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ABSTRACT 

Film cooling protects high-temperature components and generates complex 

vortex structures through the interaction between the mainstream flow and the 

injected coolant. Additionally, the process of applying thermal barrier coatings 

introduces imperfect cooling holes. A numerical simulation study is conducted 

on two geometric configurations: inclined perfect and imperfect holes arranged 

in a single row on a flat plate to investigate the effects of flow field vortex 

structures and hole imperfections. The k-epsilon turbulent model is employed to 

analyse the impact of varying blowing ratios and defect positions on flow field 

structure and cooling efficiency, with vortex dynamics providing explanatory 

insights. As the blowing ratio increases, the kidney vortex associated with the 

perfect holes progressively detaches from the wall, reducing film cooling 

efficiency. The kidney vortex originates from the shear interaction between the 

mainstream and the impinging jet, predominantly influenced by the vortex 

stretching component. Imperfect holes influence the distribution state of the 

kidney vortex, with weakened roll-up phenomena observed at the IT4 defect 

location. Consequently, a noticeable enhancement in film cooling effectiveness 

is achieved near the proximal end of the hole.  
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1. INTRODUCTION 

With the gradual advancement of aero-engine 

technology, there has been a discernible trend towards 

elevated turbine inlet temperatures. This phenomenon is 

attributed to the improved efficiency of the gas turbines 

with increasing temperature. It is imperative to adopt 

efficient cooling mechanisms to avert the risk of 

overheating and subsequent melting of the turbine’s hot-

end components. Film cooling has emerged as a pivotal 

technique for cooling turbine blades. The film cooling 

process involves injecting cooling jets through small holes 

into the blade surface, creating a protective low-

temperature layer that shields the blade from excessive 

thermal loading. Thermal barrier coatings (TBCs) enhance 

film-cooling efficacy and further augment the hot-end 

components’ heat-bearing capacity. This strategy 

represents a viable pathway for overcoming the 

technological bottlenecks that limit the reliability of hot-

end components in next-generation high-performance 

aerospace engines (Bunker, 2005). 

Extensive research has been conducted on various 

factors that influence film cooling. To elucidate the 

mechanisms and flow-field structures underlying film 

cooling, it was revealed that the flow-field structure 

significantly influences film cooling efficiency. 

Numerical simulations were performed for circular holes 

that were oriented streamwise. The simulations revealed 

the presence of kidney vortices downstream of the jet exit. 

Additionally, it was observed that reducing the strength of 

symmetric vortex pairs led to a notable improvement in 

the film-cooling efficiency (Walters & Leylek, 1997; 

Andreopoulos & Rodi, 1984; Sykes et al., 1986). 

Various methods are commonly employed to mitigate 

the impact of kidney vortices, including modifications to 

the inlet shape, angle, length, and external factors, such as 

the blowing ratio and turbulence intensity. These 

adjustments are aimed at altering the kidney vortex 

structure to affect the cooling efficiency (Funazaki, et al., 

2013; Wu et al., 2016; Chang, et al., 2019; Zhang, et al., 

2020). 

Lim et al. (2001) explored the flow structure in the 

near field of free jets by introducing fluorescein dye into a 

circulating water channel. The presence and origin of the 

counter-rotating kidney vortex pairs were investigated. 

These kidney vortices significantly impact downstream 

cooling efficiency, leading to the adoption of various 

methods to mitigate their effects. Heidmann and Ekkad 

(2008) designed a counter-vortex hole that effectively  
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NOMENCLATURE 

D hole diameter    fluid density 

M blowing ratio  h  enthalpy 

Re Reynolds number    molecular and turbulent viscositiy 

U mean velocity  p  pressure 

T  mainstream temperature  x streamwise coordinates 

cT  incident flow temperature  y vertical coordinates 

awT  adiabatic wall temperature  z spanwise coordinates 

VS  streamwise vorticity stretching component  
t  turbulent viscosity 

rP  molecular Prandtl number1  y +  normalized distance from the wall 

h  turbulent Prandtl number  η film cooling effectiveness 

u  momentum coefficient    average adiabatic film cooling effectiveness 

h  thermal diffusion coefficient  
av  Film cooling spanwise effectiveness 

ω  vorticity  u  mainstream average inlet velocity  

 

counteracted the detrimental vortices associated with 

standard round holes and maintained them on the surface. 

Zhang and Zhu (2020) proposed a novel arrangement of 

auxiliary holes interleaved with the main holes on a flat 

plate to enhance the film cooling effectiveness. The 

numerical results indicated that the large-scale vortices 

induced by the auxiliary holes suppressed the downstream 

development of the main hole's kidney anti-symmetric 

vortices. Jiang et al. (2020) designed various coolant-

delivery structures to mitigate the impact of kidney 

vortices and conducted comparative studies at different 

blowing ratios. The results revealed the formation of 

strong kidney vortices outside the film cooling holes, 

particularly at high blowing ratios. Although they 

examined the influence of delivery structures on kidney 

vortices, they did not analyse the underlying mechanisms. 

