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Abstract - Film cooling plays a crucial role in protecting gas
turbine engine components from extreme temperatures. Recent
research has highlighted the potential benefits of introducing
water mist into film cooling holes. This study investigates the
influence of varying mist droplet concentrations while
maintaining a constant droplet size of 5um. The cooling process
is analyzed using the k- turbulence model with enhanced wall
treatment. Key parameters such as the blowing ratio,
momentum flux ratio, and jet vorticity are examined to assess
their impact on cooling performance. To simulate the behavior
of mist droplets, we employ the discrete phase model with a
stochastic tracking approach, allowing for the detailed tracking
of individual droplets within the flow field. Mist concentrations
of 2%, 4%, 7%, and 10% are evaluated. The results indicate that
at a blowing ratio of 1, a higher mist concentration of 10%
enhances cooling effectiveness. At a BR of 2, the same mist
concentration promotes deeper penetration of the coolant jet
into the mainstream flow. In the far downstream region, higher
mist concentrations aid in the development of the coolant film
along the flat surface, further improving film cooling
effectiveness. Additionally, the study highlights the significance
of vortex structures generated by crossflow interactions, which
play a vital role in coolant-mainstream mixing and overall
cooling performance.
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Nomenclature
D Injection hole diameter
LAE Laterally Averaged Effectiveness

MR Momentum Flux Ratio
Tu Turbulent Intensity

X/D  Normalized Streamwise Distance
a Angle of inclination
p Density
uj Velocity component in the i-th direction
gi Gravitational acceleration in the i-th direction
P Pressure
Hetf Effective viscosity
Oj Kronecker delta
u Velocity component in the I-th direction
Fi Body force component in the i-th direction
Cp Specific heat at constant pressure
T Temperature
Kefr Effective thermal conductivity
Sh Source term for heat
G Species concentration in the j-th direction
Der  Effective diffusion coefficient
Sj Source term for species
Turbulence kinetic energy
€ Turbulence dissipation rate
Up Particle velocity
Fp Drag force per unit particle mass
Co Drag coefficient



Rep  Particle Reynolds number
my, Mass of the particle
Cpp Specific heat of the particle
Ty Particle temperature
Tvap  Vaporization temperature
Top Boiling point temperature
f0 Initial mass fraction of volatile component
mpo Initial mass of the particle
Ap Surface area of the particle
Mw,i  Molecular weight of the species i
H Heat transfer coefficient
h¢g Latent heat of vaporization
Symbols
o Streamwise injection angle of the tube
B Lateral expansion angle of injection exit
0} Laid back angle of injection tube

1. Introduction

Gas turbines are well-known internal combustion
engine that operates in very high temperatures.
Increasing the operational lifespan of gas turbine blades
can be effectively achieved through advanced cooling
techniques, specifically film cooling of the blade surface
[1-3]. Traditional methods have employed cylindrical
cooling holes; however, recent advancements have
focused on optimizing the hole geometry to enhance
cooling performance [4-6]. One such advancement
involves the implementation of film-cooling holes with a
diffuser-shaped expansion at the exit portion of the hole
[7,8]. The key mechanism behind this improvement lies
in the increased cross-sectional area at the hole exit
compared to a standard cylindrical hole. This geometric
modification is hypothesized to significantly improve
film-cooling efficiency on gas turbine blades. This
expansion leads to a reduction in the mean velocity of the
exiting jet and subsequently decreases the momentum
[9]. As aresult, the jet's penetration into the mainstream
flow is diminished, which enhances the cooling efficiency
by maintaining a more stable and adherent coolant film
on the blade surface [10-12]. Moreover, the lateral
expansion of the hole plays a crucial role in improving
the lateral spread of the cooling jet. This broader
dispersion ensures better coverage of the airfoil in the
lateral direction, leading to a higher laterally averaged
film-cooling efficiency. Empirical studies [11,13] have
corroborated these theoretical benefits, demonstrating
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that cooling holes with expanded exits outperform
traditional cylindrical holes in terms of film-cooling
performance. Specifically, research has shown that
laterally expanded holes result in significant
improvements in adiabatic effectiveness. For example,
studies [5,14,15] reported improved film-cooling
performance using laterally expanded holes, whereas
similar enhancements were observed for forward-
expanded holes in studies [9,16]. Oliver et al. [17]
investigated the effect of freestream Mach number on
shaped-hole film cooling using LES at Mach 0.25 and 0.5.
Results show a >40% drop in cooling effectiveness at
higher Mach due to jet separation, asymmetry, and in-
hole shocks. Their findings highlight the sensitivity of
cooling performance to Mach number and the need for
further joint experimental-computational studies. In
order to enhance power production and thermal
efficiency in gas turbines, mist enabled film cooling has
also been thoroughly studied recently [18]. The behavior
of mist films and their relationship to the mainstream
flow have been examined in a number of research
studies [19-21]. Ragab and Wang [22] evaluated
mist/air film cooling with fan-shaped hole across long
downstream distances and achieved better cooling
efficiency than air-only film cooling. Numerical studies of
mist jets striking circular target boundaries showed that
the inclusion of droplets significantly increased the
thermal  transport  efficiency. @ According to
computational studies, adiabatic cooling effectiveness
can be increased by 30-50% with even a little mist
introduction (2% of coolant flow rate), especially in
downstream areas where single-phase film cooling is
less productive. Jiang et al. [23] investigated the
improvement of film cooling by infusing water mist into
the air by computational modeling utilizing the Eulerian-
Lagrangian particle detection technique. Mist film
cooling was expanded to moving turbine blades in
subsequent studies, which investigated variables such as
blowing ratio (BR), rotational speed, droplet size,
momentum flux ratio (MR), and mist percentage (Cu).
The findings demonstrated a non-linear trend with mist
proportion, with mist cooling efficacy decreasing as
rotating speed increases. Cooling performance was
enhanced by tiny droplets and lower BRs. According to
study by Kim et al. [24], cooling effectiveness rises as
mist concentrations and droplet sizes decrease.
Complementary research investigated mist-assisted film
cooling on flat plates, determining crucial variables like
droplet diameter and Cn that affect cooling efficiency.
The effectiveness of film cooling both with and without



