact that the
influences of the coolant pulsation and the PAA become weaker.

1.0 0.55
P F -
< - ——PBL-off =
0.50 C —-—- PBL-on o
0.45 F ;
£040 :
035 F
030 E
0.25:|l'.'|x||||||xl||||lz||||
-1.6  -12 -08 -0.4 0.0
x/d
(a) Streamwise velocity (b) Normal velocity

Figure 8. Time-averaged velocity profiles at the cooling hole exit (y/d = 0, z/d = 0.015).
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Figure 9. The profiles of the time-averaged streamwise velocity in the y/d = 0 plane.
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Figure 10 shows the profiles of the time-averaged lateral velocity (v) at different values
of (x/d, z/d). At x/d = 0.5, in the UBL case, the lateral velocity was negative and large,
highlighting that the hot crossflow moves inward in the lateral direction and suppresses the
lateral coverage of the coolant. This resulted from the entrainments of the CRVP. In the PBL-
off case, the lateral velocity was decreased due to the coolant pulsation, which is beneficial
to the lateral coverage of the coolant. In the PBL-on case, the lateral velocity had been
significantly decreased owing to the PAA. This demonstrates that the PAA weakens the
entrainments of the CRVP. Importantly, the absolute values of the lateral velocity became
smaller while propagating downstream, highlighting that the vortex structures lost their
strength and the effects of the PAA became weak. Downstream at x/d = 4 and x/d = 4,
there was a narrower range of positive lateral velocities in the PBL-off case. This may
have resulted from the fact that the pulsed cooling jet enlarges the horseshoe vortex, which
drives the coolant flowing outward in the lateral direction. Under the influence of the PAA,
there is a wide range of positive lateral velocities in the PBL-on case, meaning that the
coolant slightly flows outward in the lateral direction and enlarges the lateral coverage of
the coolant.
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Figure 10. The profiles of time-averaged lateral velocity in the lateral direction.

Figures 11 and 12 illustrate the evolutions of the vortex structures and the temperature
fields downstream of the cooling hole. At x/d =1, a symmetrical CRVP can clearly be
observed in the UBL case (Figure 11), followed by the entraining of the crossflow by the
CRVP underneath the cooling jet and the lifting of the cooling jet off the wall, thereby
negatively influencing the film cooling performance. Consequently, the high-temperature
region rises upward at the midspan due to the upwash effects of the CRVP (Figure 12). In
the PBL-off case, the influence region of the CRVP is larger than that of the UBL case since
the coolant pulsation intensifies the interaction of the cooling jet with the crossflow and the
core region of the cooling jet is enlarged (Figure 12). In the PBL-on case, the influence region
of the CRVP is further enlarged, which is probably due to the momentum injection effects
of the PAA. At x/d =1, in the UBL case, a very small vortex pair (a horseshoe vortex) can be
found in the near-wall region rotating in the opposite direction to the CRVP and delivering
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the coolant to the wall, thereby positively influencing the film cooling performance. In
the PBL-off and PBL-on cases, there is no small vortex pair in the near-wall region. While
evolving downstream, the CRVP gradually grows in structural size and moves away from
the wall. Consequently, shifting of the low-temperature core region of the cooling jet
away from the wall occurs (Figure 12), yielding a lower film cooling efficiency. Further
downstream at x/d = 4, a small-scale horseshoe vortex can also be observed in the PBL-off
and PBL-on cases, and the horseshoe vortex structural size of the PBL-off case is larger
than that of the other two cases. This explains why there is a narrow positive lateral value
in Figure 10. Furthermore, in the UBL case, in the near-wall region, there is a very small
new vortex pair (i.e., a wall vortex). This can be attributed to the flow entrainment induced
by the wall jet, and the lateral spreading of the coolant is promoted. At x/d = 6, a wall
vortex is formed beneath the cooling jet in the PBL-off case, and the structural size of the
horseshoe vortex is enlarged in the PBL-on case. These are both beneficial to the lateral
coverage of the coolant. Compared with the PBL-off case, a reduction in the height of
the low-temperature region can be noted in the PBL-off case (Figure 12), which could be
attributable to the PAA-generated downward force. In addition, the core region of the
cooling jet tends to split into two regions, and the CRVP-held region is gradually moving
away from the wall, where the remarkable coolant—crossflow interaction occurs, resulting
in the elevation of the temperature. The NWR is affected by the horseshoe vortex and the
wall vortex, where the coolant stays close to the wall surface. The PAA not only weakens
the lift-off effect of the CRVP but also helps the lateral coverage of the coolant; thus, the
cooling jet was positioned closer to the wall surface and the lateral wall coverage of the
low-temperature region was enlarged (Figure 12).

