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A series of high resolution simulations on film cooling with varying blowing ratios 
and inclination angles are carried out by using in-house code based on hybrid 
thermal lattice Boltzmann method. Three blowing ratios ranging from 0.2-0.8 and 
four inclination angles from 15° to 60° are chosen for the simulations. The evolu-
tionary mechanism of coherent structure in three domains of film-covering region 
is studied from the view of space and time. Besides, the influencing mechanism 
of blowing ratio and inclination angle on flow and heat transfer features of film 
cooling is uncovered. Results show that hairpin vortex, hairpin packet, and qua-
si-streamwise vortex appearing in rotating domain play a key role in heat transfer 
process of film cooling. The strong ejection, sweep and vortex rotation resulted 
from these vortices enhance the convective heat transfer. It is also found that the 
size of coherent structure varies significantly with blowing ratio and its integral 
form shows a strong dependence on inclination angle. Moreover, inclination angle 
of coolant jet has a significant impact on turbulence fluctuation intensity. The in-
fluence of blowing ratio on the attachment of coolant film and film-cooling perfor-
mance is more obvious than that of inclination angle. It is believed that all of these 
are related closely to the variation of streamwise and wall-normal jet velocity in 
the case of various blowing ratios and inclination angles. 
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Introduction

With the daily increasing demand on thermal efficiency and power output of gas tur-
bine, the gas temperature at turbine inlet becomes extremely high. Consequently, cooling of gas 
turbine components is inevitable. Except for applying thermal barrier coating on blade surface,  
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cooling system with high efficiency is another essential way to decrease the temperature of 
blade surface, in which film cooling is one of the most important cooling methods [1] and stud-
ied by extensive researchers.

The main principle of film cooling is that a stream of coolant gas is injected from a 
hole drilled on the wall along tangent direction or at a certain inclination angle to form a thin 
coolant-film layer, protecting the surface from direct exposure to the cross-flow with high tem-
perature. Simulation and experiment are the ways to study film cooling. Han et al. [2] made 
a detailed explanation on film cooling and presented plenty of experiment results. Acharya 
[3] made a comprehensive review on lots of numerical works of film cooling during recent 
twenty years. No matter experimental or numerical works, most of them are concerned about 
the effects of various aerodynamic and geometrical parameters, such as blowing ratio (BR), 
inclination angle, the shape of film cooling hole and compound angle on cooling performance 
[4-8]. However, there seems few studies on the influencing mechanism of these parameters and 
the evolutionary mechanism of coherent structure, which are pivotal and theoretical problems 
for film-cooling investigation. If the evolutionary process of coherent structure can be clearly 
understood, also how to adjust the parameters to form a stable and efficient coolant film layer, 
simple configurations of film cooling hole with good cooling performance may be proposed. 
Thus, the manufacturing costs of blade would be dramatically reduced. The mixing between jet 
and cross-flow arises large amount of coherent structures. Investigation on film cooling from 
the coherent structure perspective is necessary. For the numerical simulation, it is need to obtain 
the instantaneous coherent structures with various scales and their interactions accurately. It is a 
great challenge for computational scheme and tool to capture the instantaneous flow dynamics 
in turbulence simulation.