Panda et al. (2023) compared two standard convective 

cooling methods–jet impingement and film cooling–and 

evaluated different heat transfer parameters for both cases. 

Film cooling exhibited superior heat flux and Nusselt 

numbers on the interacting surface compared to jet 

impingement cooling. Chen et al. (2019) conducted 

numerical simulations to investigate the influence of 

crossflow within internal cooling channels on film-cooling 

performance. They proposed a theoretical model for the 

boundary layer deformation based on vortex dynamics to 

explain the formation of internal hole vortices. 

Owing to its effective cooling capabilities, film 

cooling has been widely applied. However, practical 

applications still pose numerous challenges, including 

imperfections during hole fabrication and thermal barrier 

coating applications. A comparison between the cases 

with and without imperfect holes revealed that defects 

alter the formation of vortex structures, and defects at the 

hole exit enhance the film-cooling effectiveness. These 

observations were confirmed through experiments 

conducted using a water tank setup, where the working 

fluid was room-temperature liquid water at temperatures 

of 20°C and 26°C. (Jovanovic´ et al., 2005, 2006, 2008). 

In typical gas turbine airflows, the temperature ratio falls 

within the range of 0.5 to 0.85, while the blowing ratio 

varies from 0.3 to 2.0 (Han et al., 2013). Bunker (2014) 

conducted experimental research on the influence of 

semicircular hole imperfections on jet cross-flow 

interactions using particle image velocimetry and liquid-

crystal thermography techniques. Nemdili et al. (2011) 

conducted numerical simulations of the interaction 

between a jet and a crossflow in the presence of defects 

inside the jet holes using liquid water at room temperature. 

Their research focused on the effect of defect size, 

revealing that as the defect size increased, the distance of 

the centre of the kidney vortex from the wall also 

increased. Rezzag and Jubran, (2019) used room-

temperature liquid water for their numerical simulations. 

They observed that under different blowing ratios, the tilt 

angle of the hole significantly affected the film-cooling 

efficiency. However, they did not investigate the effect of 

hole placement or the mechanism of vortex formation. 

Huang et al. (2018) conducted experimental research 

using specialised pyramid-shaped elements to simulate the 

internal imperfections of holes. The study demonstrated 

that hole blockage significantly influences film-cooling 

effectiveness and the discharge coefficient. Although they 

focused on pyramid-shaped defects, they did not analyse 

the influence of vortex structures on film cooling. Tian et 

al. (2018) investigated and analysed two similar blockage 

ratios with different defect shapes: hemispheres and 

tetrahedrons. Their results revealed that the lateral film 

cooling efficiency of the hemispherical blockage structure 

was lower than that of the tetrahedral structure. 

Based on the literature review, kidney vortices’ 

presence significantly influences the downstream flow 

field structures and cooling effects, similar to the effects 

observed with imperfect holes. However, there has been 

limited exploration of the generation and evolution of 

these vortices. 

This study employed numerical simulations to 

analyse the flow characteristics under different blowing 

ratios for circular hole configurations on a flat plate. In 

addition, a vortex transport equation was used to explain 

vortex generation. Furthermore, this study investigated the 

variations between semicircular imperfect holes at four 

different positions and perfect holes in the upper kidney 

vortex structure. Ultimately, this study aimed to determine 

the most reasonable defect location and optimal cooling 

efficiency. Concurrently, this numerical study involved  
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Fig. 1 Computational Domain 

 

 

 
 

Fig. 2 Geometric Dimensions of the Computational Model 

 

simplifying a gas turbine model to investigate the 

interaction between the transverse and jet flows of perfect 

and imperfect holes and the formation of vortices. These 

flow characteristics correspond to film cooling in gas 

turbines. 

2. COMPUTATIONAL MODEL AND 

METHODOLOGY  

2.1 Geometrical Configuration  

The 3D computational model used in this numerical 

simulation study is based on Jovanic's experimental setup 

(Jovanović et al., 2008). The computational domain is 

depicted in Fig. 1 and is divided into two main 

components: the mainstream channel and the film cooling 

holes. The dimensions of the numerical model are shown 

in Fig. 2. Specifically, the diameter of the film cooling 

hole is D = 0.57 mm, the distance from the mainstream 

inlet to the front end of the film cooling hole is 28.5D, the 

distance from the mainstream outlet to the front end of the 

film cooling hole is 42D, the height of the mainstream 

channel is 10D, the inclination angle of the film cooling 

hole for the mainstream flow direction is 35°, the width of 

the film cooling hole is 3D. The length-to-diameter ratio 

(L/D) of the film cooling hole is 10. The origin was located 

at the front end of the film cooling hole, and the x, y, and 

z coordinate axes corresponded to the streamwise, wall-

normal, and spanwise directions, respectively. 