TTrILELL

Figure 11. The time-averaged streamlines in the cross-sections downstream of the cooling hole.

On the wall surface, Figure 13 illustrates the contours of the time-averaged film cooling
efficiency. For the UBL case, the FCE is fairly low just downstream of the cooling hole
due to the blowing off of the cooling jet, then the film cooling efficiency rapidly increases
thanks to the reattachment of the cooling jet. Thereafter, a gradual reduction in the film
cooling efficiency can be noted while it approaches downstream as the coolant continually
mixes with the crossflow. Compared with the UBL case, in the 2 < x/d < 6 region, a
reduction in the film cooling efficiency of the PBL-off case can be noted, indicating that the
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coolant pulsation aggravates the blowing-off effects and postpones the reattachment of the
cooling jet. For the PBL-on case, a noticeable elevation in the film cooling efficiency can be
found downstream of the cooling hole, which could be attributed to the PAA-generated
momentum injection effect and the downward force suppressing the bowing-off of the
cooling jet, thereby maintaining the coolant close to the wall surface. Because the PAA may
inhibit the mixing of the coolant and the crossflow far downstream, a remarkably greater
film cooling efficiency in the PBL-on case could be found compared with those of the other
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Figure 12. The contours of the time-averaged dimensionless temperature in the cross-sections
downstream of the cooling hole.
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Figure 13. The contours of the time-averaged film cooling efficiency on the wall surface.
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The flow structures can remarkably affect the film cooling efficiency in the near-wall
region, and the time-averaged streamlines, especially on the wall surface, are illustrated
in Figure 14. For the UBL case, a recirculation region can be found at the cooling hole just
downstream, which could be attributed to the cooling jet’s blocking influence and result
in the formation of a downstream spiral separation node (DSSN) vortex pair. The DSSN
vortex can exacerbate the mixing of the coolant with the cooling jet, yielding a lower film
cooling efficiency (Figure 13). Then, due to the entrainment effect of the CRVP, most of
the streamlines converge toward the centerline, which is detrimental to the lateral wall
coverage of the coolant. A few streamlines diverged outward in a narrow region in the
lateral direction as the beneficial effect of the wall vortex and the horseshoe vortex; however,
this phenomenon disappeared quickly. For the PBL-off case, a recirculation region can
also be clearly observed and the distributions of the streamlines are similar to the UBL
case, while the tendency of the streamlines to converge is weaker than that of the UBL
case. For the PBL-on case, there is no recirculation region downstream of the cooling hole
because of the PAA-induced momentum injection effect, the streamlines converge rapidly
toward the centerline, and the streamlines diverge outward while moving downstream,
thus improving the lateral coverage of the coolant. This implies that the PAA weakens the
detrimental entrainment effect of the CRVP.

UBL

Nﬁ PBL-Off
- 1 .5 S — PBL—On
N e %7

-2 0 2 4 6 8 10 12 14 16 18 20
x/d

Figure 14. The time-averaged streamlines on the wall surface.

Figure 15 shows the distribution of the centerline and the lateral-averaged film cooling
efficiency in the streamwise direction. As can be seen from Figure 15a, the centerline film
cooling efficiency is very low due to the separation of the cooling jet. Then, the centerline
film cooling efficiency quickly increases to the maximum value thanks to the reattachment
of the cooling jet. Subsequently, the centerline film cooling efficiency continues in a gradual
decline while evolving downstream due to the continual mixing of the coolant and the
crossflow. For the PBL-off case, the centerline film cooling efficiency just downstream of
the cooling hole is lower than that of the UBL case and the streamwise location of the
maximum value has shifted downstream, which may have resulted from the reduction in
the adherence of the coolant. For the PBL-on case, the centerline film cooling efficiency
has been significantly increased and the streamwise location of the maximum value has
shifted upstream. In the UBL case, the lateral-averaged film cooling efficiency is the
lowest in the recirculation region and then gradually rises while propagating downstream,
which is different from the centerline film cooling efficiency (Figure 15b). However, in the
PBL-off case, there is a degree of similarity in the tendency of the lateral-averaged film
cooling efficiency compared with the centerline film cooling efficiency. In the PBL-on case,
the prominent elevation in the lateral-averaged film cooling could be attributable to the
PAA, confirming the results illustrated in Figure 13, and the continuous increase in the
lateral-averaged film cooling efficiency up to x/d >15 is noteworthy. When x/d >15, the
lateral-averaged film cooling efficiency slightly decreases as it approaches downstream,
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which is probably because the coolant is already highly mixed with the crossflow. Generally,
the PAA can effectively improve the pulsed film cooling efficiency. This is beneficial to
controlling the pulsed film cooling flow caused by the unsteadiness in the main flow in
actual engines.
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Figure 15. The distribution of the film cooling efficiency in the streamwise direction.