Nowadays, most of the turbulence simulations of film cooling are based on time-aver-
aged method, Reynolds averaged Navier-Stokes equation (RANS), however, it has some shortag-
es. For example, Lakehal et al. [9] calculated temperature and velocity fields with various BR and 
concluded that the secondary-flow and heat transfer mechanisms occurring in viscosity-affected 
near-wall layer are difficult to be predicted precisely by k-ε based on two-layer turbulence model. 
After a few years, Theodoridis et al. [10] conducted 3-D calculations of the flow field around a 
turbine blade with film cooling injection near leading edge. It was found that the lateral jet spread-
ing on pressure side was under-predicted by the standard k-ε turbulence model with wall func-
tions. Dyson et al. [11] adopted a modified model, k-ε SST turbulent model, to study performance 
of film cooling. The results showed that the k-ε SST RANS model over-predicted local adiabatic 
film effectiveness and overall cooling effectiveness for an attached jet, while performance was 
under-predicted for a detached jet. Galeazzo et al. [12] made the simulations on turbulent mixing 
in a jet in cross-flow respectively by RANS and large eddy simulation (LES). The numerical re-
sults indicated that LES can accurately capture large-scale coherent structure which dominates the 
turbulent mixing. With the development of computer technology, LES on film cooling becomes 
prevailing. Renze et al. [13] investigate the effect of density gradient on flow characteristics of 
film cooling by using LES. Shangguan et al. [14] conducted a numerical simulation based on LES 
to study the flow characteristics of film cooling. Recently, LES was performed by Qenawy et al. 
[15] to analyze unsteady flow behaviors of a flat plate film cooling. Andrew et al. [16] performed 
a blind LES of film cooling with a canon-ical cylindrical cooling hole geometry using a mas-
sively-parallel solver and obtained accurate results. It took about two months to accomplish the 
simulation with about 88.7 million meshes. In order to capture the detailed unsteady behaviors of 
coherent structure, higher solution computational mesh is indispensable. However, heavy compu-
tation load and long-time consumption are still the bottleneck for LES.
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In the last few years, the application of graphic processing unit (GPU) on CFD pro-
vides hope to researchers devoting to turbulence study. The GPU has become prevailing for 
general purpose because of its high performance of floating-point arithmetic operation, wide 
memory bandwidth, and good programmability [17]. On the other hand, lattice Boltzmann 
method (LBM), one of the meso-scale methods, shows a fast development and has been re-
garded as a promising alternative for flow simulation. It is mainly because that LBM has the 
advantages of easy implementation of boundary conditions, simple programming, and fully 
parallel algorithms [18]. Significantly, the fully parallel algorithm of LBM makes it match 
perfectly with GPU [19], which greatly improves the computational efficiency. Therefore, the 
high resolution simulation based on LBM-GPU has the considerable potential to fulfill detailed 
turbulence investigation.

In order to capture fine coherent structure and obtain adequate fine quantitative re-
sults, this work attempt to reproduce this complicated mixing process with high resolution 
simulation by using hybrid thermal lattice Boltzmann method (HTLBM) and multiple graphic 
processing units (multi-GPU). The standard Smagorinsky subgrid-scale stress (SGS) model 
of LES is adopted. The simulations are fulfilled in a parallel way on 15 NIVIDA Telsa K20M 
GPU. Based on the three-domain definition of film-covering region proposed in our previous 
work [20], the spatially and temporally evolutionary mechanisms of coherent structure in each 
domain is studied in detail and the influencing mechanism of BR and inclination angle on flow 
behavior and cooling performance is uncovered to deepen the understanding of mixing mech-
anism of film cooling.

Computational details

Computational domain and boundary conditions

Figure 1 shows the geometry of film cooling computational domain. Film cooling hole 
with the length of l = 3D inclined at a certain angle is drilled on the bottom wall. The surface 
of the bottom wall is extended 10D in the upstream direction of the center of film cooling hole. 
The computational domain is extended till 25D in the downstream of the center of film cooling 
hole, 3D in y-direction and 10D in z-direction. 
Here, D is the hole diameter. Hot cross-flow en-
ters into computational domain through the inlet 
with a 1/7 power law velocity boundary condi-
tion and leaves at the outlet with zero pressure 
gradient boundary condition. No-slip adiabatic 
boundary condition is given at the bottom wall 
surface. Symmetry boundary condition is pro-
vided at the top surface. Periodic boundary con-
dition is applied in spanwise direction.

In the simulation of present work, the Reynolds number based on cross-flow velocity 
u∞ and hole diameter D is set as Re = 1000. Three BR of 0.2, 0.5, and 0.8 are taken into consid-
eration. Besides, four values of jet inclination angle, α, are chosen: 15°, 30°, 45°, and 60°. The 
density ratio of coolant jet to hot cross-flow is kept at 1 to neglect the impact of density ratio. 
Since present work mainly focuses on the effect of BR and inclination angle. The temperature of 
hot cross-flow, T∞, and the temperature of coolant jet, Tj, are set as 300 K and 150 K, respective-
ly. The cooling performance is evaluated by non-dimensional temperature θ = (Taw – Tj)/(T∞ – Tj)  
and adiabatic film cooling effectiveness η = (T∞ – Taw)/(T∞ – Tj). Here, Taw is the temperature 
of the adiabatic bottom wall. On the other hand, 54 grid points are arranged for the length of 

Figure 1. Flow configuration for film cooling
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1D, resulting in the total mesh number is 1.90 ⋅ 108. The uniform grid is arranged in the whole 
computational domain, causing the mesh near the bottom wall satisfies to y+ < 1. Meanwhile, 
the grid-convergence study has been performed in our previous work [20, 21].