mist on smooth plates was investigated in additional
works [25,26] using  dual-phase  numerical
computations. The results showed that larger mist
volumes greatly increased cooling effectiveness, while
tiny drops performed superior in terms of coolness.
Considering extreme temperatures circumstances,
research [27-29] on steam cooling systems for turbine
blades demonstrated that cooling may produce an
average improvement of 100% with 5% mist infusion.
Under actual gas turbine circumstances, simulations of
[30] shown that mist cooling produced a cooling boost of
5-10%, which led to a 30-68K decrease in adiabatic wall
temperature. Investigations by Li and Wang [21,28,29]
into mist cooling on curved planes, particularly near the
leading edge, revealed that smaller mist droplets
significantly enhance cooling. This study numerically
examines the combined influence of turbulent intensity
and mist concentration on film cooling effectiveness
through cylindrical injection. Zhao and Wang's [31,32]
experiments showed that mist/air film cooling could
achieve up to 190% lateral enhancement and 128%
overall enhancement at the centerline. In a comparable
manner in internal blade cooling applications, Li et al.
[28] reported that mist insertion into steam improved
the transmission of heat by as much as 200% close to the
stagnation region. Numerical simulations demonstrating
a 30% enhancement on the trailing surface and a 20%
improvement on the forward surface in revolving ribbed
rectangular channels with 2% mist injection additionally
confirmed the models created for mist/steam jet cooling,
which included heat transfer to the steam, discrete mist,
and colliding droplets. Zhang et al. [33] demonstrated
that serrated trenched holes combined with mist
injection significantly enhance turbine vane cooling.
Introducing a wet-bulb-temperature-based
effectiveness metric (WFCE), they showed that lower
serrate angles, higher mist concentrations, and smaller
droplet diameters improve WFCE. An empirical
correlation supports further theoretical and practical
applications. A clear understanding of the interaction
between MR and C, under fixed turbulence intensity, is
essential for optimizing film cooling performance,
particularly in configurations using Laid-back fan-
shaped holes. However, despite these advances, a critical
research gap remains: the combined effect of mist
concentration and blowing ratio using Laid-Back Fan-
Shaped Injection Holes (LFIH) over an extended
streamwise domain has not been thoroughly examined.
Most previous works have either neglected the presence
of a plenum chamber or limited the analysis to small X/D
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ranges. Moreover, interactions between mist droplet
behavior, jet momentum, and vorticity structures under
these configurations are not well understood.

This study investigates the effects of Cm, BR, and
MR on the performance of coolant film over a flat surface.
While previous research [7-8] has mostly examined
limited X/D ranges for laid-back fan-shaped holes
(LFIH), significant gaps remain in understanding how
cooling effectiveness varies across broader X/D zones.
Moreover, most earlier studies [34] have neglected the
influence of a plenum chamber attached to the flow
domain, despite its substantial role in altering coolant
distribution and creating recirculation regions. In this
study, the inclusion of a plenum chamber reveals its
critical impact on flow dynamics and the spatial
dispersion of the cooling film, which has often been
underestimated in past analyses. The numerical
investigation focuses on the combined effects of BR and
Cm on film cooling efficiency. Both area-averaged
(overall) mist cooling effectiveness and lateral coolant
film distribution are evaluated for the LFIH
configuration. The area-averaged mist cooling
effectiveness is used as a key metric to assess how
effectively the surface is cooled in the presence of mist,
while also accounting for geometric modifications of the
injection hole. This metric reflects the efficiency with
which the coolant fluid reduces surface temperature,
considering both the injection hole shape and turbulence
in the flow. The complex interdependent influence
between MR, C,, and BR poses a significant challenge in
optimizing film cooling with LFIH. This study addresses
this challenge by analyzing the interdependent effects of
these parameters on coolant film behavior across the
entire surface, including the distribution of vorticity at
extended X/D locations. The unique contribution of this
work lies in offering a comprehensive parametric
analysis validated against experimental data of mist-
enhanced film cooling using LFIH, revealing optimal
conditions and functional correlations that can guide
future turbine blade cooling designs.

2. Injection Patterns and Computational Flow
Region

To conduct a reliable and detailed investigation of
film cooling behavior, the study employs a meticulously
designed computational domain that emphasizes both
geometric accuracy and flow fidelity. This domain is
purpose-built to resolve the complex interactions
between coolant jets and the mainstream flow,
particularly the influence of injection hole shape on the



resulting thermal and fluid dynamic fields. As illustrated
in Figure 1, the simulation is carried out within a fully
three-dimensional domain that realistically replicates
the physical setup under consideration. Central to this
configuration is the use of Laid-Back Fan-Shaped
Injection Holes (LFIHs), a geometry known for
promoting enhanced lateral coolant dispersion. These
injection passages are seamlessly embedded between
two critical regions: an upstream plenum chamber and
the main flow duct. This integrated layout ensures a
continuous and representative simulation of coolant
delivery from the reservoir to the hot gas path. The
entire computational domain is logically divided into
three primary zones: the plenum chamber, which acts as
the coolant reservoir; the injection tubes, through which
the coolant is delivered; and the main flow channel,
where coolant-mainstream interaction and surface
cooling occur. The geometric and boundary
configurations of these regions are carefully depicted in
Figure 1, providing a comprehensive visualization of the
model structure. To facilitate generalization and simplify
analysis, all dimensions are expressed in non-
dimensional terms, normalized by the diameter of the
injection hole. These normalized values are clearly
summarized in Table 1, allowing for scalability and ease
of comparison across different operating conditions or
geometrical configurations.

