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ABSTRACT

Advanced cooling techniques are essential in modern gas turbines to improve the efficiency of the
Brayton cycle by raising the turbine inlet temperature. Mist-assisted film cooling offers an innovative
solution for cooling high-temperature gas turbine blades. When mist particles with various momenta
are injected through the cooling holes, the interplay between mainstream turbulence intensity (Tu)
and mist momentum plays a crucial role in mist-assisted film cooling under high Tu conditions.
Hence, this numerical study investigates the relationship between mainstream Tu and mist charac-
teristics for the first time, considering the blowing ratio and mist diameter as controlling parameters.
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Film effectiveness and particle distribution statistics are analysed to understand their correlation. The
results demonstrate that mist-assisted film effectiveness follows the trend of air-only film cooling
with varying blowing ratios and Tu; however, the magnitude is amplified. The influence of the mist
diameter on film effectiveness is determined by the surface-area-to-volume ratio and Stokes num-
ber. These factors impact the sensitivity of particles to Tu and subsequently affect film effectiveness.
This study provides a novel quantitative analysis of the combined effect of mainstream Tu and mist
on film cooling effectiveness, revealing the correlation between mist and mainstream parameters.

Highlights

Combined effect of mainstream turbulence intensity (Tu) and mist characteristics is investigated.
High mainstream Tu significantly increases the cooling enhancement induced by mist.
Mist-assisted film cooling exhibits similar trends to varying mainstream Tu and blowing ratio.
Mist diameter significantly influences the response to Tu, governed by surface-area-to-volume
ratio and Stokes number.

e Small particles demonstrate the highest cooling effectiveness and variation by Tu.

Nomenclature Sh Sherwood number

k
D hole diameter (mm) Stk Stokes number

s T temperature  (K)
dp mist diameter (pum) . . .
. ; Tu mainstream turbulence intensity
DR density ratio .
u, U flow velocity (m/s)
F force (N) 1 ) . .
. y dimensionless wall distance
I momentum flux ratio
L hole length (mm)
m mass flow rate  (kg/s)
M blowing ratio Greek symbols
Nu Nusselt number n film cooling effectiveness
P pressure (Pa) . .
i 7 6 dimensionless temperature
RH relative humidity . 3
] 0 density (kg/m>)

SA:V surface-area-to-volume ratio
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Subscripts

aw adiabatic wall

c coolant
particle

wb wet bulb

o0 mainstream

Introduction

The modern gas turbine industry requires an increas-
ing turbine inlet temperature (TIT) to achieve a higher
Brayton cycle efficiency. Hence, schemes for vane/rotor
cooling have become increasingly important. Film cool-
ing is a cooling method in which a cooling air film is
injected on the vane/rotor surface to protect the mate-
rial from damage by hot gas. In addition, film coverage
and length, which are affected by various factors (e.g. hole
geometry, mass and momentum fluxes, velocity, and den-
sity ratio), are crucial and have been studied by numerous
researchers.

Sinha et al. (1991) experimentally investigated the
effect of the mainstream-to-coolant density ratio on
film effectiveness with a cylindrical hole inclined at 35°.
Under fixed blowing, velocity, and momentum ratios, the
results indicated that film effectiveness increased with
the density ratio. They concluded that a coolant with
a higher density ratio had a lower momentum ratio at
a constant mass flux, thereby reducing the lift-off reat-
tachment phenomenon and enhancing lateral spreading.
Schmidt et al. (1996) investigated the effects of a com-
pound angle in the cooling hole. Using simple cylindri-
cal and forward-expansion holes, the spanwise-averaged
effectiveness was increased by the addition of a com-
pound angle. The authors concluded that the compound
angle led to higher film effectiveness for a wider range
of momentum flux ratios. Liu et al. (2023) proposed a
method to distinguish the effects of internal, bore, and
film cooling by numerically decoupling the effects. They
observed a shift in the dominant cooling factor from
film cooling to bore/internal cooling with an increase
in the blowing ratio. In a study of supersonic film cool-
ing, Wei et al. (2023) investigated the effects of combus-
tion on near-wall turbulence in supersonic hydrogen film
cooling using large eddy simulation (LES). Their find-
ings revealed that the boundary layer combustion sup-
pressed the turbulent heat and mass transfer compared
to momentum transfer.

Research associated with actual gas turbine blade cool-
ing has also been conducted. Liu et al. (2021) analysed
the flow characteristics of a pre-swirl system in a cooling
air delivery channel and discovered a correlation between
the mass flow rate and entropy increment. Wang et al.

(2022) conducted a comprehensive study on the opti-
misation of guide vane film cooling with full-coverage
analysis. By considering factors such as hole shape and
film superposition, they achieved an optimised configu-
ration that led to a shifted coolant mass flow distribution
from the leading edge/pressure side to the suction side
and an improved discharge coefficient.

In addition to the coolant configuration, mainstream
conditions play an important role in film cooling. The
effect of mainstream oscillations on film cooling was
investigated computationally by Baek and Yavuzkurt
(2018). The authors used sinusoidal mainstream velocity
in the Reynolds-averaged Navier - Stokes (RANS) sim-
ulation and LES to investigate the effects of combustion
instability. Their observations revealed that the effects of
the oscillation were opposite at low and high blowing
ratios. They concluded that this contrasting trend was
due to the jet lift-off and coolant flapping. Zhou et al.
(2018) experimentally investigated the effect of main-
stream oscillations. According to their proper orthogo-
nal decomposition analysis results, when the mainstream
oscillation frequency increased, the contribution of the
large-scale coherent structure decreased owing to dissi-
pation. Abadi et al. (2020) conducted experimental and
numerical investigations on the effect of mainstream pul-
sation on the film cooling effectiveness of the NASA C3X
blade. They found that the lowest pulsating frequency
resulted in the lowest averaged film effectiveness and that
mainstream pulsation caused variations in the size and
strength of the counter-rotating vortex pairs (CRVPs).

In particular, the mainstream turbulence intensity
(often referred to as Tu) is an important mainstream
condition that affects film cooling effectiveness. The tur-
bulence intensity at the turbine inlet can vary by up to
20%, which is affected by the combustor geometry (Bicen
& Jones, 1986). Many studies have been conducted to
reveal the effect of a high mainstream Tu on film cooling
effectiveness. Bons et al. (1996) experimentally analysed
the mainstream Tu effect on the film cooling performance
at a Tu level of 0.9-17% with cylindrical holes. They
concluded that although the mainstream Tu has a sig-
nificant effect on film effectiveness, this tendency is not
consistent throughout the range of blowing ratio (i.e. the
trend reverses at some point). In addition, Kohli and Bog-
ard (1998) investigated the jet-mainstream interaction by
varying mainstream Tu by up to 20%. Moreover, prob-
ability density functions of the dimensionless tempera-
ture results revealed the mechanism of mainstream-jet
mixing at different Tu levels. Based on their observa-
tions, the dominant factor for mixing at a low Tu level
was the shear layer between the mainstream and coolant
jets, whereas those at high Tu levels were large turbu-
lence structures and mainstream thrust through the core.