The dimensions of the selected computational 

domain were scaled to maintain the same Reynolds 

number as the experimental conditions based on the hole 

diameter and the distance from the plate’s leading edge to 

the hole front. The boundary conditions for the 

computational domain were configured as follows: the 

mainstream inlet was set as the velocity inlet, and the 

mainstream outlet was specified as the pressure outlet. The 

mainstream average velocity u   was 20 m/s and followed 

a velocity distribution with a 1/7 power-law exponent. The 

mainstream temperature T  was 293.15 K, and the 

turbulence intensity was set at 1%. This study determined 

the secondary flow’s inlet velocity by calculating the 

blowing ratio, ranging from 0.3 to 1.2. The inlet 

temperature of the secondary flow was 299.15 K. The flow 

pressure was set to standard atmospheric pressure to 

prevent a phase change in the liquid water. The lateral 

boundaries of the main channel were set as periodic 

boundary conditions, and all other boundaries were 

considered non-slip adiabatic walls. Both the mainstream 

and secondary flows were considered incompressible 

water. A second-order upwind scheme was used to 
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discretise the Navier-Stokes equations. Convergence is 

determined when the residuals of all equations are smaller 

than 510−  , and the residual curves show no further 

decrease. 

2.2 Numerical Method and Governing Equations  

Because of the fluid’s incompressible nature in this 

study’s numerical simulation, the working fluid was 

assumed to be a Newtonian fluid with temperature-

dependent properties. Thus, the conservation equations for 

the mass ( / 0i iU x  = ),momentum, and energy are 

presented in a concise Cartesian tensor notation (Lakehal 

et al., 2001), and they are solved numerically using the 

finite volume method: 

ji

i j u

j j i i

UU p
U U

x x x x

   

− + = −  
                              (1) 

0j h

j j

h
U h

x x

   

− =  
                                (2) 

Where iU , h , p , and   represent velocity, 

enthalpy, pressure, and fluid density components, 

respectively, and ( )u t  = +  and 

( / ) /h r t hP   = +  are momentum and thermal 

diffusion coefficients.   and t  denote molecular and 

turbulent viscosities, and rP  and h represent molecular 

and turbulent Prandtl numbers. 

In this study, the flow is turbulent under the 

conditions above due to the high Reynolds number. Based 

on the reference from the literature above, the k -  model 

with enhanced wall treatment is the optimal choice for 

predicting film cooling flow, and the predicted cooling 

effectiveness observed was in excellent agreement with 

experimental results. Therefore, the enhanced wall 

treatment k -   model is adopted in the experimental 

model of this paper. The turbulent viscosity t is 

calculated using the Realizable k -   turbulence model, 

and it is related to the turbulent kinetic energy k and 

dissipation rate   as follows: 
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The transport equations are as follows: 
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2.3 Parameter Definitions 

Several parameters are defined in this paper: 

e

U D
R




 =

                                              (8) 

In the equation, eR  represents the Reynolds number, 

 is the density of the mainstream flow, U  is the 

velocity of the mainstream flow, D  is the diameter of the 

film cooling hole, and   is the dynamic viscosity. 
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In the equation,   represents the local adiabatic film 

cooling effectiveness, av is the spanwise-averaged 

adiabatic film cooling effectiveness, T  is the 

mainstream temperature, cT  is the incident flow 

temperature, and awT  is the adiabatic wall temperature. 

c cV
M

V



 

=

                                         (11) 

where M  represents the blowing ratio,   

represents the density of the mainstream flow, V  

represents the velocity of the mainstream flow, c  

represents the density of the incident flow, and cV  

represents the velocity of the incident flow. The blowing 

ratio essentially represents the velocity ratio because of the 

identical densities of the mainstream and injection flows. 

Under the reference experimental conditions, in which the 

mainstream velocity remained constant, any alteration in 

the blowing ratio was driven solely by changes in the 

injection flow velocity. 

2.4 Grid Independence and Validation 

This study used the commercial software ICEM for 

block-structured mesh generation in the computational 

domain. As depicted in Fig. 3, grid partitions were 

established for perfect and imperfect film-cooling hole 

configurations. Tetrahedral meshes were utilised, and grid 

refinement was implemented near the film-cooling holes 

and wall surfaces to ensure accuracy. A maximum wall-

normal spacing y + < 1 with a wall-normal expansion ratio 

of 1.1 was employed for grid growth in the near-wall 

region. 

Grid independence verification was conducted to 

obtain highly accurate computational results while 

conserving computational resources, as shown in Fig. 4. 

Four grid quantities were employed:88w, 128w, 

175w, and 229w. It was observed that the computational  
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(a) Global Mesh 

   

(b) Local Mesh 

Fig. 3 Calculation Model Meshing for Perfect and Imperfect Holes 

 

 

Fig. 4 Grid Independence Verification 

 

model with 80w grid cells exhibited significant 

discrepancies compared with the others. As the grid size 

reached 175w, the downstream centreline adiabatic film-

cooling effectiveness demonstrated minimal sensitivity to 

further increases in the grid cells. Consequently, this grid 

size was selected for the subsequent case analysis. 