Table 1. Computational domain parameters and their

normalized values
Parameter Value
Length to domain end (Lai) 120D
Main domain height (Hm) 24D
Main domain length (L) 145D
Plenum width (W) 14.2D
Plenum height (H;) 14.2D

Figure 2 presents the coolant injection schematic
used in the film cooling analysis, featuring a single row
of three Laid-Back Fan-Shaped Injection Holes. These
holes are arranged with an inter-hole pitch (P) of 3.2D,
ensuring uniform spacing. The region of interest within
the computational domain is carefully defined, extending
laterally from Z/D = -1.4 to 1.4 and axially from X/D =0
to 100, allowing for comprehensive analysis of flow
dynamics and coolant film dispersion. Each injection
hole is oriented at an inclination angle () of 30°, with a
streamwise laid-back angle (¢) of 14° and a lateral
expansion angle (§) of 14°. Figures 1 and 2 collectively
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provide a detailed view of the injection tube’s integration
with the main flow domain, including the throat length
(L¢) and total injection length (L). The geometric design
promotes effective lateral spreading and enhances the
surface coverage of the coolant film, thereby improving
overall film cooling effectiveness.

Side plans
{symmetrich. c.)

Pressure
outlet

Figure 1. Schematic of the computational domain for
film cooling simulation with laid-back fan-shaped hole and
plenum chamber, including boundary conditions and
associated length measurements.

Injection

B=14°

injection

Injection tube
inlet

Figure 2. Schematic of laid-back fan-shaped injection
hole (LFIH) configuration for coolant injection, showing the
injection tube, inclined hole exit, and central injection layout.
The geometric parameters include a lateral expansion angle
(B) of 14°, a laid-back angle (¢) of 14°, and an injection angle
(a) of 30°.

1.1 Computational domain and grid construction

A structured hexahedral computational grid
comprising approximately 2.5 million elements was
generated using ICEM-CFD to accurately represent the
flow domain associated with LFIH. The mesh design
ensures topological consistency and smooth transitions



across all three major regions of the computational
domain: the main flow duct, the injection tubes, and the
plenum chamber, as depicted in Figure 3. Special
attention was given to mesh refinement near the coolant
injection region, particularly around the hole exit, where
high-velocity gradients, flow separation, and thermal
mixing are expected to occur. These injection apertures
have an inlet diameter (D) of 6.35 mm, and the injection
tube extends to a length of 3D, as detailed by Ragab and
Wang [22]. These apertures were oriented at an
inclination angle of 30° with laid-back and lateral
expansion angles of 14° each, to promote lateral
spreading of the film. The mesh around the hole exit and
film region was designed with non-uniform cell sizing
and inflation layers, ensuring finer resolution close to the
flat adiabatic surface. These inflation layers help capture
near-wall phenomena such as the viscous sublayer and
thermal boundary layer, essential for resolving
convective heat transfer accurately. The first layer
thickness was calculated based on a target y+ value of
less than 1, using the expression:
y* v
Y= (1)

Where y is the first cell height, v is the kinematic
viscosity, and u- is the friction velocity derived from wall
shear stress. This ensured the accurate implementation
of enhanced wall treatment models in ANSYS Fluent
during RANS-based turbulence modeling.

!

Main domainJ

Plenum
chamber E

Inflation layer of
dense mesh  for
adiabatic down wall

Magnified view
of injection
location

Injection

tube mesh

Figure 3. Computational grid and meshing details for
laid-back fan-shaped injection.

Figure 3 presents a zoomed-in view of the meshing
strategy at the injection site, showing a dense node
concentration near the exit of the holes and in regions of
high thermal gradients. This local refinement is critical
for resolving shear layers, jet penetration behavior, and
vortex structures such as counter-rotating vortex pairs
(CRVPs). Mesh quality metrics, such as orthogonal
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quality (>0.3) and aspect ratio (<10), were strictly
maintained to ensure solver stability and convergence
accuracy. The mesh structure is reinforced with inflation
layers, increasing density near the flat adiabatic surface
and the entry points of the film cooling apertures.

1.2 Computational
governing equations

The governing transport equations consist of the
incompressible mass conservation, momentum, and
energy equations, with gas properties assumed to
remain constant throughout the domain. In the Discrete
Phase Model (DPM) simulations, drag forces acting on
the droplets result in momentum exchange between the
dispersed and continuous phases, altering the overall
flow field. These interactions are incorporated into the
Eulerian domain as source terms (DPM sources),
enabling the solver to capture the influence of droplet
dynamics on the gas phase accurately A coupling is
established between the unsteady DPM and the steady-
state Eulerian phase due to the continuous particle
injection. The simulation follows a Eulerian-Lagrangian
framework, where the fluid phase is solved using the
Navier-Stokes equations, and individual droplets are
tracked through a Lagrangian approach, allowing for a
detailed evaluation of droplet trajectories, residence
time, and interactions with the cooling surface. To
resolve turbulence, the realizable k-g¢ model is
employed. This model offers a robust prediction of
turbulent transport and dissipation, particularly for
complex flows involving jet-in-crossflow interactions
and recirculation typical in film cooling configurations.
To enhance numerical accuracy and reduce
discretization error, especially in regions with steep
gradients (e.g., near the wall or jet exit), a second-order
upwind scheme is applied for spatial discretization to
approximate the variable at the cell face:

¢r = dp + Vop - (7 — Tp)

setup for turbulence and

(2)

Where ¢ is the variable value at the face, ¢»p is the
value at the cell center, and (r7 — 1p) is the displacement
vector from the cell center to the face center. This
formulation ensures that the solution maintains second-
order accuracy, minimizing numerical diffusion and
capturing finer details of temperature, velocity, and
species gradients in the film cooling region.
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Discrete phase

The motion of each droplet within the mist flow is
governed by a balance between inertial forces and the
external forces acting upon it primarily aerodynamic
drag from the surrounding fluid. This dynamic
interaction is mathematically represented through a
force balance equation, which quantifies the droplet's
acceleration in response to these competing effects. The
governing relation is presented below:

where Fp is the drag force per unit particle mass.