These results demonstrated the effect of the mainstream
Tu on coolant mixing. Two main effects of mainstream
Tu were revealed, namely lateral dispersion and dissi-
pation of the coolant (Bons et al.,, 1996; Kohli & Bog-
ard, 1998); moreover, Saumweber et al. (2003) reaffirmed
these effects by comparing different types of holes. The
cylindrical hole results showed that a higher mainstream
Tu was beneficial at a higher blowing ratio because the
coolant jet was reattached by Tu, although the dissipa-
tion was also higher. However, in the case of shaped holes,
the jet was not detached and the lateral coverage was
already good. Thus, a higher Tu only exhibited a detri-
mental effect owing to dissipation. The effects of lateral
dispersion and dissipation were clearly distinguishable in
their study. Schroeder and Thole (2016) investigated the
effects of mainstream Tu at different blowing ratios. They
reported that the mainstream Tu was not always detri-
mental to shaped holes when the blowing ratio was suf-
ficiently high (M = 3.0). They also found that the main
source of the coolant turbulent intensity changes from the
internal disturbance of the hole to the coolant jet wake
region when lift-off occurs. Film cooling on a convex 3-D
blade geometry showed the same reaction under Tu con-
ditions, as reported in a computational study by Baheri
Islami and Jubran (2012). Although the utilised geome-
try had trenched holes, mainstream Tu was advantageous
when jet lift-off occurred. They reported that the sensitiv-
ity of effectiveness to the mainstream differed depending
on the hole geometry.

As the TIT further increased in recent years, many
novel film cooling hole designs were suggested; however,
air film cooling slowly reached its potential limit. Sub-
sequently, mist film cooling, a novel cooling scheme to
improve cooling performance, was introduced by Li and
Wang (2006). By computationally simulating flat-plate
film cooling with mist injection, the results indicated that
the film effectiveness was enhanced by up to 50% by
adding a small fraction of mist (~ 2% of coolant mass
flow rate). Subsequently, the same authors (Li & Wang,
2007) investigated the effects of mist particle modelling
schemes on simulation results, including sub-models,
such as the Saffman lift, as well as thermophoretic and
Brownian forces. As the mist evaporation rate changes
under elevated conditions, Wang and Li (2008) simulated
mist film cooling at much higher temperatures, pressures,
and velocities. Rao et al. (2018) performed 2-D numerical
simulations to examine the effects of mist diameter, mist
mass fraction, and the relative humidity of the coolant.
They reported an increase in film effectiveness with a
larger mist mass fraction and higher relative humidity,
and a decrease with a larger mist diameter. Dwivedi and
Sarkar (2023) also conducted numerical simulations of
mist-assisted film cooling to examine the effects of mist
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concentration and diameter. Their study demonstrated a
relationship between the mist particle distribution and
flow structures, such as the CRVP. Abdelmaksoud and
Wang (2020) conducted a conjugate heat transfer sim-
ulation of mist film cooling in a 3-D gas turbine blade.
They injected mist at the entrance of the internal cooling
passage of the blade and compared the cooling perfor-
mance under different mist/air ratios and mist diameters.
Their findings showed that increasing the mist diameter
beyond a certain limit resulted in a decrease in cooling
effectiveness induced by mist. Zhao and Wang (2014a)
conducted experiments on mist-assisted film cooling and
compared the film effectiveness of air-only and mist-
assisted film cooling. They reported that the overall pat-
tern of film cooling was similar in both cases, indicating
that the knowledge gained from air film cooling remains
applicable to mist-assisted film cooling. In their subse-
quent analysis on the particle dynamics of this system
(Zhao & Wang, 2014b), some intriguing behaviours of
droplets with varying sizes were reported; the droplet size
population density exhibited a skew in the upward direc-
tion. This tendency was attributed to the inertia of mist
particles. Pabbisetty and Prasad (2021) conducted sim-
ilar experiments to investigate the effect of the blowing
ratio in mist-assisted film cooling. Consistent with air
film cooling, the choice of blowing ratio is essential to
maximise the advantages of mist injection.

As mentioned earlier, mist particle motion after injec-
tion is in 3-D space and involves both vertical and lat-
eral movements that can affect the coverage and over-
all efficiency of the film. Moreover, the mainstream Tu
reportedly changes the vertical and lateral motions of
the injectant. Dwivedi and Sarkar (2022) investigated the
effect of mainstream Tu on mist-assisted film cooling
using a constant mist diameter of 10 um. They found
that a higher Tu enhances the spanwise distribution of the
mist particles, resulting in an improved film effectiveness.
However, since realistic mist injection involves a wide
range of diameters and velocities (Pabbisetty & Prasad,
2021; Zhao & Wang, 2014b), particles with significantly
different momenta react differently to the mainstream Tu.
Therefore, a comprehensive understanding of how vari-
ous mist particles respond to mainstream Tu is crucial,
as it strongly affects the lifespan and coverage of the film
layer, as reported in the aforementioned studies. How-
ever, to the best of the authors’ knowledge, no studies
have addressed the combined effect of the mist and air
film cooling parameters.

In this study, numerical simulations are conducted
to investigate the interactions between mainstream Tu
and parameters influencing mist momentum. The sim-
ulations utilise a simple flat-plate film cooling geometry
with inclined cylindrical holes. The blowing ratio (M)
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Figure 1. Computational domain, dimensions, and boundary
conditions. The main simulation domain is depicted by the solid
blackline. The 14D region preceding the inlet was simulated sepa-
rately and used as the inlet condition for the main simulation. The
shaded regions in blue, red, and yellow represent the inlet, outlet,
and symmetric boundary conditions, respectively.

and mist diameter (d,) are chosen as the mist parameters
to vary and explore the characteristics of the mist. Each
parameter is tested under low (0.1%) and very high (20%)
Tu conditions. To quantitatively assess the response of
the particles to Tu, statistical data is provided with its
corresponding impact on the film cooling effectiveness.
The findings of this study offer valuable insights applica-
ble to the utilisation of mist in diverse turbine operating
conditions.

Materials and methods
Geometry and meshing

The simple cylindrical hole and flat plate geometry used
in this study were based on the experimental setup from
Pietrzyk et al. (1990), as shown in Figure 1. The hole had
a diameter of 12.7 mm with an inclination angle of 35°
and a plenum underneath. The length-to-diameter ratio
(L/D) of the hole was 3.5. The computational domain for
the mainstream had a length, width, and height of 41.7D,
3D, and 6D, respectively.

In the original experiment rig (Pietrzyk et al., 1990),
the distance between the mainstream inlet and the lead-
ing edge of the hole was 19D. However, because flow
simulations coupled with 3-D particle simulations are
computationally intensive, the inlet distance was reduced
to 5D in this study, and separate simulations were con-
ducted for the inlet boundary layer growth and used as
conditions for the profiled inlet in the main simulation
cases. This approach for the inlet boundary layer was also
used in previous studies (Ahn, 2022; Leedom & Acharya,
2008). The coordinate origin was set as the centre of the
trailing edge of the hole. The geometric details of the
computational domain are shown in Figure 1.