This study compared the wall centreline and 

spanwise-averaged film-cooling effectiveness to validate 

the accuracy of the numerical simulation results at a 

blowing ratio of M = 0.45 with the data from Jovanic and 

Roberg, as shown in Fig. 5. Additionally, we separately 

investigated three different turbulence models: Realizable

k -   (RKE), Standard k - (SKE), SST k - (SKW). This 

facilitates a more straightforward comparison of the 

cooling efficiency results between different turbulence 

models and experimental values. Given that the numerical 

simulation results of the Realizable model can well predict 

medium-scale vortices in film cooling and not only exhibit 

similar trends to experimental data but also closely match 

experimental results, we ultimately selected the Realizable

k -    turbulence model for subsequent studies. 

 

  
(a) Comparison of Wall Centerline Film Cooling 

Effectiveness 

(b) Comparison of Spanwise-Averaged Wall Film 

Cooling Effectiveness 

Fig. 5 Comparison of Film Cooling Effectiveness Simulation Results with Experimental Data 
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Fig. 6 X-direction Velocity Distribution at the Outlet 

Section of the Perfect Hole under Different Blowing 

Ratios 

 

3. RESULTS AND ANALYSIS 

3.1 Flow Characteristics of Perfect Holes at Different 

Blowing Ratios 

This section discusses the flow characteristics of a 

perfect hole configuration for different blowing ratios. 

Figures 6–8 show the velocity distributions in the X, Y, 

and Z directions, respectively, at the outlet section of the 

perfect hole. The velocity distribution at the outlet 

significantly affected the downstream film-cooling 

effectiveness and the vortex stretching term, as discussed 

below. 

The X-direction velocity distribution in Fig. 6 shows 

that as the blowing ratio increased, the X-direction 

velocity also increased gradually for the perfect hole 

configuration. The outlet region exhibited increased 

velocity from left to right in the x-direction. This 

phenomenon results from the complex momentum and 

heat transfer interactions between the turbulent boundary 

layer and the incident flow within the film-cooling hole, 

where the main flow and jet intersect. After the incident 

flow exits the film-cooling hole and interacts with the 

mainstream, it deviates, reducing the turbulent boundary 

layer near the leading edge of the film hole (at X/D=-1.67).  

 

 
Fig. 7 Y-direction Velocity Distribution at the Outlet 

Section of the Perfect Hole under Different Blowing 

Ratios 

 

Fig. 8 Z-direction Velocity Distribution at the Outlet 

Section of the Perfect Hole under Different Blowing 

Ratios 

 

Simultaneously, as the effect of the turbulent boundary 

layer of the mainstream weakened, the film-cooling efflux 

concentrated more at the rear of the film-cooling hole, 

reaching a maximum near the trailing edge of the hole and 

approaching the incident velocity. 

The Y-direction velocity distribution in Fig. 7 exhibits 

a pattern of variation similar to that in Fig. 6 but with 

slightly decreased velocity magnitudes. The Z-direction 

velocity distribution in Fig. 8 exhibits a significant 

reduction in the velocity magnitude and noticeable 

changes in the distribution. The film-cooling hole region 

is symmetrically distributed in the spanwise direction (Z-

direction) with opposing velocities, forming an 

asymmetric velocity distribution. This asymmetric 

distribution became less prominent when the blowing ratio 

was 0.6. 

An increase in the X-direction velocity is beneficial 

for promoting streamwise film spreading. An increase in 

the Y-direction velocity aids the upward motion of the jet, 

enhancing its ability to penetrate the mainstream. An 

increase in the Z-direction velocity was advantageous for 

the spanwise spreading ability of the film. However, at 

high blowing ratios, the higher spanwise velocities 

resulted in the formation of stronger kidney-shaped 

vortices. 

Based on the above analysis, the velocity distribution 

at the outlet of a perfect hole is primarily influenced by the 

X- and Y-direction velocities, with minimal influence 

from the Z-direction velocity. As the blowing ratio 

increased, the streamwise development and ability of the 

film to penetrate the mainstream also strengthened, as 

shown in Fig. 9. 

As depicted in Fig. 9, the streamlines and temperature 

contour maps at the midplane of the perfect hole exhibit 

varying patterns under different blowing ratios. With an 

increase in the blowing ratio, the Y-direction velocity at 

the outlet increased, enhancing the penetration of the 

incident jet into the mainstream, leading to a more 

pronounced downstream lifting phenomenon, which 

adversely affected the film-cooling efficiency. The graph 

shows that at blowing ratios of M = 0.3 and M = 0.6, the 

film remains attached to the wall near the film hole and  

(a) 

(c) 

(b) 

(d) 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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Fig. 9 Streamline and temperature contour plots at the central cross-section of the perfect hole under different 

blowing ratios 

 

gradually detaches from the wall in the downstream region 

while maintaining effective film cooling. However, at 

blowing ratios of M = 0.9 and M = 1.2, the film can only 

remain attached to the wall near the film hole, and 

reattachment occurs downstream, resulting in a less 

favourable film coverage along the downstream wall. 