The drag coefficient (Cp) for smooth particles can

Ju
_atp = FD(u — up) (13)
be derived from:

_ 18pegCpRep

T 24p,d2 (14)
Cp = a; +—2 43 15
P71 T Rep ' Red (15)

Here, ai, az, and a3 are constants that work for
different ranges of Reynolds numbers as defined by
Morsi and Alexander [35].

The process of droplet vaporization initiates once
the droplet's temperature reaches the specified
vaporization threshold, denoted T,,,. Vaporization

continues progressively as thermal energy is absorbed,

Rep = — (16)
Heff
and persists until one of two conditions is met: either the

droplet temperature rises to the boiling point, Ty, or all
volatile components within the droplet those prone to
rapid evaporation have been fully depleted.

oT,

p
MpCp, [W = Fp(Te — Tp) (17)
Toap < Tp < Toyp (18)
my > (1= fy,0)mpe (19)
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E — _ 0.5 0.33
— = Nup = 2.0+ 0.6 Rep® Pr (21)
kD
S = Shp = 2.0 + 0.6 Re}® Sc*** (22)

C
To account for turbulence effects in the droplet
path, stochastic tracking is used. The instantaneous
velocity fluctuations acting on droplets are given by:

:S<2k>

3

The eddy lifetime, i.e., the characteristic time over
which a turbulent eddy influences droplet motion, is
calculated by:

0.5
(23)

03k

e

(24)
€
The local adiabatic film-cooling effectiveness is
defined as the non-dimensional temperature difference
that quantifies the cooling performance of a coolant film
over a surface. It is expressed as:

Too — Taw
VZ) = 25
where To is the freestream (mainstream)

temperature, Taw is the adiabatic wall temperature, and
T is the coolant temperature. This definition uses the
freestream temperature as the reference to quantify how
effectively the coolant protects the surface from hot gas
exposure.

The quantity of water droplets in the air, expressed
as a percentage of the total mass flow rate of the coolant
air (mair), serves as a measure of the concentration of
water droplets within the coolant stream. Mist
Concentration (%) is defined as:

Mpjst +100

air

Mist Concentration(%) = (26)

where mist concentration (%) is the mass fraction
of water droplets in percentage form. mmis is the mass
flow rate of water droplets, representing the mass of
water droplets in the air stream. m,;- is the total mass
flow rate of the air, representing the total mass of air
flowing in the system.
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1.3 Numerical method, turbulence model

validation, and grid-independent test

A grid sensitivity analysis was carried out to
ensure mesh independence, as illustrated in Figure 4.
The comparison across multiple grid densities revealed
minimal variation in wall temperature and cooling
effectiveness, indicating that further refinement would
not significantly impact accuracy. Based on this
evaluation, Grid No. 2, comprising approximately 2.5
million structured hexahedral elements, was selected for
all subsequent simulations due to its optimal balance
between computational efficiency and numerical
accuracy. This grid also provided sufficient resolution
near the wall and hole exit regions, capturing critical
gradients in velocity and temperature without
compromising solver stability.
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Figure 4. Grid sensitivity analysis for LFIH comparing
results for three representative grid sizes: 1.0 million, 2.5
million, and 3.8 million cells.

The numerical simulations were conducted using
a three-dimensional, steady-state, incompressible
Reynolds-Averaged Navier-Stokes (RANS) framework,
incorporating the energy equation to model heat
transfer effects. To resolve turbulence behavior and flow
separation near the wall, the realizable k-¢ turbulence
model with enhanced wall treatment was employed.
This model is known for improved accuracy in predicting
jet dispersion, boundary layer flow, and separation
under strong thermal gradients, and showed excellent
agreement with experimental data [36,37]. To maintain
stability and accuracy in pressure-velocity coupling, the
SIMPLEC algorithm was used. This method offers faster



convergence by reducing the number of required
iterations for pressure correction, especially useful in
large three-dimensional grids like grid No. 2. By
providing better pressure-velocity linkage, SIMPLEC
ensures a stable and consistent solution throughout the
domain, particularly in regions with strong recirculation,
high-velocity gradients, and coolant-mainstream
interaction near the film injection site.

1.4 Boundary conditions

Figure 1 offers a comprehensive depiction of the
computational setup, showcasing the arrangement of
two distinct velocity inlets, a single outlet with specified
pressure, and walls modeled with adiabatic thermal
conditions. This figure also emphasizes the geometric
symmetry of the domain, clearly delineating the
symmetry planes along with their associated boundary
constraints and spatial subdivisions. At the inflow
boundary of the primary flow channel, a freestream
velocity of 20 m/s is prescribed for the hot gas. This
velocity selection is intentionally aligned with the
reference parameters used in the work of Ragab and
Wang [37], thus supporting the reliability and
comparability of the simulation results. An essential
aspect of the boundary design is the enforcement of a
blowing ratio (BR) at the lower surface of the plenum
chamber, which enables accurate regulation of coolant
and mist injection into the flow domain. The
corresponding MR is determined by adjusting the mass
flow rate of the coolant entering through the plenum,
ensuring a physically representative modeling of the
coolant-mainstream interaction. To maintain uniformity
across all simulated scenarios, the study consistently
applies a density ratio of 1.14 and a droplet diameter of
5um for the injected mist. These values are deliberately
selected to mirror conditions reported in prior validated
studies [15,22,32], thereby enhancing the credibility
and validation of the current computational
methodology. For organizational clarity, the boundary
condition settings and flow characteristics for different
zones are systematically summarized in Tables 2 and 3,
which serve as a consolidated reference for replicating
or extending the numerical framework.
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Table 2. Defined boundary conditions for computational

analysis

Zone Condition Values

. . 20 m/s,
Hot air inlet Velocity 327K

. . BR: 1.0-2.0,

Coolant inlet Velocity 288.35 K
Outlet Pressure 1 atm
Side Walls Symmetry -
Remaining Walls No-Slip -