The computational grid presented in Figure 2 was gen-
erated using ICEM CFD software (Ansys, Inc.; Canons-
burg, PA, USA). A previous study by Yavuzkurt and
Habte (2008) highlighted the significance of employing
an appropriate mesh type to achieve accurate predictions
of film effectiveness. Specifically, it has been established
that a single hexahedral mesh aligned with the flow pat-
tern enhances the precision of film effectiveness predic-
tions. Thus, this study employed a structured hexahedral
mesh.

To accurately capture the complex flow phenomena
of an inclined jet in a crossflow, a high-density mesh
was used for the hole and near-hole regions (X/D < 5).
The computational domain contained 180, 40, and 60
cells in the X, Y, and Z directions, respectively. The
near-wall grid was designed to maintain a dimensionless
wall distance y between one and two along the down-
stream region of the coolant hole. As flow becomes less
complex downstream and has a reduced impact on film
effectiveness, the grid density gradually decreased in the
downstream direction.

To select the optimal number of elements while con-
sidering grid convergence, the results of centreline film
cooling effectiveness were compared for four grid densi-
ties. The number of elements used for the grid sensitivity
test varied from 0.20-1.37 million. In Figure 3, the results
of the grid sensitivity test are presented based on the cen-
treline film effectiveness. By varying the number of nodes
in the X, Y, and Z directions, the centreline film effec-
tiveness results gradually converged as the grid density
increased. The maximum percentage gap between the
2nd - 3™ and 3™ - 4™ grids was below 0.4%. Therefore,
the 3" grid, which consisted of 0.75 million elements,
was selected.

Additionally, to ensure the grid independence of evap-
orating species, the H,O mass fraction data along the
streamline at different grid densities are compared in
Figure 4. Similarly to the centreline film effectiveness, the
difference in H,O mass fraction values between the 24
and 3" grids was insignificant, whereas there were signif-
icant differences between the 1% and 2"¢ grids. This can
be attributed to the inadequate prediction of fluid flow
and coarser integration of particle trajectories. There-
fore, it was concluded that the selected grid in this study
demonstrates sufficient grid independence.

The air-only (dry) results obtained from the selected
grid were validated against those of previous studies
(Harrison & Bogard, 2008; Sinha et al, 1991) (see
Figure 5 (a)). To ensure accurate calculation of the con-
tinuous flow field, both the centreline and spanwise-
averaged film effectiveness were compared. Under well-
matched conditions with density ratio (DR) = 1.2 and
M = 0.78, the computational results of this study align
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Figure 2. Generated hexahedral grid with magnified view: (a) YZ-plane view, (b) XY-plane view, (c) near-hole region, (d) hole cutaway.

1
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r —0.47M grid
I —0.75M grid
0.8 —1.37M grid

Centreline Film Effectiveness
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Figure 3. Centreline film effectiveness results calculated from
four grid densities with M = 0.78, DR = 1.3, and dry conditions.

closely with the experimental result from Sinha et al.
(1991).

The maximum and minimum errors between the
experimental and numerical results were 89.3% and
28.6%, respectively. This discrepancy between the exper-
imental and numerical data can be attributed to several
factors. First, the experimental rig in the Sinha et al.
(1991) study had a shorter hole length (L/D = 1.75) than
that used in the current study, which led to stronger lift-
off at the near-hole region. Second, RANS simulations
have inherent limitations when predicting film cooling
effectiveness. Previous studies (Bianchini et al., 2013;

0.06
—0.20M grid
—0.47M grid

005 | ~——0.75M grid

H,O Mass Fraction
o o o
S & §

o

o

=
T

0 L 1 " 1 I 1 L 1 L
-10 0 10 20 30 40
XID

Figure 4. Variations in H,O mass fraction along the streamline
with different grid densities.

Baek & Yavuzkurt, 2018; Ahn, 2022) reported the limi-
tations of RANS when predicting anisotropic turbulence
and coolant-mainstream mixing.

However, due to the cost-effectiveness and robustness
of RANS methods, they are widely used in film cooling
research and provide reliable results. Furthermore, the
numerical results of this study demonstrate a closer align-
ment to experimental data than to the previous numerical
results by Harrison and Bogard (2008). Therefore, the
numerical method was judged to be valid.

Additionally, the mist-injected results were compared
with an experimental study conducted by Zhao and Wang
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(a)

L ——Dry - CFD, Present Study
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O Dry - Exp., Zhao and Wang
0.8 + - - -Mist - CFD, Present Study (7.14% Mist)

A Mist - Exp., Zhao and Wang (7.14% Mist)

Centreline Film Effectiveness

0 5 10 15 20 25 30
X/D
(b)

Figure 5. (a). Comparison of simulation results with experi-
mental (Exp) and simulation results from previous studies: 1.
Exp: Sinha et al. (1991), DR = 1.2, M = 0.78; 2. Computational
fluid dynamics (CFD): Harrison and Bogard (2008), DR = 1.5,
M = 1.0. (b). Comparison of centreline film effectiveness results
with experimental studies (Sinha et al., 1991; Zhao & Wang,
2014a) for mist-injected cases. The comparisons were conducted
under M = 0.6 conditions with coolant-mist mass fractions set to
Mp /e = 7.14%.

(2014a) to validate the numerical method for mist mod-
elling. In Figure 5 (b), centreline film effectiveness results
are compared under M = 0.6 conditions. The dry results
exhibited good agreement with experimental data, as
did the M = 0.78 cases. Furthermore, the mist-injected
results also closely aligned with the experimental data
from Zhao and Wang (2014a). Based on the results shown
in Figures 5 (a) and (b), we conclude that the numerical
method employed in this study is valid.

15
b —Tu=0.1%
| ===Tu=20%
1}
g.. -
>= L
05
0

00 02 04 06 08 1.0 1.2
U/,

Figure 6. Velocity profile (along the vertical axis) assigned as the
inlet boundary conditions.

Boundary conditions

The boundary conditions used in this study are listed in
Table 1. As mentioned in the previous section, the inlet
distance was shortened because of the computational
intensity of the particle simulation. Hence, the velocity
profile was extracted from a separate simulation with the
same grid density and wall y* value, and then assigned
as the velocity profile condition at the mainstream inlet.
The assigned velocity profiles are presented in Figure 6.
The velocity input for the separate simulation was uni-
form at a mainstream flow velocity of Uso = 20 m/s. As
the main target of this study is to investigate the effect
of mainstream turbulence, turbulence intensities of 0.1%
and 20% for low and high conditions were applied to
the mainstream inlet, respectively. The plenum inlet was
set as the mass flow inlet condition to easily calculate
and match the blowing ratio. To include the evapora-
tion and heat absorption effect of the mist, the DR was
setas 1.3 (mainstream temperature T, = 400 K, coolant
temperature T, = 300 K). The outlet conditions were set
as the pressure outlet with an atmospheric pressure of
P = 101,325 Pa. Periodic conditions were set on the sides
of the domain (the main flow and plenum). The walls
(the top of the plenum, hole, and bottom wall) were set
as adiabatic no-slip conditions.