Solution algorithm

The HTLBM coupled with SGS model is adopted to conduct the simulation on film 
cooling in this work. The HTLBM is the extension of LBM that couple athermal-lattice Boltz-
mann equation scheme for flow field and diffusion-advection equation for temperature field 
explicitly. The grid is generated by discretization of space with uniform length, Δx, and discret-
ization of time with step length, Δt. Time step Δt and lattice spacing Δx are chosen according 
to lattice units, such that Δt = 1 and Δx = 1. Quantities can easily be converted between lattice 
units and physical units by conversion factors [22].

Lattice Boltzmann equation for flow field

For LBM-based simulation on flow field, 
a discrete particle density distribution function 
fi(x→, t) is used to trace the evolution of fluid. 
The distribution function represents the density 
of particles with discrete velocity e→i = (eix, eiy, 
eiz) at position X

→
 = (x, y, z) and time t. The ve-

locity set D3Q19 is adopted for the simulation 
on fluid-flow. This velocity set is one of the 
popular choices for 3-D simulation based on 
LBM. Figure 2 illustrates the schematic repre-
sentation of D3Q19 discrete velocity set. Note 
that the speed of sound in lattice unit is cs = 31/2 
for D3Q19 discrete velocity set.

Multiple-relaxation-time lattice Boltzmann scheme is used to improve the robustness 
of numerical computation. Referring to [23], the time evolution equation of velocity distribu-
tion function, f 

→
, can be written:

[ ]( ) ( ) [ ][ ]( )eqf X , f X, m mt t t t+ ∆ + ∆ − = − −e M S


 


 

(1)

where [M] is a 19 × 19 matrix which linearly transforms the distribution function f 
→

 to the ve-
locity moment m⃗  . Their relationship is shown:

[ ]m f= M




(2)

As for the D3Q19 discrete velocity set applied in this work, the equilibrium of the 
moments m→ eq are calculated according to [24]. The relaxation matrix [S] is diagonal:

[ ] ( )1 2 4 4 4 9 2 9 2 9 9 9 16 16 16diag 0, , ,0, ,0, ,0, , , , , , , , , , ,s s s s s s s s s s s s s s s=S (3)

To optimize the linear stability of D3Q19 discrete velocity set, the values of the relax-
ation rates are chosen as: s1 = 1.19, s2 = s10 = 1.40, s4 = 1.20, and s16 = 1.98 [24]. Moreover, the 
relaxation parameter s9 is related to the kinematic viscosity, n:

9 2

1
2s

s t
c
ν

= + ∆ (4)

Figure 2. The schematic representation of 
D3Q19 discrete velocity set
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Finally, the values of density, ρ, and velocity, U⃗, are calculated:

 
( ) ( ) ( ) ( )

1 1

0 0

1X, X, , U X, e X,
N N

i i i
i i

t f t t f tρ
ρ

− −

= =

= =∑ ∑
    



(5)

Advection-diffusion equation for temperature field

Solving advection-diffusion equation is one of the most widely used methods for sim-
ulating advection-diffusion problems. To discretize the advection-diffusion equation, a finite 
difference (FD) scheme is applied in this study:

( ) ( ) ( ) ( )
FD
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X, X,
U X, X,

T t t T t
T t T t

t
κ

+ ∆ −
= − ∇ + ∆

∆

 

   (6)

where T is the temperature and ΔtFD – the time step used in the finite-difference operation. Posi-
tion X 

→
 = (x, y, z) and time t are the same as those used in LBM. Thermal diffusivity κ is defined:

( )
=

pc
λκ
ρ (7)

where λ and cp are the heat conductivity of fluid and specific heat capacity at constant pressure, 
respectively. Second-order upwind interpolation scheme and second-order central interpolation 
scheme are adopted, respectively for the discretization of convection and diffusion terms shown 
in the right side of eq. (6). The value of Prandtl number Pr = n/κ is 0.71, in the assumption that 
the fluid is ideal air.