Table 3. Defined boundary layer parameters for the
computational domain

Boundary layer specifications Values
Reynolds number based on characteristic 7178
length, Rep=V,xD/v

Momentum thickness, 6m (X/D=-6) 0.73
Resm =VeoXx Om/V 789
Boundary layer thickness, 899 5.3mm

2 RESULTS and DISCUSSION

2.1 Validation of numerical model

The validity of the present numerical study is
assessed through a comparative analysis with
experimental data from Gritsch et al. [15], which
investigated LFIH using air as the coolant. This
comparison is essential for evaluating the capability of
the selected turbulence model to accurately capture the
complex physics of the film cooling process. As
illustrated in Figure 5, the numerical results show good
agreement with the experimental data in terms of both
centerline effectiveness and laterally averaged film
cooling effectiveness.

Figure 5(a) presents a comparison of centerline
effectiveness (1) along the streamwise direction up to
X/D=10, showing that the predicted values closely follow
the experimental trend. A minor overprediction is
observed in the region from X/D=0 to X/D=2, with a
maximum deviation of less than 5%, likely due to the
inherent limitations of the turbulence model in resolving
near-hole flow behavior and initial mixing. Figure 5(b)
compares the laterally averaged effectiveness at two
streamwise locations, X/D=2 and X/D=6, across a range
of BR. The simulation slightly overpredicts the
effectiveness in the higher blowing ratio range (BR =1 to
2), with a maximum deviation of less than 10%. This
discrepancy can also be attributed to limitations in
accurately capturing lateral coolant spread and vortex



dynamics under varying flow rates. Overall, the results
demonstrate satisfactory agreement between the
numerical  predictions and the experimental
measurements, confirming the reliability of the current
simulation setup and turbulence model for film cooling
analysis using LFIH.
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Figure 5. Validation of centerline and laterally averaged film
cooling effectiveness (1) with experimental data from Gritsch
etal.[15]

2.2 Effect of mist concentration (Cn)

Figures 6, 8, and 10 illustrate the effect of varying
mist concentrations on the laterally averaged
effectiveness (LAE) of film cooling at three different
blowing ratios: 1.0, 1.4, and 2.0, respectively. Figures 7,
9, and 11 provide the corresponding contour plots of
local effectiveness distribution over the flat surface,
extending from the injection edge to downstream
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regions. From the results it is evident that across all
blowing ratios and mist concentrations, film cooling
effectiveness consistently decreases with increasing
distance from the injection hole (X/D), indicating a
typical streamwise decay. This trend highlights how
coolant jets gradually lose their thermal shielding
capability as they mix with the hot mainstream flow. The
decay of effectiveness is most rapid in the near-field
region (X/D < 10) for all cases, after which the reduction
becomes more gradual. This indicates that coolant
mixing and dispersion are most intense immediately
downstream of the injection point, while the far-field
effectiveness is largely governed by the residual film core
and evaporation of remaining mist droplets. In Figure 6,
for BR = 1.0, LAE increased with increasing Cm. The initial
effectiveness for Cm = 2% starts around 0.55 and declines
gradually along X/D. Increasing Cn to 4%, 7%, and 10%
leads to progressively higher initial and downstream
effectiveness. However, a local phenomenon is observed
within the region X/D < 10: the case with 7% mist
concentration exhibits the highest LAE, even surpassing
the 10% case. This behavior can be attributed to the
lower momentum of the coolant jet at 7% mist
concentration, which allows for greater expansion
through the LFIH. The reduced jet momentum leads to a
longer residence time and the retention of unevaporated
droplets within the plenum. These droplets gradually
evaporate downstream, enhancing cooling effectiveness
near the injection point. On the other hand, the 10% mist
case maintains higher cooling effectiveness over a longer
streamwise distance by reducing mixing with the hot
mainstream gases. In contrast, the 2% mist case, with its
limited water content, results in rapid evaporation
within the settling chamber, offering only short-lived
near-field effectiveness. The effectiveness distribution
contours in Figure 7 corroborates these findings. For Cn,
= 2% and 4%, the jet core is compact and remains close
to the injection hole, while for Cm = 7% and 10%, a longer
and more coherent jet core is observed. This extended jet
core maintains high effectiveness values and remains
less affected by vortex interactions, particularly
important for extending the cooling coverage.