In addition, the mist injection configuration is dis-
cussed. The injection point was located 1D below the
centre of the plenum exit (hole). Mist particles were
injected into a cone shape with a cone angle of 10° at a
velocity of 5m/s, which is slow compared with that of
the airflow toward the plenum exit. The mist tempera-
ture was T, = 300K, and the mass flow rate was set as



Table 1. Boundary conditions used in the numerical simulations.

Boundary Assigned Condition

Mainstream Inlet

Coolant Inlet

Outlet

Sides (Mainstream, Plenum)
Hole, Top of Plenum, Test Plate

Velocity Inlet (profiled velocity)
Mass Flow Inlet
Pressure Outlet

Periodic
Adiabatic No-Slip Wall

10% of the coolant mass flow rate. While mist injection in
actual applications typically exhibits a nonuniform diam-
eter distribution, for the purpose of isolating the effect,
the simulated mist particles in this study were injected
with a uniform diameter. The corresponding range was
5-20 pm.

Numerical model

Numerical simulations were conducted using the com-
mercial computational fluid dynamics software, FLU-
ENT 2021 (Ansys, Inc.). FLUENT provides multiphase
modelling using the Eulerian - Lagrangian point-particle
method (also called DPM). In this study, injected mist
particles were modelled using the DPM. To ensure suf-
ficiently converged solutions, iterations were performed
until the residuals decreased to 10~ for mass and 10-
—6 for momentum, energy, k, €, and species. Addition-
ally, scalars such as wall temperature, mist-penetration
length, and H,O mass fraction at the outlet were mon-
itored to verify the steady-state condition of the solution.
The governing equations for each phase are presented
next.

Continuous phase

The continuous phase was solved using RANS equa-
tions. As the discrete particle simulation interacts with
the continuous phase, source terms are added to the mass,
momentum, and energy equations Equations (1-3).

0

g(ﬁui) =Sm (1)
1

b 9P _—

gzummﬂ=pg—5£+7§#q—pwwy+ﬂ (2)

e 9 ( 9T o

B_xi('ocpuiT) =om Kom pepiT" ) + u® + Sy

3)

Sm> Fj, and Sy are the source terms from the liquid -
phase interaction, which represent the mass, momen-
tum (mainly drag), and latent heat source, respectively.
In addition, the following species equation was solved to
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consider the evaporation of water droplets.

O 0w = 2 (oD 9 ) 45, (@
LI ) G o
0X; pUL 0X; Pl 0x;

where Cj, Deg j, and S represent the mass fraction, effec-
tive diffusion coeflicient, and source term, respectively, of
species j.

Turbulence was modelled using the k-e model, which
has shown good agreement with film cooling experi-
mental data and been widely used in previous studies
(Harrison & Bogard, 2007; Hassan & Yavuzkurt, 2006;
Johnson et al., 2011). In particular, the realisable k-¢
model is reportedly better at predicting the dispersion of
the coolant jet than other models (Hassan & Yavuzkurt,
2006). Therefore, the realisable k-€ model with enhanced
wall treatment was used in this study.

Discrete phase

In this study, the volume fraction of the liquid phase
was negligible (0.01%). Hence, the Eulerian - Lagrangian
approach was suitable for multiphase modelling. The
Eulerian - Lagrangian method solves the continuous
phase using the Eulerian approach and calculates the
particle trajectory using the Lagrangian approach. The
flow variables stored in each computational cell are used
for calculating the particle trajectory (ANSYS, 2021). In
addition, a two-way coupled calculation allows the con-
tinuous and dispersed phases to affect each other (i.e. heat
absorption and mass exchange by evaporation). Equa-
tions (5) and (6) represent the particle motion balance
and particle relaxation time formulations, respectively.

du u—u g(pp —p) =
p p 8pop —p
e P SV E G5
my— = = mp - + m, p” + (5)
ppds 24
1, =P (6)
18u C4Rep

The drag force, which is caused by the difference in
velocity between the particle and the surrounding gas, is
the primary driving force for the particle. Gravitational
and buoyancy forces are also considered. In Equation
(5), E represents an additional force term that accounts
for forces such as thermophoresis, Brownian motion,
Saffman lift, and Magnus lift. In this study, only the ther-
mophoretic force was included, in reference to a previous
study (Li & Wang, 2007) on the modelling schemes of
mist film cooling simulations.

Energy balance was also considered in the heat trans-
fer calculation. Equations (7) and (8) represent the par-
ticle energy balance and Nusselt number correlation,
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respectively.

dm
Py ” (7)

T
28 dt

dr,
mPde—tp = hAp(Too —

In(1+ B 1 hd
U= u 2+ 0.6ReI§ Pr% =2 (8)
BT K
1 Sh v
Br =1+ Byt M 9 —1 (9a)
Yis - Yioo
B, = ———"— 9b
m -1, (9b)

Equation (7) represents the energy balance of a par-
ticle, considering convection and evaporation effects,
where ¢, denotes the specific heat of the droplet and hy,
denotes the latent heat of vaporisation. FLUENT calcu-
lates the convective heat transfer coefficient h in Equation
(7) from the Nusselt number relationship in Equation
(8), as reported by Sazhin (2006). In Equation (8), Br
is the Spalding heat transfer number, which is calculated
using the Spalding mass number (By,; see Equation (9)).
Note that ¢y, and ¢y, are the mean specific heats of water
vapour and gas, respectively, and Y; is the vapour mass
fraction. The radiation of particles was neglected in this
study because the temperature was not extremely high.

Equation (10) expresses the mass transfer between
the bulk flow and water droplet. Furthermore, k. in
Equation (10) is the mass transfer coefficient of the
droplet obtained from the Sherwood number correlation
in Equation (11) (Ranz, 1952).

dmp

— = kedppIn(1+ By) (10)
k.d

Shap = CDP = 2.0 + 0.6Re}/*sc!/? (11)

More detailed information regarding the drop heat and
mass transfer laws is available in (ANSYS, 2021).

Mist film effectiveness

Due to the evaporation of the injected mist, the tem-
perature drops below the initial coolant temperature
(300K). Therefore, the near-hole region film effective-
ness is greater than unity. To correct this, previous studies
(Pabbisetty & Prasad, 2021; Rao et al., 2018) introduced a
mist film effectiveness that regards the relative humidity
of the coolant. In contrast to the conventional film effec-
tiveness in Equation (12), the mist film effectiveness uses
the wet-bulb temperature T)p.