Figure 16 presents a comparison of wall temperatures in the three different cases.
From Figure 16, it is evident that the transition from steady film cooling to pulsed film
cooling results in a slight decrease in the film cooling efficiency, a reduction of 15.1%. This
underscores the significance of acknowledging that the unsteadiness in hot gas inevitably
induces coolant pulsations in real engines. When employing the DBDPA, the wall-averaged
film cooling efficiency increases to 13.5%. In comparison with the conditions without
the DBDPA, the cooling efficiency experiences a substantial improvement of 42.1%. This
enhancement is attributed to the momentum injection effect introduced by the DBDPA
and the suppression of CRVP development, thereby significantly elevating the film cooling
efficiency. In the following sections, we delve further into the mechanisms through which
the DBDPA enhances the film cooling efficiency.
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Figure 16. Comparing the wall-averaged film cooling efficiency.

5.2. Instantaneous Flow Fields

In order to comprehensively reveal the underlying mechanism of the coolant pulsation and
the PAA for controlling the film cooling flow, the STD of coherent structures in the wake flow
of the film cooling was comparatively analyzed. The identification of the coherent structures
was undertaken using the Q-criterion method, which is defined as Q = (QijQij — Si]-SZ-]-) /2,
where Q,']' = (aui/axj — auj/axi) /2 and Sij = (au,»/axj + auj/axi) /2 [40]. Eight time pOi.l’ltS
were taken in a pulsation cycle to better interpret the cooling flow field (Figure 3).

The instantaneous Q iso-surface was colored by the dimensionless temperature (DT, 6),
where DT (0) = (T — T;)/(Teo — T¢) (Figures 17-19). In the UBL case, the classical coherent
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structures can be clearly observed. It can be seen that horseshoe vortices form upstream of
the cooling hole exit due to the pressure gradient. The fluid temperature in the horseshoe
vortices is higher, indicating the aggravation of the mixing of the coolant and the crossflow
via the horseshoe vortices. Notably, a series of structurally complete hairpin vortices can be
clearly identified, and these hairpin vortices actually dominate the entrainment and mixing
of the crossflow. There is a close association of heads, normal legs, and horizontal legs
of the hairpin vortices with a shear layer vortex, an upright wake vortex, and the CRVP,
respectively [41]. The heads of the hairpin vortices are caused by a shearing effect that
leads to a strong entrainment of the coolant with the crossflow. As a result, an increase in
the mixed fluid temperature can be found around the heads of the hairpin vortices. An
enlarged size of the hairpin vortices and their gradual shifting away from the wall can be
found. Small-scale turbulent vortices eventually result, highlighting their noticeable role in
the far-field region.

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Figure 17. The instantaneous Q iso-surface colored by temperature in the UBL case (Q = 5.0 X 10°).

In the PBL-off case, horseshoe vortices are also found upstream of the cooling hole
exit. Their structural sizes are smaller than those of the UBL case, and their structural sizes
also varied with time due to the pulsation of the cooling jet. Notably, instead of structurally
complete hairpin vortices, LSCSs are clearly observed, and these coherent structure groups
are intermittently distributed in the wake region, which may have resulted from the
periodic variations in the cooling jet-crossflow interaction, which is caused by the pulsation
of the cooling jet. In the case of a noticeable BR, the cooling jet-crossflow interaction
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strongly forms coherent structure groups; conversely (i.e., a reduced BR), a close position
of the cooling jet to the wall surface is expected. Moreover, the generation, development,
stretching distortion, and breakup of the coherent structure groups can be clearly observed
from t = t( to t = t7. The coherent structure groups persist downstream over a short distance
and happen to break up earlier, leading to a low film cooling efficiency in the wake region.

v - -
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Figure 18. The instantaneous Q iso-surface colored by temperature in the PBL-off case (Q = 5.0 x 105).