Figure 8 shows a similar trend at a slightly higher
blowing ratio (BR = 1.4). The LAE increases with mist
concentration, particularly up to C, = 7%. The difference
between Cn, = 2%, 4%, and 7% is relatively small in the
near-field (X/D < 10), with only about a 5% variation.
The Cn = 10% case, however, shows the highest LAE in
the near injection region up to X/D < 10, benefiting from



better lateral spreading and a reduction in injection-edge
recirculation due to geometric expansion. Beyond X/D =
10, the Cn = 7% case begins to outperform Cn = 10%,
likely due to evaporation saturation and earlier loss of
momentum in the highest mist concentration case. In
Figure 9, the contour plots show a consistent trend: for
Cm = 2% and 4%, the jet core is restricted to the near-
hole area, while C, = 7% and 10% provide a longer,
sustained jet structure, again highlighting the advantage
of moderate-to-high mist concentrations in delaying
mixing and enhancing surface coverage. Figure 10
further explores the scenario at BR = 2.0. The LAE
initially increases as Cn is raised from 2% to 7%, but
beyond that, at Cin = 10%, there is a notable decline in
cooling performance. This suggests that at higher jet
momentum (due to high BR), too much mist can
destabilize the jet or cause premature droplet breakup,
reducing surface adherence and film integrity. The
contours in Figure 11 show that for C, = 10%, the coolant
film becomes more fragmented downstream, while the
Cm = 7% case maintains a more coherent structure. Thus,
moderate mist concentration is more favorable at high
BR, balancing the trade-off between droplet loading and
aerodynamic stability.
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different mass fractions of mist (Cr) at a fixed blowing ratio
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Figure 7 Contours of film cooling effectiveness for laid-back
fan-shaped holes at a constant blowing ratio (BR = 1.0) and
varying mist concentrations (Cm = 2%-10%).
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Figure 9. Contours of film cooling effectiveness for laid-back
fan-shaped holes at a constant blowing ratio (BR = 1.4) and
varying mist concentrations (Cm = 2%-10%).
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Figure 11. Contours of film cooling effectiveness for laid-back
fan-shaped holes at a constant blowing ratio (BR = 2.0) and
varying mist concentrations (Cm = 2%-10%).
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2.3 Effect of blowing ratio

Figures 12, 13, 14, and 15 illustrate the impact of
varying BR on the LAE of film cooling at constant mist
concentrations of 2%, 4%, 7%, and 10%, respectively.
These figures compare three different blowing ratios:
1.0, 1.4, and 2.0. Additionally, Figures 16, 17, 18, and 19
represent the effectiveness contours on the y-z plane
perpendicular to the flat surface, which helps identify the
cross-sectional  effectiveness  distribution  and
perpendicular shift of the film, representing the
tendency of penetration of the coolant jet. In Figures 12
and 16, with a mist concentration of 2%, the LAE at all
BRs is approximately the same up to X/D = 5 and
gradually decreases along the streamwise direction.
However, the rate of decrease in lateral film performance
along X/D is slightly higher for BR = 1.0 and 2.0
compared to BR = 1.4. For most of the X/D locations, the
mist film cooling at BR = 1.4 with 2% mist concentration
is the highest, making BR = 1.4 the optimal value for low
mist concentration cases in the laid-back fan-shaped
injection configuration.

Figures 13 and 17 illustrate the LAE results for
mist concentration of 4%. In the region near the injection
hole and downstream of the ejection points, the LAE is
higher for BR = 1.4 compared to other blowing ratios.
However, as the flow progresses downstream, the rate of
decrease in effectiveness for BR = 1.4 is slightly higher
than for BR = 2.0. Interestingly, the percentage difference
in laterally averaged effectiveness between BR = 1.0, 1.4,



and 2.0 up to X/D = 15 is less than 5%, indicating a
relatively small variation in performance across these
blowing ratios. This suggests that while BR = 1.4 initially
shows better performance near the injection point, BR =
2.0 maintains a more consistent effectiveness further
downstream. Therefore, for a mist concentration of 4%,
BR = 2.0 can be considered the optimal blowing ratio, as
it provides a better balance of effectiveness along the
entire length of the cooling surface.
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Figure 12. Variation of laterally averaged film cooling
effectiveness along the streamwise direction (X/D) for
different blowing ratios (BR = 1.0, 1.4, and 2.0) at a fixed mist
concentration (Cm = 2%).

In the same way, figures 14 and 18 present the
observations for mist concentration of 7%. In the region
near the injection hole and immediately downstream (up
to X/D = 10), a lower BR of 1.0 exhibits the highest LAE
compared to BR = 1.4 and BR = 2.0. As the flow advances
further downstream, the LAE for BR = 2.0 continues to
outperform the other BRs, maintaining a superior level
of cooling effectiveness. Notably, the percentage
difference in LAE between BR = 1.0, BR = 1.4, and BR =
2.0 becomes more significant, with BR 2.0
demonstrating a clear advantage. The highest LAE
observed at BR = 2.0 and C, = 7% can be attributed to
the reduced momentum of the coolant jet, which allows
the droplets to remain attached to the surface for a
longer duration and over a greater X/D distance. The 7%
mist concentration is optimal, as it ensures sufficient
pre-evaporation in the plenum, leaving only a small
number of unevaporated droplets. These remaining
droplets evaporate in the high-temperature zone near
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the coolant and hot mainstream interaction area,
enhancing the cooling effectiveness. This analysis
indicates that at a mist concentration of 7%, a higher
blowing ratio of 2.0 is more effective in improving the
cooling performance across a broader range of X/D
positions. The results suggest that BR = 2.0 provides
superior film coverage and improved heat transfer
efficiency along the entire length of the cooling surface,
making it the optimal choice for this specific mist
concentration.
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Figure 13. Variation of laterally averaged film cooling
effectiveness along the streamwise direction (X/D) for
different blowing ratios (BR = 1.0, 1.4, and 2.0) at a fixed C, =
4%.

The comparison of LAE for higher Cn of 10% at
various BRs is shown in Figures 15 and 19. The trend
observed here is different from previous discussions. At
higher mist concentrations, several factors significantly
impact the cooling performance of the film. For instance,
increased mist concentration elevates relative humidity
in the plenum chamber, which can hinder evaporation.
Consequently, many water droplets are ejected from the
injection hole without evaporating, and their attachment
or detachment to the surface depends on the BR. At
higher BRs, such as BR = 2.0, the larger droplets have
higher momentum and tend to fly away from the surface,
reducing their cooling effect. Conversely, at lower BRs,
such as BR = 1.0, the droplets are provided with
sufficient momentum and enough time to evaporate both
inside the plenum and in the mainstream region,
particularly at higher Cy, of 10%. When comparing the



LAE of BR = 1.0 with BR = 2.0 at C,, = 10%, a peak N =
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Figure 15. Variation of laterally averaged film cooling
effectiveness along the streamwise direction (X/D) for
different blowing ratios (BR = 1.0, 1.4, and 2.0) at a fixed Cr, =
10%.