To ensure the stabilization of numerical simulation, the time step is confined by the 
LBM and the advection-diffusion equation. In LBM scheme, time step Δt and discretization 
space Δx are fixed. Referring to [25], the time step ΔtFD of advection-diffusion equation, which 
is with an advection velocity, U⃗, and thermal diffusivity, κ, has below constraint:

( )
( )

FD 2

UU
t

κ
∆ <

  (8)

Smagorinsky subgrid-scale stress model

The SGS model, introduced to LBM by Hou et al. [26], is applied in this work. To 
consider the comprehensive effect of molecular viscosity, n 0, and turbulent viscosity, n t, molec-
ular viscosity, n 0, is replaced by effective viscosity, n eff, in this model:

( )2
eff 0 t 0

,
2SC S Sαβ αβ
α β

ν ν ν ν= + = + ∆ ∑ (9)

where CS is Smagorinsky constant. According to our previous work [27], the value of CS in the 
LBM-based simulation can be set to 0.13 to obtain accurate results, Δ is the filter length scale 
and

  

( )
2

u u
S

α ββ α
αβ

∂ + ∂
=

is the filtered strain rater tensor [28]. Based on the opinion of Bardina et al. [28], the filter length 
scale used in LES is chosen as the mesh width Δ = Δx = 1. 
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Analogously, the effect thermal diffusivity is calculated:
eff 0 tκ κ κ= + (10)

The turbulent thermal diffusivity, κt, is related to the turbulent Prandtl number:
t

t
t

Pr
ν
κ

= (11)

where the value of Prt is set to Prt = 0.87 [29] in this work. 

Results and discussion

Numerical validation

The experimental results of Sinha et al. [30] are employed to conduct the numerical 
validation of the in-house HTLBM-GPU code used in present work. Table 1 summarizes the 
operating conditions in present work and the experiment performed by Sinha et al. [30], re-
spectively. According to the comparison of numerical and experimental results, as shown in 
fig. 3, the predicted value of spanwise-averaged film cooling effectiveness presents a similar 
tendency with the experimental results [30], however, there are some deviations in the trailing 

edge of film cooling hole. The deviations may be 
due to the difference of inflow condition. In addi-
tion the differences in turbulence intensity, density 
ratio, there are also differences in jet-velocity dis-
tribution between this simulation and experiment 
of Sinha et al. [30]. It should be noted that the jet 
is ejected from a tube connected with a coolant 
chamber in the experiment of Sinha et al. [30]. 
While, in this simulation, the jet is just ejected 
from the tube. This may result in a different jet-ve-
locity distribution. According to previous research 
[31, 32], the turbulence intensity, density ratio and 
jet-velocity distribution have a great impact on 
film-cooling characteristics. Therefore, the differ-
ences between experimental and numerical results 
are acceptable.

Table 1. Operating conditions of experiment and numerical simulation
Parameters Simulation Experiment [33]

Mainstream Reynolds number, Re∞ 1.0 ⋅ 104 1.67 ⋅ 104

Mainstream turbulence intensity, Tu∞ 0 0.2%
Velocity ratio, VR 0.5, 0.65 0.5, 0.65
Density ratio, DR 1 1.2

Three domains of film-covering region in various cases

According to our previous work [20], the characteristics of film-covering re-
gion can be quantitatively reflected by the streamwise distribution of turbulent kinet-
ic energy (TKE) in mid-span plane. The TKE represents the turbulence total energy. Figure 
4 displays time-averaged TKE, kav, in mid-span plane in the case of fig. 4(a) α = 30° with 
various BR and fig. 4(b) BR = 0.5 with various inclination angles, respectively. The sym-