Moreover, as the blowing ratio increased, the reattachment 

phenomenon became more pronounced, decreasing film 

cooling efficiency. 

A complex flow field formed as the incident jet 

flowed out of the film hole outlet and mixed with the 

mainstream. The interaction between the mainstream and 

incident jets resulted in a mutual influence. The incident 

jet obstructs the mainstream flow and, simultaneously, is 

itself affected by the mainstream, causing a diversion 

from its original direction. This phenomenon aligns well 

with the observations presented in Fig. 9. To examine the 

downstream flow development along the streamwise 

direction, Fig. 10 illustrates the temperature contour 

maps and velocity vector maps at the downstream cross 

sections with X/D values of 1, 3, and 5 for blowing ratios 

of M=0.3, 0.6, 0.9, and 1.2. It can be observed that owing 

to the pressure difference in the film hole outlet region, 

the outer layer of the incident jet is driven towards the 

centre of the wall, causing the surrounding mainstream to 

converge towards the wall, resulting in the incident jet 

forming a semicircular structure under various blowing 

ratios. 

During downstream development, the action of 

kidney vortices affects the mixing of the mainstream and 

incident jets, directly influencing the cooling efficiency 

and coverage range. These vortices controlled the mixing 

downstream of the film hole. Kidney vortices are 

generated due to the mismatch in the vertical momentum 

between the mainstream and incident jets. They constitute 

a significant portion of the flow structure and play crucial 

roles. Moreover, they exert a wrapping effect on the 

mainstream, causing the mainstream to intrude into the 

lower part of the incident jet and enhancing the mixing 

between the incident jet and the mainstream.  

Consequently, this weakened the protective effect of 

the incident jet on the wall. Therefore, kidney vortices 

have a significant impact on the downstream flow 

development. From Fig. 10, it can be observed that kidney 

vortices are formed under different blowing ratios for the 

perfect hole configuration. These vortices were initially 

close to the wall at the flow location X/D=1. As the flow 

progressed downstream, it gradually increased and 

detached from the wall at X/D=3 and 5. According to the 

above analysis, as the position of the kidney vortices 

increases, the mixing between the mainstream and 

incident jets becomes more intense, leading to a faster 

decrease in cooling efficiency. As the blowing ratio 

increased, the temperature contour distribution at the 

centre of the perfect hole changed from a completely 

elliptical shape to two separate elliptical distributions 

because of the increased X- and Z-direction velocities of 

the incident jet caused by the higher exitvelocity from the 

film hole at a high blowing ratio. The increased pressure 

difference pushed the incident jet toward the wall 

centreline, enhancing the entrainment effect of the kidney-

shaped vortices. Consequently, the cooling efficiency at 

the centreline decreased for blowing ratios of 0.9 and 1.2. 

However, the increased Z-direction velocity improved 

cooling efficiency in the spanwise direction for lower 

blowing ratios (M=0.3, 0.6), leading to an increased region 

covered by the film. 

3.2 Vortex Dynamics Analysis of the Perfect Hole 

Under Different Blowing Ratios 

In the previous section, we analysed the distribution 

of outlet velocities in different directions for a perfect hole 

under different blowing ratios, downstream flow 

characteristics, and influence of kidney vortices. The 

velocity distribution and presence of kidney-shaped 

vortices significantly impact the downstream flow 

structure and film cooling efficiency. 

Next, we investigated the variation in the vorticity 

downstream of the perfect hole under different blowing 

ratios. As established in a previous analysis, the exit  

flow of the injection jet was consistently affected by the  

(a) 

(c) 

(b) 

(d) 
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(a)                                                    (b)                                              (c) 

Fig. 10 Velocity vector and temperature contour plots at downstream cross-sections of the perfect hole under 

various blowing ratios (a: X/D=1, b: X/D=3, c: X/D=5) 

 

presence of kidney-shaped vortices. The structure of these 

vortices significantly influences the downstream cooling 

efficiency of the hole exit; as they propagate downstream, 

they continue to contribute to the mixing of hot and cold 

flows, with their strength gradually diminishing along the 

streamwise direction. Figure 11 shows the development of 

these kidney vortices along the streamwise direction for 

different blowing ratios. The figures include vorticity 

maps at three selected streamwise positions to illustrate 

this development process, specifically at X/D = 0, 2, and 

4. 