Figure 17. Contours of film cooling effectiveness at different
streamwise locations (X/D =1, 3, and 5) for various blowing
ratios (BR = 1.0, 1.4, and 2.0) at a constant Ci, = 4%
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Figure 18. Contours of film cooling effectiveness at different
streamwise locations (X/D = 1, 3, and 5) for various blowing
ratios (BR = 1.0, 1.4, and 2.0) at a constant Cr, = 7%
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Figure 19. Contours of film cooling effectiveness at different
streamwise locations (X/D = 1, 3, and 5) for various blowing
ratios (BR = 1.0, 1.4, and 2.0) at a constant Cr, = 10%
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2.4 Functional correlation for mist film cooling

To extend the applicability of the numerical results
and enable predictive assessment of mist film cooling
performance, an empirical correlation was developed
based on the present simulation data. This correlation
models the LAE as a function of the normalized
streamwise distance (X/D), BR, and Cn. The developed
functional form captures near-wall cooling intensity
through a pre-exponential factor A(BR, C.), and
downstream decay through an exponent n(BR, Cn), as
expressed below:

n(BR,Cm)

LAE (g BR, Cm> = A(BR,C,,) - (Y) (27)

X X
LAE <5> = A(BR,C,,) - o B (5) (28)

where A and n is evaluated by:

A(BR,C,) = ag + a,BR + a,C,, + a3(BR - Cp,)
+ a,BR? + asC3 + (29)
n(BR, Cp) = by + byBR + b,Cpy + b3(BR - Cp)

+ byBR? + bsC2 + (30)

Physically, these correlations were derived from
detailed numerical analysis of laid-back fan-shaped hole
configurations. Physically, the parameter A represents
the initial cooling strength near the injection region
(X/D<5), while n captures the film’s streamwise decay
due to mixing and droplet evaporation. Specifically, the
coefficients ap and by represent the intercepts, i.e., the
baseline values of A and n when both BR and Cy, are zero.
The terms a; and b1 capture the isolated influence of BR,
while a; and b, reflect the individual contribution of Cp.
The interaction terms a3z and bz account for the coupled
effect of BR and C» when varied simultaneously. Finally,
a4, bs, and as, bs, represent quadratic terms for BR and C,
respectively, capturing any nonlinearity in the system's
response. These coefficients were determined by
performing regression fitting on the numerical
simulation data, allowing accurate representation of the
spatial decay and magnitude of mist film cooling
effectiveness under different operating conditions.
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Figure 20. Droplet trajectories overlaid with film cooling
effectiveness contours on a flat adiabatic surface for three
blowing ratios: (a) BR=1.0, (b) BR=1.4,and (c) BR=2.0,ata
mist concentration of 10%.

Figure 20 supports this correlation by visualizing
droplet trajectories overlaid on film cooling
effectiveness contours at various BRs and a fixed mist
concentration of 10%. At lower BR (e.g,, 1.0), droplets
remain closer to the surface, promoting better near-field
cooling. In contrast, at higher BR (e.g., 2.0), increased
momentum causes droplet lift-off and reduced wall
interaction, leading to a decline in LAE. Additionally, the
correlation reveals that lower BR provides stronger but
rapidly decaying cooling, whereas higher BR sustains
cooling over longer distances. The interplay between
mist concentration and BR also shows that optimal
performance shifts depending on the balance between
droplet residence time and evaporation efficiency.

The identification of optimal mist concentrations
and blowing ratios for Laid-Back Fan-Shaped Injection
Holes (LFIH) provides valuable guidance for engineers
seeking to enhance cooling performance without
significantly increasing coolant mass flow rates. Notably,
the finding that a mist concentration of 7% at a blowing
ratio of 2.0 delivers superior downstream effectiveness
can inform the design of advanced cooling strategies for
high-temperature components in gas turbines, power
plants, nuclear reactors, and industrial furnaces.
Furthermore, understanding the influence of vortex
structures under varying flow conditions helps minimize
coolant jet detachment and improve film adherence—
critical for ensuring effective thermal protection in
rotating machinery and high-velocity environments. By
offering empirical correlations that relate geometric and
flow parameters to cooling performance, this study
provides practical tools that can be applied in design
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simulations and system optimization, ultimately
supporting longer component life and improved thermal
efficiency.