Figure 3. Comparison of numerical and 
experimental results
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bols indicate the dividing points for the three domains of film-covering region. In general, 
the turbulence with large BR and large inclination angle is strong. Besides, the streamwise 
variation tendency of kav changes obviously with BR and inclination angle. In the case of  
BR = 0.2 and BR = 0.5, fig. 4(a), kav rises rapidly to its maximum in rotating domain after a 
slow growth of shearing domain, then it drops slightly in dissipation domain. While, kav with  
BR = 0.8 shows a swift drop after reaching its maximum due to the evident dissipation. The 
results shown in fig. 4(b) imply that the variation tendency of kav with large inclination angle is 
totally different. There are two peaks of kav shown in rotating domain with α = 45° and α = 60°. 
In addition, the growth rate of kav in rotating domain increases significantly as the inclination 
angle increases to α = 45° and α = 60°. Note that the growth ratio of kav is not proportional to 
the growth ratio of wall-normal velocity. The maximum of kav with α = 60° is about 4.9 times of  
α = 15°, and the wall-normal velocity in the case of α = 60° is about 3.5 times of α = 15°. 
However, the maximum of kav with BR = 0.8 is only 2.5 times of BR = 0.2, and the velocity 
in wall-normal direction with BR = 0.8 is four times of BR = 0.2. It is implied that increasing 
wall-normal velocity and reducing streamwise velocity can reinforce the turbulence intensity. 
Therefore, the impact of inclination angle on turbulence intensity is more significant than BR.

Figure 4. Time-averaged TKE, kav, in mid-span plane in the case of;  
(a) α = 30° with various BR and (b) BR = 0.5 with various inclination angles

Evolution of coherent structure in  
three domains of film-covering region

In order to gain further insight into the evolutionary mechanism of coherent struc-
ture in each domain of film-covering region, a time sequence of coherent structure in the case 
of fig. 5(a) BR = 0.5, α = 30°, fig. 5(b) BR = 0.2, α = 30°, and fig. 5(c) BR = 0.5, α = 15°, are 
illustrated in fig. 5. The coherent structure is presented by iso-surfaces of Q = 2.5 and colored 
by non-dimensional temperature, θ. The Q criterion defined in [33] is used to identify coherent 
structure. The initial time is t = tthrough and the interval is tthrough. Through-flow time tthrough is the 
time required by the mean cross-flow to pass from inlet to outlet once. The dotted line indicates 
the partition of each domain. The spatial evolution of coherent structure in each domain varies 
much. In shearing domain, horseshoe vortex wrapping around the coolant jet is formed due to 
the blocking effect of jet. While, in rotating domain, a chain of hairpin vortices dominating the 
flow mixing can be observed clearly. The heads of hairpin vortices associated with the roller 
vortices at the interface of hot cross-flow and coolant jet entrain cross-flow into jet during 
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downstream propagation. Hot cross-flow exerts an upward lift on the heads of hairpin vortices, 
resulted from their clock-wised rotating. The legs of hairpin vortices related to counterrotating 
vortex pair (CVP) transport hot cross-flow beneath coolant jet, and their mutual induction also 
produce upward force. Therefore, hairpin vortices gradually shift away from the bottom wall 
in evolution. The stretching distortion and breakup of hairpin vortices occur as they propagate 
downstream. In dissipation domain, the hairpin vortices breakup into disordered small-scale 
vortices. 

Figure 5. A time sequence of instantaneous coherent structure downstream of film cooling  
hole in the case of; (a) BR = 0.5, α = 30° and (b) BR = 0.2, α = 30°, and (c) BR = 0.5, α = 15° 

Besides, the structure form of vortices in each domain changes over time. As shown 
in fig. 5(a), only a pair of hanging vortices locating at the both lateral sides of film cooling 
hole in shearing domain at t = tthrough, which give a path downstream to coolant jet and provide 
the circulation necessary to create CVP [34]. Then, an obvious protrusion just at the down-
stream of film cooling hole can be observed at t = 3tthrough and t = 4tthrough. The protrusion is 
related to generation of hairpin vortex happening in rotating domain. As for hairpin vortices, 
at the initial time, t = tthrough, they appear at the location of x/D = 7.0. Both the size and strength 
of hairpin vortices increase while propagating downstream. The behaviors of hairpin vortices 
promote hot cross-flow mixing with coolant jet, leading to the intensified heat transfer nearby 
the bottom wall, which is adverse to the protection of the bottom wall against direct contact 
with hot cross-flow. Since from the following time, hairpin vortices appear at the beginning 
of rotating domain, x/D = 7.0, and change into complex hairpin packets quickly. Except for 
hairpin packets, rod-like quasi-streamwise vortices with high temperature lie on the bot-
tom wall. The unsteady quasi-streamwise vortices can be observed obviously at t = 2tthrough 
and transport hot cross-flow beneath coolant jet, making the flow pattern more complex and 
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convective heat transfer stronger. In dissipation domain, small-scale vortices with high tem-
perature distribute disorderly and their distribution are more and more disorganized as they 
propagate to the far field region. 