After applying the PAA (Figure 19), the structural sizes of the coherent structure
groups are greatly reduced, and the number of LSCSs in the groups is also reduced. These
variations may result from the PAA-generated downward force inhibiting the penetration
of the pulsed cooling jet into the cooling flow, thereby weakening the pulsed jet—crossflow
interaction. Moreover, the downward force causes the deflection of the pulsed cooling jet
toward the wall surface, leading to the closer position of coherent structure groups relative
to the wall surface. The intermittent coherent structure groups persist downstream over a
shorter distance and happen to break up earlier than those in the PBL-off case. In addition,
the turbulent vortices in the far-field region are smaller than those of the PBL-off case, thus
reducing the turbulent incorporation of the crossflow into the coolant.

Coherent structures are beneficial to determining temperature distributions, especially
in the flat plate, and the fluctuations in the DT, particularly in the hole centerline in a cycle,
are illustrated in Figures 20-22. The fluctuation in the centerline temperature (CT) around
the time-averaged values can be found in a cycle, while their distribution trends in the
streamwise direction are likely to remain unchanged. In the UBL case, the fluctuation
values of the CT are smaller than those of the other two cases because the un-pulsed film
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cooling has the same BR during a cycle. The small CT fluctuations are presumably caused
by the spatial-temporal evolutions of the coherent structures, which are intermittently
distributed in the wake region.

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Figure 19. The instantaneous Q iso-surface colored by temperature in the PBL-on case (Q = 5.0 x 10°).
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Figure 20. The variations in the DT on the hole centerline in the UBL case.
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Figure 21. The variations in the DT on the hole centerline in the PBL-off case.
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Figure 22. The variations in the DT on the hole centerline in the PBL-on case.

In the PBL-off case, the centerline DT varies regularly with time, and this is very
different from the UBL case. The positions of the minimum CT values significantly fluctuate
with time and may be located in the recirculation region where the reverse flow is fairly
complicated due to the pulsed cooling jet. As time goes by, the intermittent coherent
structure groups periodically approach downstream accompanied by the pulsed cooling jet
flow, thus leading to the organized alterations in the CT. At t = t;, the coherent structure
groups happen to break up at x/d = 6, followed by turbulent incorporation of the coolant
into the crossflow, which is remarkably enhanced, and a rapid increase in the CT. The last
coherent structure group is regularly and gradually extended downstream, the locations
of the minimal CT are accordingly altered downstream, and there is an increment in the
minimum CT due to the turbulent incorporation effect. In the far-field region, the CT is also
regularly altered with time as the small-scale turbulent vortices still propagate downstream
in an orderly manner.

In the PBL-on case, the centerline DT is significantly lower than that of the PBL-off case.
Clearly, the CT just downstream of the cooling hole remarkably fluctuates with time. This is
because the PAA may effectively terminate the reverse flow just downstream of the cooling
hole since the BR is low and the control effects of the PAA are reduced as the BR increases.
At x/d > 3, compared with the PBL-off case, the fluctuations in the CT are noticeably lower
because the PAA reduces the strength and size of the coherent structure groups.

Figure 23 shows the contours of the instantaneous DT in the y/d = 0.0 plane superim-
posed on the Q iso-surface, providing a new perspective on how the PAA affects the pulsed
film cooling temperature field. In the UBL case, downstream of the cooling hole, the heads
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of the hairpin vortices cause strong entrainments and then aggravate the mixing of the
coolant with the crossflow, thus resulting in billows at the interface of the cooling jet with
the crossflow. It is reasonable to infer that the hairpin vortex head has detrimental effects
on the film cooling performance. In the PBL-off case, the intermittent coherent structure
groups dramatically aggravate the mixing of the coolant with the crossflow, resulting in the
low-temperature regions outside of the wall surface. The low-temperature regions have
obvious intermittency due to the pulsed cooling jet. In the PBL-on case, the structural sizes
of the coherent structure groups are much smaller than those of the PBL-off case thanks to
the PAA. As a result, the low-temperature regions stay closer to the wall surface, and the
intermittency of the low-temperature regions is weakened.

PBL-off

0 , /

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Figure 23. The contours of the instantaneous temperature in the z/d = 0.0 plane.