As the blowing ratio increased gradually, the velocity 

at the outlet increased significantly, leading to an 

enhanced momentum of the exiting jet, resulting in the 

gradual intensification of the kidney vortices downstream 

of the film cooling hole. The position of the vortex core 

increased correspondingly. This phenomenon can also 

explain the change in the semicircular shape of the perfect 

hole in Fig. 10, as the increasing strength of the kidney 

vortex causes a shift in its cores’ position, ultimately 

leading to a decrease in cooling efficiency. Furthermore, 

it can be observed that kidney vortices appear at the exit 

of the film-cooling hole for different blowing ratios. As 

the flow progresses downstream, the intensities of these 

vortices gradually decrease. In the case of high blowing 

ratios (M=0.9, 1.2), owing to the higher position of the 

vortex core, the decay process of the kidney vortex 

becomes slower, which undoubtedly hinders the 

improvement in the cooling efficiency. However, for 

lower blowing ratios (M=0.3, 0.6), the lowered position of 

the vortex core, influenced by the action of the vortices in 

the boundary layer near the wall, enhanced the decay of 

the kidney vortex. At M = 0.3, the intensity reached its 

lowest point. 

Based on the analysis in the previous section, when 

the blowing ratio M = 0.6, the structure of the kidney 

vortex is visible, and the cooling effect is at its best. 

Therefore, the subsequent study focused only on M = 0.6, 

neglecting the influence of velocity variations on the 

downstream flow field vortex structure. A vortex 

identification method based on the Q-criterion was applied 

to the vortex flow field using the numerical simulations’ 

results (Zhan et al., 2019). The Q-criterion method is 

based on the characteristic equation of the velocity 

gradient tensor. 

3 2 0P Q R  + + + =
                                                       (12) 
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Fig. 11 Vorticity distribution at different streamwise locations X/D=0, 2, and 4 downstream of the perfect 

hole exit in the flow field of the perfect hole 

 

 

Fig. 12 Vorticity identification using the Q-criterion (Q=1) for the perfect hole at a blowing ratio of M=0.6 

 

The region in which the second invariant of the 

velocity gradient tensor Q > 0 is identified as the vortex. In 

this context, the expression for Q is as follows:

2 21
(|| || || || )

2
F FQ A S= −

                                            (13) 

Where S  represents the symmetric part of the 

velocity gradient tensor, and A represents the anti-

symmetric part, corresponding to deformation and rotation 

in the flow field. The physical interpretation of the Q

criterion is that the vorticity associated with rotational 

effects in the flow field is greater than that associated with 

deformation effects, indicating that the rotational effects 

dominate. 

Figure 12 illustrates the visualisation of the vortical 

structures using the Q-criterion, with a value of 1 for a 

perfect hole at a blowing ratio of M = 0.6 During the film-

cooling process of the injection jet exiting the hole, a 

horseshoe-shaped vortex formed near the wall near the 

hole exit. This vortex was wrapped around the outer region 
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of the injection jet along the mainstream flow direction. 

As the injection jet progressed downstream, it was 

influenced by the mainstream gas, forming a high-pressure 

region upstream of the gas. This pressure distribution 

causes the injection jet to bend owing to compression, and 

simultaneously, the shear force from the downward 

motion of the mainstream causes the initial single-vortex 

structure at the hole exit to evolve into a counter-rotating 

kidney vortex pair. Moreover, it can be observed that the 

vortex structure originates from the region near the hole 

exit, indicating that the vortex formation is primarily 

driven by the interaction between the injection jet and the 

mainstream, leading to the development of shear-layer 

vortices and the subsequent formation of kidney-shaped 

vortices. 

Due to the intricate flow field resulting from the 

interaction of the mainstream and injection jets, where 

vortex structures govern the flow field, current research 

has predominantly focused on the post-analysis of vortices 

without investigating the underlying reasons for their 

formation. Thus, this section discusses film cooling vortex 

dynamics analysis based on the fluid particle vorticity 

transport equation. The vorticity transport equation is 

expressed as follows: 

2
( ) ( )

ω
ω u ω u F Xvisc

D p

Dt





 
=  −   + + +

      (14) 

In the equation above, ω  represents vorticity,and u  

represents velocity, where the left-hand side of Eq.(12), 

denoted as ω/D Dt , signifies the rate of change of vorticity. 

On the right-hand side, ( )ω u  stands for vortex 

stretching (VS), indicating the stretching and bending of 

vortex lines due to velocity gradients in the flow field, 

consequently altering the magnitude and direction of 

vorticity. ( )ω u   signifies vortex dilatation, arising from 

changes in the volume of fluid elements, leading to 

changes in vorticity magnitude. 2/p    represents 

the baroclinic torque, which generates vorticity when 

density and pressure gradients are not aligned. Fvisc

denotes viscous dissipation, representing the diffusive 

effect of vorticity due to viscosity, causing vorticity 

generation, diffusion, and ultimately dissipation. X  

on the right-hand side accounts for the contribution of 

body forces. 