The results shown in figs. 5(b) and 5(c) illustrate that the evolution process of coherent 
structure is different by changing BR and inclination angle. Compared to large-blowing-ratio 
case, the size of coherent structure in small BR changes significantly. The width of coherent 
structure with BR = 0.2, α = 30° is larger than that of BR = 0.5, α = 30°, while the height of 
coherent structure in small-blowing-ratio case is smaller, suggesting that the coolant film has a 
good attachment to the bottom wall in the case of small BR. Besides, the integral morphology 
of coherent structure has evident change as inclination angle decrease from α = 30° to α = 15°. 
In the case of BR = 0.5, α = 15°, the hairpin vortices maintain a relatively intact shape and they 
start to change into hairpin packets at the latter half of rotating domain. Moreover, there are 
very few quasi-streamwise vortices shown in the case of BR = 0.5, α = 15° and the small-scale 
vortices arising in dissipation domain are in more orderly arrangement than that of BR = 0.5, 
α = 30°.

Analysis of time-averaged  
temperature field

Figure 6 shows the contours of time-av-
eraged film cooling effectiveness, η, on the bot-
tom wall in the case of α = 30° with various BR 
of fig. 6(a) BR = 0.2, fig. 6(b) BR = 0.5, and fig. 
6(c) BR = 0.8. In general, the coverage of cool-
ant film decreases with the increasing BR. The 
coolant jet with large BR shows the tendency to 
detach from the bottom wall, leading to small 
coolant-film coverage.

The contours of time-averaged film cool-
ing effectiveness, η, on the bottom wall in the 
case of BR = 0.5 with various inclination angles 
of fig. 7(a) α = 15°, fig. 7(b) α = 30°, fig. 7(c)  
α = 45°, and fig. 7(d) α = 60° are demonstrated 
in fig. 7. It can be observed that the coverage of 
stable coolant film reduces with the increasing 
of inclination angle. However, the coolant-film 
coverage in the case of BR = 0.5 with vari-
ous inclination angles is smaller than that of  
BR = 0.2, α = 30°, fig. 6(a). Along with the BR 
reducing, the velocity of coolant jet decreases 
both in the streamwise and wall-normal direc-
tion. While, only the wall-normal velocity of 
coolant jet decreases with reducing inclina-
tion angle. It seems that the small streamwise 
velocity contributes significant benefit to the 
good attachment of coolant film to the bottom 
wall, which results in large coverage of cool-
ant film. 

Figure 6. The contours of time-averaged film 
cooling effectiveness, η, on the bottom wall in 
the case of α = 30° with various blowing ratios 
of; (a) BR = 0.2, (b) BR = 0.5, and (c) BR = 0.8

Figure 7. The contours of time-averaged  
film cooling effectiveness, η, on the bottom  
wall in the case of BR = 0.5 with various 
inclination angles of; (a) α = 15°, (b) α = 30°,  
(c) α = 45°, and (d) α = 60°
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Figure 8 displays spanwise-averaged film cooling effectiveness, η̄ , in the case of fig. 
8(a) α = 30° with various BR and fig. 8(b) BR = 0.5 with various inclination angles. Generally, 
η̄  decreases with the increasing of BR or inclination angle. It is noted that the changing trends 
of η̄  with various BR are different. However, it changes little in the case of various inclination 
angles. In particular, the curve of η̄  in the case of BR = 0.5, α = 45° almost overlap with that of 
BR = 0.5, α = 60°. The penetration of jet into cross-flow is the key factor of distribution of η̄ . 
It may because that the jet penetration with BR = 0.5, α = 45° is too strong to continue to grow 
by increasing inclination angle from α = 45° to α = 60°. Thse further clarify that BR is a factor 
having a significant influence on film-cooling performance.