Too — T,
n = ———, (12)
Too — T,
Too - Tuw
st = —————————, 13
Nmist Too — Tc,Wb ( )

where the subscripts co, aw, ¢, and wb indicate main-
stream, adiabatic wall, coolant, and wet bulb, respectively.
To include the evaporation effect, the temperature (T)
and relative humidity (RH) of the coolant were used to
calculate its wet-bulb temperature using the empirical
formula in Equation (14), as reported by Stull (2011).

Ty = Ttan"'[0.151977(RH% + 8.313659)'/2]
+ tan~ (T + RH%)
— tan"'(RH% — 1.676331) + 0.00391838
x (RH%)**tan""(0.023101RH%)
— 4.686035 (14)

Equation (14) was derived using linear regression from
the psychrometric diagram for standard sea-level pres-
sure; thus, it is only valid for air at approximately 101.325
kPa. The air pressure in this study was close to this value,
validating the use of Equation (14). Note that T, of the
dry coolant at 300 K was 282 K. To conclude, the film
effectiveness obtained in this study uses the aforemen-
tioned definition of mist film effectiveness.

Results and discussion

Table 2 lists the parameter space used in this study. The
key parameters are the mist diameter, mainstream Tu,
and blowing ratio (M). The blowing ratio can be calcu-
lated using the following expression:

Pclc

[o.ohgiee]
2
u
[ = 'OC_; (16)
PoolUg

The other parameters are identical for all cases (see
Boundary Conditions). In the case of cylindrical hole
film cooling, the momentum flux ratio (I) effectively
scales the film cooling performance under various condi-
tions (Burd & Simon, 1997). The momentum flux ratio is
defined by Equation (16), and its values for the M = 0.25
and 0.78 cases are 0.048 and 0.468, respectively. This
value can be used to relate and match film cooling condi-
tions to any scenario.

Overall, mist-assisted film cooling results in signif-
icantly higher film effectiveness than dry film cooling.
This improvement can be attributed to three mecha-
nisms: (1) latent heat of vaporisation acting as a ‘heat
sink;” (2) direct contact cooling at the wall; and (3) water
vapour forming a high specific heat (cp) layer (Li &
Wang, 2006; Wang & Li, 2008; Zhao & Wang, 2014a).
Furthermore, these effects are influenced by mainstream
turbulence and are described later in this section.



Table 2. Parameter space of this study. Note that the case ID
includes the important parameters: diameter, mainstream Tu, and
blowing ratio.

Mainstream
turbulence
Blowing Momentum Mist diameter, intensity, Tu
ratio, M ratio, / dp (um) (%) Case ID
0.25 0.048 Dry 0.1 DryTOOM25
Dry 20 DryT20M25
5 0.1 DO5TO0M25
5 20 D0O5T20M25
0.78 0.468 Dry 0.1 DryTOOM78
Dry 20 DryT20M78
5 0.1 DO5TOOM78
5 20 D0O5T20M78
10 0.1 D10TOOM78
10 20 D10T20M78
15 0.1 D15TO0OM78
15 20 D15T20M78
20 0.1 D20TOOM78
20 20 D20T20M78

Comparison of 2-D and 3-D mist film cooling

Prior to the main analysis, the difference between 2-D
and 3-D film cooling was investigated. The 2-D compu-
tational domain was identical to the projection of the 3-D
domain. The dimensionless temperature distributions for
the 2-D and 3-D cases are shown in Figure 7. As previ-
ously mentioned, 2-D slot film cooling results in a higher
film effectiveness than 3-D discrete film holes. This is due
to the absence of a 3-D secondary flow, which results in
mixing between the coolant and mainstream (Wang &

DryT20M78 (2-D)

(@)

Y/D
oanw
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Li, 2008). Comparing Figures 7 (a) and (c), the 2-D film
cooling shows neither jet lift-oft nor entrainment of the
mainstream. Because the dimensionless temperature ()
is already sufficiently high in the 2-D dry case, the mist
injection in the 2-D case does not have a significant dif-
ference. Furthermore, the mist particle distributions are
different between the 2-D and 3-D cases. As shown in
Figure 8, the particles in the 2-D case are lifted after the
injection and then remain floating on the surface. How-
ever, the particles in the 3-D case quickly return to the
surface after injection, which was described as ‘bending
back’ by Zhao and Wang (2014b). This is because the
CRVP of the coolant drags the mist down to the wall
(Dwivedi & Sarkar, 2023), which is not present in the 2-
D cases. Consequently, the test plate (bottom wall) is not
sufficiently cooled by the mist in the 2-D cases. These
results are also reflected in the centreline film effective-
ness plots shown in Figure 9. The 2-D cases (dashed
lines) show no difference, whereas the 3-D cases show a
significant difference owing to mist injection. Therefore,
the 3-D analysis of mist film cooling is more appropri-
ate for analysing the effects of 3-D flow characteristics
that might affect the mist distribution and its cooling
enhancement. Furthermore, the mainstream Tu greatly
influences the lateral dispersion of the injectant. There-
fore, a 3-D analysis of mist-assisted film cooling may lead
to a more realistic understanding of mist film cooling
with a high mainstream Tu.

(b)

Y/D
o =N W

M o

(c)

Y/D
ocC=MNw

cooocoooo00
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Figure 7. Comparison of mid-section (Z/D = 0) dimensionless temperature (0): (a) 2-D, air only; (b) 2-D, d, = 10 um; (c) 3-D, air only;

(d)3-D,dp = 10 um.
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Figure 8. Comparison of the mist particle distribution of 2-D and 3-D cases. Note that the dots in the figure neither match the actual size

nor are scaled to the diameter.
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Figure 9. Centreline film effectiveness results of dry and mist film
cooling for the 2-D and 3-D cases.

Effect of blowing ratio (M)

In this section, the combined effect of the mainstream
turbulence intensity and blowing ratio on mist-assisted
film cooling is discussed, focusing on the coolant and
mist particle behaviour. To isolate this effect, the other
parameters, such as mist diameter and mist concentra-
tion, were fixed. Specifically, the mist concentration was
fixed at 10% of the coolant mass flow rate and the mist
diameter was fixed at 5 um. Table 3 provides an overview
of the parameter space and case IDs used to investigate
the turbulence effect.

Figure 10 provides a comprehensive outlook of mist-
assisted film cooling at various blowing ratios, depicted
through particle distribution and dimensionless temper-
ature (0) contours at X/D cut planes. The blowing ratio

Table 3. Parameter space and case IDs used to investigate the
combined effect of mainstream turbulence intensity (Tu) and
blowing ratio (M).

Tu=0.1% Tu = 20%
Dry Mist Dry Mist
M =025 DryTOOM25 DO5TOOM25 DryT20M25 D05T20M25
M =078 DryTOOM78 D0O5TOOM78 DryT20M25 D05T20M78

variation results in significant changes in coolant injec-
tion momentum. Moreover, the momentum of mist par-
ticles is strongly affected by the coolant flow, leading
to distinct variation in particle distribution, as shown
in Figure 10. At low blowing ratios (M = 0.25), both
the coolant and particles exhibit lower distribution and
attached to the wall; conversely, at higher blowing ratios
(M = 0.78), they are lifted and show elevated distribu-
tions. This change in distribution with respect to the
blowing ratio affects the response of film effectiveness to
mainstream Tu. Note that the particle distribution cor-
responds to the high dimensionless temperature region
in the contours. Further discussion on the response to
mainstream Tu will be presented next.