Due to the incompressible and ideal nature of the fluid 

in the current study, the absence of centrifugal forces, 

conservation of the body force term X , negligible effects 

of the baroclinic torque term, and high Reynolds number 

flow characteristics, the vorticity dynamics equation can 

be simplified to: 

( )
D

Dt
= 

ω
ω u

                                   (15) 

In other words, the variation in vorticity was induced 

primarily by velocity gradients. The velocity gradients 

aligned with the vorticity lines resulted in vorticity 

stretching, whereas those perpendicular to the vorticity 

lines caused vorticity tilting. 

The results on the YZ and XZ planes are presented in 

the following discussion to examine the influence of 

vorticity stretching on vortex generation. The 

corresponding vorticity transport equations and related 

quantities are as follows: 

( )
x z

ω x x x

x y

u u u
u

x y z
  

  
 = + +

  
                           (16) 

( )
y y y

y y

u u u
u

x y z
  

  
 = + +

  
x zω

             (17) 

In the context of this case study, where the X- and Y-

directional components mainly influenced the velocity 

gradient, an analysis of the streamwise ( )
x

ω u and 

vertical ( )
y

ω u  components of the vorticity stretching 

term was conducted. Herein: 

The contour maps of the streamwise vorticity 

stretching components x
VS and

y
VS on the YZ plane of 

the perfect hole are presented in Fig. 13. Overall, from the 

contour map of the streamwise vorticity stretching 

components x
VS and

y
VS , it is evident that this 

component exhibits a higher intensity near the exit of the 

film cooling hole. However, as the flow progressed 

downstream, the intensity gradually decreased. Both 

component’s primary distributions were concentrated on 

the cooled wall surface, indicating a correlation with the 

wall boundary layer. 

In Fig. 13. a, at the position behind the film-cooling 

hole (X/D = 0), the contour map of the vertical vorticity 

stretching component x
VS  reveals numerous intertwined 

alternating and opposing vorticity stretching components, 

indicating that significant velocity gradients exist between 

the inflow jet and surrounding fluid at the exit of the film-

cooling hole, leading to intense instability and substantial 

momentum exchange, resulting in strong streamwise 

vorticity stretching and contraction. This phenomenon 

occurs in a wide range of cooled wall surfaces. The 

contour map of the vertical vorticity stretching component 

y
VS at the position behind the film-cooling hole exhibited 

a similar pattern. The ability of the inflowing jet to 

penetrate in the normal direction results in a higher 

distribution range of the vertical vorticity stretching 

component
y

VS , although it covers a smaller region of the 

downstream cooled wall. 

In Fig. 13. b, the contour map at the trailing edge of 

the film hole mainly shows its distribution in the cooling-

wall region. Positions where Z/D < 0 caused vorticity 

stretching, whereas at Z/D > 0, it led to vorticity 

compression. Combining this with the vorticity maps in 

Fig. 11 at M = 0.6 and X/D = 2, it can be inferred that the 

vorticity stretching term component primarily influences 

the vorticity within the wall boundary layer. A contour 

map of the trailing edge of the film hole (Z/D=0) is shown 

in Fig. 13. b. The distribution is concentrated around the 

centre of the wall, with opposite tendencies between the 

vorticity stretching terms and. The distribution range was 

higher, resulting in an upward shift of the vortex core in  
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Fig. 13 Contour maps of the vorticity stretching term components xVS 、 yVS  on the YZ plane of the perfect 

hole. （left: xVS ,right: yVS ）The positions along the streamwise direction are as follows: (a) X/D=0, (b) X/D=2, 

and (c) X/D=4 

 

the vorticity map, suggesting that the vorticity stretching 

term primarily influences the kidney-shaped vortex. 

Similar observations were made for the contour map at 

Z/D = 0, as shown in Fig. 13. The vorticity stretching term 

component mainly influences the downstream 

development of the kidney-shaped vortex. The vorticity 

stretching term component also influenced the boundary-

layer vortices on the wall. As deduced from an earlier 

analysis, the kidney vortex significantly affected the 

downstream flow structure and cooling efficiency. 

Therefore, controlling the vorticity stretching component 

is crucial. 

3.3 Flow Characteristics of Imperfect Holes at 

Different Blowing Ratios 

Analysis of the perfect hole revealed that at a blowing 

ratio of M = 0.6, the film-cooling efficiency and vortex 

morphology were relatively optimal. To maintain 

consistency under the same blowing ratio, we employed 

the perfect hole scenario as a reference, allowing us to 

analyse how introducing defective holes alters the flow 

characteristics. The positions at radial distances X/D = 0.2, 

0.6, 1, and 2 are referred to as IT1, IT2, IT3, and IT4, 

respectively. Figures 14–16 show the velocity 

distributions in the X-, Y-, and Z-directions at the exit 

plane for different defect locations. The velocity 

distribution in the X- and Y-directions follows a pattern in 

which the velocities increase from left to right in the 

downstream region, similar to the distribution observed 

for perfect holes. However, there is a noticeable increase 

in the velocity near the trailing edge of the film hole, which 

 