  
Figure 8. Spanwise-averaged film cooling effectiveness, η̄, in the case of;  
(a) α = 30° with various BR and (b) BR = 0.5 with various inclination angles

Figure 9 demonstrates spanwise-averaged film cooling effectiveness per streamwise 
coolant discharge η̄ /BRcosα in the case of fig. 9(a) α = 30° with various BR and fig. 9(b)  
BR = 0.5 with various inclination angles to study the film-cooling performance of per unit 
streamwise coolant discharge in different cases. The η̄ /BRcosα decreases along with increasing 
BR, however, it increases with the increasing of inclination angle. This phenomenon suggests 
that the cooling efficiency of per streamwise coolant-jet discharge is also closely linked to 
streamwise velocity of coolant jet. Reducing jet velocity in streamwise direction can improve 

Figure 9. Spanwise-averaged film cooling effectiveness per streamwise coolant  
discharge η̄/BRcosα in the case of; (a) α = 30° with various BR and  
(b) BR = 0.5 with various inclination angles
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its cooling efficiency under the certain conditions. Moreover, the values of η̄ /BRcosα with var-
ious BR, fig. 9(a), show a higher rate of change than those with various inclination angles, fig. 
9(b). It further indicate that the effect of BR on film-cooling performance is more significant 
than inclination angle. 

Conclusions

The present study employs HTLBM and multi-GPU to numerically investigate the 
evolutionary mechanism of coherent structure in film-cooling process. Besides, the influencing 
mechanism of BR and inclination angle on unsteady behaviors of flow structures and film-cool-
ing performance are studied. From the simulation results, it can be concluded as follows.

 y There are various vortices generating in film-covering region. Among them, hairpin vortex, 
hairpin packet and quasi-streamwise vortex appearing in rotating domain play a significant 
role in the mixing mechanism of film cooling. The prominent ejection, sweep and vortex 
rotation made by these vortices result in the significant convective heat transfer. Besides, the 
width and height of coherent structure change much with various BR, however, the integral 
form varies obviously with inclination angle.

 y Inclination angle of coolant jet has a significant impact on turbulence fluctuation intensity. 
The large wall-normal jet velocity and small streamwise jet velocity in the case of large 
inclination angle lead to significant penetration of coolant jet into hot cross-flow and intense 
shearing between coolant jet and cross-flow. All of these enhance flow mixing and turbu-
lence fluctuation.

 y The influence of BR on the attachment of coolant film and film-cooling performance is more 
remarkable than inclination angle. The attachment of coolant film, film cooling effectiveness 
and cooling efficiency of per streamwise coolant-jet discharge can be improved significantly 
by reducing BR. The slow streamwise jet velocity in the case of small BR make more time 
for coolant jet to attach to the bottom wall. 
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Nomenclature
BR  – blowing ratio, (= ρjuj/ρ∞u∞), [–]
CS – Smagorinsky constant, [–]
cp – specific heat capacity at  

constant pressure, [Jkg–1K–1]
cs – speed of sound, [ms–1]
D  – diameter of cooling hole, [m]
e→i  – discrete velocity of particle of  

i-direction, [ms–1]
fi – particle density distribution function of 

i-direction, [–]
k – turbulent kinetic energy, [J]
kav – time-averaged turbulent kinetic energy, [J]

L  – domain length, [m]
l  – hole length, [m]
[M] – transfer matrix, [–]
m→ – velocity moments, [m2s–1]
m→ eq – equilibria of velocity moments, [m2s–1]
Pr – Prandtl number, (= n/κ), [–]
Q  – invariants of the velocity gradient used to 

depict turbulence coherent structure, [ms–2]
Re  – Reynolds number, (= ρu∞D/n), [–]
[S]  – relaxation matrix, [–]
S̄ α,β  – filtered strain rater tensor, [–]
si – relaxation rate of i-direction, [–]
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