In general, the effect of mainstream Tu on air film cool-
ing is dependent on the blowing ratio. Previous studies
(Baheri Islami & Jubran, 2012; Bons et al., 1996; Kohli &
Bogard, 1998; Saumweber et al., 2003) reported that Tu
has two primary roles that affect the coolant jet:

(1) Thrusting down and laterally dispersing the coolant
jet,

(2) Dissipating and mixing the coolant into the main-
stream.

When the blowing ratio is low, the coolant is well attached
to the wall, resulting in a negligible role (1) effect.
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Figure 10. Comparison of mist particle distributions for various blowing ratios (M) and corresponding dimensionless temperatures (6)
at cut planes for cases DO5TO0M25 and DO5TOOM78 (d, = 5 um, Tu = 0.1%).
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Figure 11. Contours of film effectiveness (1) with two blowing ratios (M = 0.25 and 0.78) and two Tu levels (Tu = 0.1% and 20%).

However, role (2) accelerates the decay of the coolant,
resulting in a reduced film effectiveness in the down-
stream region.

Conversely, when the blowing ratio is high, the lifted
coolant benefits from role (1), while the sufficient mass
flux makes role (2) relatively insignificant. Consequently,
film effectiveness is higher at higher Tu conditions. These
two regimes of Tu response in air cooling are also
observed in mist-assisted cases.

Figure 11 shows the film effectiveness contours at the
bottom wall for the four mist injection cases. The chang-
ing pattern of contour bands with mainstream Tu differs
noticeably between the two blowing ratios. For low M
values (D05T00M25 and D05T20M25 in Figure 11), a
decrease in the streamwise film length is evident in the
contour. However, at high M values (D05T00M78 and
D05T20M78 in Figure 11), the streamwise film length
increases as Tu increases, attributed to the thrust-down
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Figure 12. Spanwise-averaged film effectiveness of M = 0.25
cases (dry and mist, Tu = 0.1% and 20%).

effect that enhances the contact between the coolant and
the wall. In contrast to the difference in the change of film
length, the spanwise width of the coolant jet increases
in both the low and high blowing ratio cases. This indi-
cates that the coolants at both low and high blowing ratios
are laterally dispersed by Tu. In summary, these obser-
vations of film effectiveness regarding the Tu effect align
with those of air-only film cooling, suggesting that the
film effectiveness of the mist-injected coolant exhibits a
similar response to Tu as the dry coolant.

The spanwise-averaged film effectiveness (1) is pre-
sented in Figures 12 and 13 as a comprehensive indicator
of the lateral effect of the mainstream Tu on the coolant
distribution. The trend of 7 is similar for the air-only
and mist-assisted cases, but the presence of mist injection
amplifies the gap between quiescent (T00) and turbulent
(T20) cases, regardless of the blowing ratios.

In the low M cases, the lateral dispersion effect of Tu
increases 77 of the dry case (DryT20M25) in the imme-
diate downstream region after the injection. However, as
mentioned earlier, the coolant jet decays rapidly, result-
ing in a decrease in 7 in the downstream direction. This
is evident from the intersection of the solid and dashed
lines in Figure 12. A similar pattern is observed in the
mist cases, with a more pronounced gap between the
quiescent (T00) and turbulent (T20) cases (red lines).
Moreover, the intersection points of the T00 and T20
lines extend further downstream in mist-assisted cases
than in dry cases, occurring at X/D = 18 and 10, respec-
tively. In other words, the effect of Tu is amplified for
mist-injected cases.

In the high M cases, higher values of 1 by Tu
are observed due to the thrust-down effect, which is

0.5
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Figure 13. Spanwise-averaged film effectiveness of M = 0.78
cases (dry and mist, Tu = 0.1% and 20%).

consistent with the trend reported in the air-only cases
mentioned earlier (see Figure 13). Similarly, the gap
caused by Tu is amplified in mist-assisted cases com-
pared to dry cases, as observed in the low M cases. The
intersection does not appear in the simulation domain of
this study (X/D =~ 35) because the coolant mass flux is
sufficiently high to persist despite dissipation.

The mist dispersion effect of Tu was analysed by com-
paring the mist particle distributions for each Tu. As
an indicator of the distribution, probability mass func-
tions (PMFs) of the particles along the Y and Z direc-
tions are illustrated in Figures 14 and 15. The vertical
particle distribution in Figures 14 (a) and (b) clearly
demonstrates the thrust-down effect caused by Tu. The
mist particles in the low blowing ratio cases show only
a slight variation in their PMFs, and the results indi-
cate that at a higher mainstream Tu, a larger concentra-
tion of mist particles is found close to the bottom wall.
However, as shown in Figure 15, the lateral distribu-
tions of the two blowing ratios are inconsistent. In Figure
15 (a) (M = 0.25 cases), the particle distribution in the
DryT20M25 case is wider than that in the DryTO0M25
case because of the lateral dispersion effect of Tu. How-
ever, In Figure 15 (b) (M = 0.78 cases), the particle dis-
tribution in the DryT20M78 case is narrower than that
in the DryTO0OM?78 case. The reason for these opposing
distribution trends for Tu is the different jet characteris-
tics at different blowing ratios. In Figure 16, the jet cores
of each case are visualised using dimensionless velocity
contours in the X/D = 5 plane section. For the M = 0.25
cases (Figure 16 (a)), the elevated Tu condition results
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Figure 14. (a). Vertical particle distribution of M = 0.25 cases
represented by probability mass function (PMF). (b). Vertical par-
ticle distribution of M = 0.78 cases represented by PMF.

in a slightly lower and laterally dispersed jet core. How-
ever, for the M = 0.78 cases (Figure 16 (b)), the jet core in
the quiescent condition exhibits a wider distribution than
that in the elevated condition. The jet core under elevated
conditions is thrust and contracted by Tu, exhibiting a
narrower distribution. The responses of the jet structure
and particle distribution coincide because the main fac-
tor driving the particles is their drag, which is directly
related to the coolant flow structure. In other words, the
distribution of mist particles follows the coolant response
to the mainstream Tu when the blowing ratio varies.

In Figure 17, dimensionless temperature (6) distribu-
tions at the X/D = 5 cut plane are compared. As the mist
particles follow the coolant jet well, the patterns of the
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Figure 15. (a). Lateral particle distribution of M = 0.25 cases
represented by PMF. (b). Lateral particle distribution of M = 0.78
cases represented by PMF.