2.5 Area-averaged (overall) mist film cooling

Figure 13 presents the effect of varying Cr, on the
area-averaged effectiveness of film cooling for three
different BRs: 1.0, 1.4, and 2.0, with corresponding
momentum flux ratios (MR) of 0.88, 1.72, and 3.51,
respectively. The graph provides a comparative analysis
of how mist concentration influences the overall cooling
effectiveness across the entire surface area. For each BR,
the variation in the area-averaged effectiveness of the
mist film is less than 5%. This minimal variation can be
attributed to the low quantity of water droplets in the
carrier phase (air) and their evaporation within the
plenum chamber. Consequently, there is a reduced
likelihood of droplets reaching the injection hole to
further cool the flat surface. As a result, the coolant
mixture behaves almost like a dry air-cooling system,
leading to a consistent area-averaged effectiveness
across different mist concentrations. Increasing the mist
concentration to 4% does not result in a significant
change in the area-averaged effectiveness. However, at
this mist concentration, a decrease in area-averaged
effectiveness is observed for each BR. The most notable
reduction is for BR = 1.4, with a maximum decrease of
17%. At a C,, of 7%, there is a notable variation in area-
averaged effectiveness with changes in the BR. The data
reveals that the highest area-averaged effectiveness is
achieved with a BR of 1.4, whereas the lowest
effectiveness is recorded with a BR of 1.0. When
comparing the area-averaged effectiveness of BR = 1.4
with BR = 1.0, a 17% enhancement is observed for BR =
1.4. This significant improvement can be attributed to
several factors associated with the optimal BR of 1.4. In
the case of laid-back fan-shaped injection holes, a BR of
1.4 offers a balanced momentum for the coolant jet,
facilitating better film adhesion and lateral spreading
across the surface. Moreover, at C, =7%, the mist
concentration is sufficient to provide a substantial
cooling effect without causing excessive droplet
coalescence or premature evaporation. The increased
mist concentration enhances the cooling potential by
leveraging the latent heat of vaporization, which is
maximized at an optimal BR. The higher area-averaged
effectiveness at BR = 1.4 also indicates an optimal
interaction between the coolant jet and the mainstream
flow. This interaction is crucial for maintaining a stable



and effective cooling film, which is less likely to be
disrupted by vortices or turbulent eddies. In contrast, at
BR = 1.0, the lower momentum of the coolant jet may not
provide sufficient force to maintain an effective cooling
film, leading to reduced cooling performance. At higher
mist concentrations of 10%, the area-averaged
effectiveness decreases for BR = 1.4 and 2.0, with the
lowest effectiveness observed for BR 2.0. This
reduction can be attributed to increased relative
humidity, which inhibits the evaporation of droplets. The
unevaporated droplets, due to their higher momentum
at BR = 2.0, penetrate into the mainstream and are
carried away without contributing to the cooling effect.
Conversely, BR = 1.0 maintains sufficient momentum to
allow droplets to evaporate effectively within the
plenum and the mainstream regions, thereby enhancing
the cooling performance. To further explore the
mechanisms governing cooling effectiveness, the
present study utilizes Equations 31 and 32 to evaluate
the vorticity (w) and its y-directional component (wy) for
analyzing vortex structures as shown in figure 22. These
are defined as dimensionless wy, as [38]:
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Figure 21. Variation of area-averaged film cooling
effectiveness with Cm for different BRs and corresponding
momentum flux ratios

Figure 22 shows vortical structures, including
hanging vortices near the trailing and lateral edges of the
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LFIH. These vortices exhibit alternating signs of y-
vorticity, with relatively low vorticity between them,
leading to reduced mixing and narrower lateral
dispersion. At lower BRs (e.g., 0.2 and 0.6), this behavior
allows the coolant to spread laterally over short
streamwise distances. As BR increases, the CRVPs
elongate, and at BR = 2.0, secondary CRVPs are also
observed above the main vortex cores. These CRVPs are
associated with high-mixing zones that promote lateral
separation of the coolant film, resulting in a thinner film
near the hole exits for BR = 1.4 and 2.0. The findings
highlight that vortex formation directly impacts coolant
dispersion, BR = 2 promotes wider lateral spreading via
edge vortices, while BR = 1 induces complex interactions
involving CRVPs and tube vortices that significantly
affect mixing behavior and cooling performance.
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Figure 22. Contours of Y-direction vorticity overlaid on cross-
sectional planes at X/D =1, 3, and 5, illustrating the
development of vortex structures for three different blowing
ratios: (a) BR=1.0, (b) BR=1.4,and (c) BR = 2.0.

3 Conclusion

This study comprehensively investigates the
effects of Cn and BR on the performance of film cooling
using LFIH. Through detailed numerical simulations and
a series of analyses, the intricate interplay between these
variables was examined, providing valuable insights into
optimizing film cooling effectiveness. The findings reveal
that both mist concentration and blowing ratio



significantly influence the laterally and area-averaged
effectiveness of film cooling. Higher mist concentrations
generally enhance cooling performance, but the extent of
this improvement varies with the blowing ratio. The
results highlight the critical role of optimizing these
parameters to achieve the best cooling performance,

particularly in high-temperature applications.

Key

conclusions and observations include:

1.

At BR = 1.0, increasing mist concentrations enhance
LAE, with 10% mist showing the highest
effectiveness. BR = 1.4 is optimal for moderate mist
concentrations (7%), while BR = 2.0 improves LAE up
to 7% mist but decreases at 10%.

. At Cn = 7%, BR = 2.0 achieves the highest LAE,

especially in the downstream region, due to reduced
momentum allowing droplets to stay attached to the
surface longer, enhancing cooling performance.

. At Cn = 7%, a BR of 1.4 achieves the highest area-

averaged effectiveness, showing a 17% improvement
due to the balanced momentum ensuring better film
adhesion and lateral spreading.

At higher C,, = 10%, the area-averaged effectiveness
decreases for higher BRs of 1.4 and 2.0. The reduction
is attributed to higher momentum causing
unevaporated droplets to penetrate the mainstream.

. Alower BR of 1.0 maintains sufficient momentum for

effective droplet evaporation, enhancing cooling
performance and benefiting better area-averaged
effectiveness at Cr, = 10%.

. At low mist concentrations (Cm < 4%), area-averaged

effectiveness remains nearly constant across BRs due
to early droplet evaporation, resembling dry air
cooling. At Cn = 7%, BR = 1.4 shows a 17%
improvement over BR = 1.0, indicating optimal jet
momentum for film adherence and efficient mist
utilization.

Moderate BRs (0.6-1.4) form stable CRVPs for
effective lateral spreading, while high BR = 2.0
introduces secondary vortices that disrupt film
continuity and reduce cooling by enhancing droplet
escape. This highlights the importance of selecting an
optimal BR.
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