In order to deepen our comprehension of the jet—crossflow interactions, the three-
dimensional streamlines are drawn in Figure 24. As can be seen from the purple streamlines,
a horseshoe vortex forms upstream of the cooling hole exit. In the UBL case, the purple
streamlines wrap around the cooling jet, flow into the recirculation region, exacerbate the
turbulent mixing, and then eventually intertwine with the red streamlines and contribute
to the development of the CRVP. While approaching downstream, the purple streamlines
and the red streamlines gradually shift away from the wall together, accompanied by the
cooling jet flow. In the PBL-off case, the purple streamlines have larger heights upstream of
the cooling hole exit due to the higher instantaneous BR, meaning that the horseshoe vortex
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has higher strength. The majority of the purple streamlines flow directly downstream,
and some of the purple streamlines intertwine with the red streamlines. Moreover, just
downstream of the cooling hole exit, the red streamlines stay closer to the wall surface since
the BR is low at this moment. Then, the red streamlines rapidly move away from the wall
surface due to the coherent structure group. In the PBL-on case, the purple streamlines shift
downstream, indicating that a horseshoe vortex formed slightly further downstream. This
may have resulted from the PAA-generated downward force that may push the cooling jet
closer to the wall surface, thereby attenuating the pressure gradient upstream of the cooling
hole. Downstream of the cooling hole, the red streamlines and the purple streamlines are
closer to the wall surface, indicating that the PAA weakens the lift-off effects of the CRVP.

Figure 24. Interaction of the upstream flow with the jet and the crossflow at the same moment.

6. Conclusions

LESs of pulsed film cooling without and with the PAA were established to uncover the
underlying control mechanisms. The time-averaged film cooling flow fields were studied
qualitatively and quantitatively. Then, the spatial-temporal evolutions of the coherent
structures were analyzed to figure out the influences more comprehensively. The main
conclusions can be summarized as follows:

(1) The coolant pulsation might cause a slight reduction in the film cooling efficiency
as the averaged pulsation BR was 1.0, while the PAA could effectively improve the
pulsed film cooling efficiency and it would be superior to steady-state film cooling;

(2) The pulsed cooling jet can penetrate more deeply than steady-state film cooling in the
near-hole region. Thus, the jet—crossflow interactions produced a large-scale CRVP,
promoting the turbulent integration. Because of the downward force generated by the
PAA, the penetration depth of the pulsed cooling jet was greatly reduced, which could
be attributable to the downward force. The detrimental lift-off effect and entrainment
of the CRVP were weakened.

(3) Rather than hairpin vortices, intermittent coherent structure groups formed in the
pulsed film cooling, and these groups also had upcast behavior and moved away
from the wall surface while evolving downstream, thereby aggravating the turbulent
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integration of the coolant with the crossflow. The coherent structure groups were
reduced in size and strength owing to the PAA, and their upcast behavior was attenu-
ated; thus, the turbulent integration was suppressed and the film cooling efficiency
was enhanced.

(4) The three-dimensional streamlines also confirmed that the PAA could effectively con-
trol the unsteady dynamic behavior of the LSCSs. The height of the three-dimensional
streamlines was significantly reduced, indicating that the pulsed cooling jet flow was
positioned close to the wall surface owing to the PAA.

(5) Operating with an AC voltage of V(t) = Vinax X sin(2ft), where Vipax = 8 kV and
f =6kHz, the PAA demonstrated compelling results. Importantly, the power supply
characteristics (a high frequency of 6.0 kHz and a high voltage of 8.0 kVpp) translated
into an estimated EHD force of about 2 MN/m3. Remarkably, the power consumption
of the plasma actuator remained minimal, at approximately 0.75 watts.
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Nomenclature
E electric field intensity (V/m) Greek symbols
E, breakdown electric field intensity (V/m) 1Y gas density (kg/ m°)
Eo electric field intensity at the tip (V/m) A wavelength of plasma actuator (m)
Es electric field intensity at serrated edge (V/m) o intersection angle of actuator (°)
Vo peak AC voltage (V) B angle of plasma force at the tip (°)
l space between the two electrodes (m) i film cooling efficiency (-)
Ia distance from the root (m) 4 collision efficiency (-)
f pulsation frequency (Hz) ) thickness of boundary layer (m)
e elementary charge (C) v kinematic viscosity (m?/s)
At space of time (s) Vsgs  eddy viscosity (m?/s)
a height of plasma region (m) 4 applied voltage frequency (Hz)
b length of plasma region (m) Subscripts
k constants in plasma model (-) aw adiabatic wall
d diameter of film-cooling hole (m) o0 crossflow
X,y,z  cartesian coordinates (m) C jet flow
u,v,w velocity component index (m/s) lat lateral-averaged cooling efficiency
T local fluid temperature (K) p plasma actuation in a cycle
t time (s)

ki, ky  constants in plasma model (-)
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