0 distribution are roughly similar for the mist and dry
cases, although the magnitude is different. Due to the heat
absorption of the mist, the core of the mist-injected jet
has a higher 6 than that in the dry jet case. Hence, when
the jet is thrust down and dispersed laterally by Tu, the
wall region touched by the jet core show both a wider
and greater 6 than that in the dry case. This combined
effect increases both the spanwise and area-averaged film
effectiveness, similarly to the effects of Tu and mist being
multiplied. This is easily observed by comparing the dry
and mist contours (upper and lower rows, respectively)



14 Y. JEONG ET AL.

Tu=0.1%

Tu=20%

Tu=0.1% Tu=20%
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Figure 16. Comparison of dimensionless velocity (u/Us)
between Tu = 0.1 and 20% at different blowing ratios. Note that
the jet structure is symmetrical; hence, it has been halved and
combined for a clearer comparison.

in Figure 17. Regardless of the mist injection and blow-
ing ratio, the coolant jets are thrust down and dispersed
by the elevated Tu. However, due to the mist effect, the
region touching the wall has a much higher 6 than that
in the dry cases. This effect is clearly visualised by com-
paring the M = 0.78 cases (DryT00M?78, DryT20M78,
DO05T00M78, and D05T20M78). Due to the consistent
occurrence of this effect after injection, the spanwise-
averaged film effectiveness curves in Figures 12 and 13
exhibit an amplified trend compared to the air-only (Dry)
cases.

Effect of mist diameter (d,)

To investigate the effect of mist diameter, four mist sizes
(dp =5, 10, 15, and 20 um) were simulated under vary-
ing mainstream Tu conditions, while keeping the other
parameters fixed (M = 0.78, DR = 1.3, Uy, = 20m/s,
and m,/m; = 0.1). Figure 18 provides a visual repre-
sentation of the distinctions in particle distribution and
the consequent variations in dimensionless temperature
distribution based on the mist diameter. Notably, when
comparing the smallest and largest mist diameters (5 and

20 pm, respectively), the difference in the uniformity of
the particle distribution is evident. Moreover, the dimen-
sionless temperature at each X/D cut plane is significantly
higher for smaller mist diameters. These disparities affect
the response to mainstream Tu, which is discussed later
in this section.

The film effectiveness, both locally and spatially,
decreased as the mist diameter increased. Figure 19
presents the contours of film effectiveness at the wall for
all diameters and Tu levels. When the mist diameter was
increased from 5 to 20 pum, the film effectiveness at the
wall surface decreased and became comparable to that
of air-only cooling. The results with d, = 20 um only
exhibited differences in the downstream region, where n
was slightly higher and had a wider distribution. More-
over, as the mist diameter increased, the highest effective-
ness region decreased in magnitude, and the position of
the peak moved downstream. In the case of 5 pum, the
peak region started immediately after the hole, while in
the 10 ym case, it began near X/D = 3.Inthe 15 um case,
the peak region was near X/D = 20, and the peak con-
tour band was not clearly identified due to the limited dif-
ferences between adjacent regions. No peak was observed
in the 20 um case. These differences in peak positions
are attributed to the surface-area-to-volume ratio (SA:V)
and mist distribution, which will be discussed later in this
section.

Meanwhile, when the Tu level increased from 0.1% to
20%, all diameter levels, including those in the dry cases,
exhibited wider and higher » distributions. Comparing
Figures 19 (a) and (b), it can be observed that the regions
with high #n for the Tu = 20% cases are both wider and
longer than those for the Tu = 0.1% cases. As discussed
in the previous section, a higher mainstream Tu has a
favourable effect, particularly when the blowing ratio is
high, due to the thrust-down effect. This effect causes the
coolant jet to spread laterally and adhere more closely to
the wall than that in the Tu = 0.1% cases.

The spanwise-averaged film effectiveness results for
each diameter are presented in Figure 20. As expected
from the contours shown in Figure 19, the spanwise-
averaged film effectiveness is the highest for d, = 5 um
and decreases as the diameter increases. Moreover, 7
increases in a specific pattern for varying diameters in
the mist-injected cases. This is attributed to the under-
lying mechanism of coolant temperature reduction by
the mist. Without mist injection (the DryT00M?78 case),
n gradually decreases in the downstream direction due
to the coolant mixing with hot gas. However, in the
mist-injected cases, the presence of mist particles contin-
ually chills the coolant, allowing it to maintain a lower
temperature. Consequently, when coolant with a lower
temperature reattaches to the wall, 77 increases.
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Figure 17. Contours of dimensionless temperature (9) varying the blowing ratio (M) and mainstream turbulence intensity (Tu).
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Figure 18. Comparison of mist particle distributions for varying blowing ratios (M) and the corresponding dimensionless temperatures
(0) at cut planes for cases DO5TOOM25 and DO5TOOM78 (d, = 5 um, Tu = 0.1%).

The second mechanism involves the coupled effect of
the mist evaporation rate and distribution. Small par-
ticles with a high SA:V exhibit a significantly higher
evaporation rate than larger particles. This disparity
in SA:V leads to varying rates of evaporation within
the coolant jet, as depicted in Figure 21. Initially, the
smaller particles undergo rapid evaporation, the rate
of which decreases downstream as the particles pro-
gressively evaporate. Conversely, larger particles experi-
ence little evaporation in the upstream region, but their
evaporation rate gradually increases in the downstream
direction. Consequently, the quickly evaporating droplets
absorb more heat from the coolant, resulting in a lower
coolant temperature (i.e. higher film effectiveness). Cases

with larger particle sizes show a slow and late increase in
n.

Additionally, an increase in the mist diameter
increases the inertia of the particles, resulting in differ-
ent particle responses to the flow. The Stokes number
(Stk), a quantitative indicator of this relationship, is used
to indicate the particle characteristics (Barker et al., 2013;
Bonilla et al., 2012; Terekhov & Pakhomov, 2009). Stk is
the ratio of the particle timescale to the fluid timescale,
which represent particle drag and inertia, respectively,
and is defined as follows:

ppdfz;uc

Stk =
1811l

(15)
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Figure 19. Contours of film effectiveness at the wall for different mist diameters and Tu conditions: (a) Tu = 0.1%, (b) Tu = 20%(d, = 5,

10,15, and 20 pm or dry).

where [y represents the characteristic length scale of the
fluid. As the mist particles are injected through the hole,
the length scale is set as the hole diameter (D). The results
of the Stokes number calculations are presented in Figure
22. The smallest mist particles (d, = 5 m) have Stokes
numbers significantly smaller than unity, indicating that
they follow the flow well. When the diameter is increased,
Stk is approximately unity at d, = 15 um and increases
significantly at 20 pm, indicating that the particles are
resistant and do not follow the flow well. Consequently,

the particle distribution inside the coolant jet differs with
the diameter, as shown in Figure 23.

The particle distribution difference shown in Figure
23 is primarily attributed to the CRVP originating from
the hole. As the coolant is supplied from the plenum and
injected through the hole, an in-hole CRVP is generated.
Consequently, both the coolant and injected mist parti-
cles are subject to rotation by the CRVP along the coolant
stream. However, due to variations in the Stk of the par-
ticles, their distribution differs. For example, when the
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Figure 21. Mist evaporation rate along the streamline.

diameter is relatively small (d, < 10 um), the particles
are well distributed and follow the coolant jet, covering
both the near-wall and top of the jet. In contrast, when the
diameter is large (dp > 15 um), the particle distribution
becomes skewed towards the upper side of the jet. Addi-
tionally, the positions of the particles being dragged down
to the wall by the CRVP align with the trend of the change
in Stokes number. Furthermore, this disparity in particle
behaviour contributes to the difference in the increasing
trend of in 7, as depicted in Figure 20. With the mist par-
ticles reaching the near-wall region, a rapid increase in
n is observed, resulting in a lower temperature near the
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Figure 22. Stokes number (Stk) of mist particles used in this study
(calculated from the initial mist diameter).
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Figure 23. Comparison of particle distribution with varying
diameters (d, = 5, 10, 15, and 20 um). Note that the dots in
the plot have a constant size and are not scaled for a simple
comparison of distribution.

wall. It is worth noting that the difference in the gradient
of 1 increases corresponding to the SA:V of the mist.
Meanwhile, when the mainstream Tu is increased to
20%, the changes in particle distribution vary depending
on Tu at each diameter level. To analyse the coupled effect
of mist diameter and mainstream Tu, the vertical parti-
cle distribution is examined using a PME, as described
in Effect of Blowing Ratio (M). Since the visibility of
the trend is limited when only bar plots are used, a line
plot following the top of the bar is used for compari-
son. Figure 24 clearly illustrates the vertical distribution



18 (& Y.JEONGETAL

3
L ——DO05TO0M78 - D05T20M78
- ——D10TOOM78 ----D10T20M78
——D15TO0OM78 D15T20M78

25
——D20TOOM78 - D20T20M78

Y/D

0 5 10 15 20
Probability Mass Function [%]

Figure 24. Vertical particle distribution under low and high Tu
conditions (Tu = 0.1% and 20%).

bias of the particles, characterised by the presence of
a ‘crest’ in the curves, with larger particles showing a
more elevated distribution. This discrepancy in distribu-
tion leads to variations in the location of the Tu effect.
By comparing the solid and dashed lines in Figure 24,
it can be observed that the disparity in the distribution
caused by the Tu effect primarily occurs at the Y/D loca-
tion at which the particles are predominantly distributed.
Consequently, as the mainstream Tu increases, particles
with a lower distribution are thrust down towards the
near-wall region, while those with an upper distribution
remain suspended above the near-wall region. The par-
ticles that are thrust downward near the wall contribute
to an additional reduction in the coolant temperature in
that region, thereby increasing the film effectiveness.

As a result, the combined effect of particle character-
istics (evaporation rate and Stk) and the Tu effect leads
to variations in the area-averaged film effectiveness, as
depicted in Figure 25. When comparing the solid and
dashed lines in Figure 25, the difference reaches its max-
imum and minimum at the smallest diameter (d, = 5
pm) and in the absence of mist injection (dry case),
respectively. These findings suggest that the impact of
mainstream Tu on film effectiveness is more pronounced
for smaller particles, exhibiting greater disparities in both
evaporation rate and distribution changes.

Conclusion

This study presents a novel investigation into the com-
bined effect of mainstream Tu and mist injection in
mist-assisted film cooling, utilising an idealised flat-plate

o
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Figure 25. Area-averaged film effectiveness of M = 0.78 cases
by mist diameter (d)).

geometry with a cylindrical hole. In a previous study
conducted by Dwivedi and Sarkar (2022), the analysis
focused on the effect of Tu with identical mist parame-
ters. However, Zhao and Wang (2014b) emphasised that
the injected mist particles have varying diameters and
momenta, resulting in unique trajectories. Therefore, this
study is the first to demonstrate the combined effect of
mainstream Tu and mist momentum. The primary influ-
encing variables investigated are the blowing ratio (M),
mist diameter (d;), and mainstream Tu. To analyse the
effects of Tu, M and d, were varied at fixed Tu levels
of 0.1% and 20%. By primarily focusing on fundamen-
tal flow physics and the accompanying particle flow, this
analysis led to the following conclusions:

(1) In addition to the coolant jet, the injected mist par-
ticles exhibit 3-D motion owing to various flow phe-
nomena (Tu, CRVPs, etc.). Hence, a 3-D computa-
tional analysis of mist-assisted film cooling includes
realistic effects under varying conditions, especially
the effect of Tu.

(2) The film effectiveness in the mist-injected cases
responds to Tu in a similar manner to that in
the dry cases at the same blowing ratio. However,
the presence of mist amplifies the magnitude of
the Tu-induced gap due to its additional cooling
effect. In particular, while the jet structures remain
unchanged, the mist injection results in a decrease in
coolant temperature. Furthermore, the particle flow
is strongly influenced by the jet structure, exhibiting
similar changes in their distribution to that of the jet
structure induced by Tu. This study reveals the novel
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finding that, despite the varying effect of mainstream
Tu on air-only cooling at low and high blowing
ratios, the distribution of mist particles and corre-
sponding film effectiveness follow the same trend as
air-only cooling.

(3) A smaller mist diameter leads to a greater enhance-
ment of the film effectiveness by the mist. This is
mainly due to differences in the SA:V and Stokes
number. Smaller particles evaporate faster and are
distributed more uniformly because of the counter-
rotating vortex inside the coolant. Moreover, this
difference caused by mist diameter also affects the
effect of mainstream Tu. At elevated Tu conditions,
mainstream Tu pushes the coolant jet to the wall
and disperses it laterally in the investigated condi-
tions (M = 0.78). While the increase in film cooling
effectiveness is consistent for all diameter levels, the
particle dynamics influence the amount changed by
the Tu. Particles with a more uniform distribution
are more likely to cool the near-wall region, whereas
biased particles are only affected in a specific loca-
tion. This leads to a reduced Tu effect in the cases
with high d,,.

In this study, the mist particles demonstrate a clear
cooling enhancement as Tu increases. Moreover, mist-
injected cases exhibit broader regions of Tu advantage
compared to dry cases, despite the generally detrimen-
tal effect of Tu on film effectiveness. Therefore, mist-
assisted film proves beneficial for gas turbines with highly
turbulent combustor exits. This study contributes to a
better understanding of the realistic applications of mist-
assisted film cooling under various turbulent conditions,
as the analysis shows their combined effect.

Despite the valuable insights gained from this study,
certain limitations need to be addressed in future
research. First, it is necessary to consider dj, levels below 5
pum, as these were not simulated due to rapidly increasing
computational costs. This aspect is particularly crucial
since 7 showed an increase with decreasing dp. In addi-
tion, this study focused on the combined effect of mist
characteristics and mainstream Tu, without considering
other parameters such as the L/D ratio, surface curvature,
and nonuniform diameter injection. Incorporating these
parameters is crucial for a more realistic representation of
mist application in actual gas turbines. Addressing these
limitations in future investigations will further enhance
our understanding and application of mist-assisted film
cooling.
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