 

Fig. 14 X-direction Velocity Distribution at Outlet 

Cross-section for Imperfect Holes at Different Defect 

Locations 

 

is attributed to the reduced cross-sectional area of the flow 

owing to the presence of defects, resulting in a distinct 

velocity enhancement compared to the case of a perfect 

hole. In addition, the influence of the mainstream turbulent 

boundary layer on the imperfect hole was more 

pronounced, leading to a backflow phenomenon at the 

leading edge of the film hole, evident from the significant 

reduction in the velocity distribution in the X and Y 

directions, which diminished as the defect location moved 

radially away from the film hole. Similarly, the  

Z-direction velocity in Fig. 16 experienced a significant  

(a) 

(c) 

(b) 

 

 

 

(a) (b) 

(c) (d) 
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Fig. 15 Y-direction Velocity Distribution at Outlet 

Cross-section for Imperfect Holes at Different Defect 

Locations 

 

 

Fig. 16 Z-direction Velocity Distribution at Outlet 

Cross-section for Imperfect Holes at Different Defect 

Locations 

 

reduction in magnitude, displaying an irregular and 

asymmetric distribution compared to the perfect hole. This 

characteristic likely affected the formation of kidney-

shaped vortices. Furthermore, the defect location 

significantly affects the velocities in the film hole exit 

region. As the defect moved radially away from the film 

hole, the magnitudes of the X-, Y-, and Z-direction 

velocities decreased. 

The streamline and temperature contour maps at the 

downstream cross sections X/D = 1, 3, and 5 for various 

defect locations are presented in Fig. 17. Compared to the 

perfect hole case at M=0.6, it is evident that the imperfect 

holes exhibit similar characteristics. Kidney vortices 

formed at different blowing ratios and gradually detached 

from the wall as the flow progressed downstream. 

Furthermore, the intensity of the kidney vortices increased 

with the blowing ratio. However, defects in the film holes 

enhanced the strength of the downstream kidney-shaped 

vortices, disrupting their symmetrical distribution and 

causing them to deflect asymmetrically, which correlated 

with the previously observed significant increase in the Y-

direction velocity. At defect locations IT1 and IT2, the 

development of kidney vortices led to the formation of 

suction zones at the X/D=1 position, subsequently 

evolving into two distinct and unequal elliptical 

distributions as the positions of the vortex pairs increased. 

In contrast, the suction effect weakened at defect locations 

IT3 and IT4, and the separation phenomenon diminished, 

resulting in a more coherent semicircular distribution. 

Undoubtedly, this enhanced the efficiency of film cooling. 

3.4 Efficiency of Film Cooling 

The vortex structure in the downstream flow field of 

the film-cooling hole significantly affected the wall film 

cooling efficiency. This section analyses the wall film 

cooling efficiency contour maps and spanwise-averaged 

film cooling efficiency. 

Figure 18 shows the wall film cooling efficiency 

contour maps for a perfect hole at various blowing ratios. 

Figure 19 shows the spanwise-averaged film-cooling 

efficiency. The contour maps of the film-cooling 

efficiency reveal a clear trend: as the blowing ratio 

increases, the film-cooling efficiency gradually decreases. 

This decrease was attributed to the increased Y-direction 

velocity, which resulted in a higher penetration ability of 

the inlet flow. Similarly, the spanwise-averaged film 

cooling efficiency along the flow direction decreased in 

the upstream front  

region (X/D < 15) with an increasing blowing ratio. 

However, in the downstream rear region, the spanwise-

averaged efficiency decreased for a low blowing ratio (M 

= 0.3), whereas the spanwise-averaged efficiency 

gradually increased for other blowing ratios. Notably, the 

spanwise-averaged efficiency for M = 0.6 and M = 0.9 

surpasses that of M = 1.2. This phenomenon is attributed 

to reattachment at higher blowing ratios, which enhances 

the spanwise film-cooling efficiency. 

Figure 20 shows the defective hole’s wall surface film 

cooling effectiveness distribution at M = 0.6 and different 

defect positions. Figure 21 shows the defective hole’s wall 

surface average film cooling effectiveness at M = 0.6 and 

different defect positions. Observing the film cooling 

effectiveness distribution cloud maps, it is evident that in 

the vicinity of the cooling hole (X/D<5), as the defect 

position moves radially away from the cooling hole, the 

film cooling effectiveness gradually increases. The 

highest film cooling effectiveness is achieved in the near-

hole region of the defect position IT4. Compared to the 

perfect hole at M = 0.6, a significant enhancement in 

cooling effectiveness can be observed. Similarly, 

observing the wall surface average film cooling 

effectiveness in the downstream near-hole region (X/D < 

5), the average film cooling effectiveness gradually 

increases as the defect position moves radially away from 

the cooling hole. However, in the downstream far-hole 

region, except for defect position IT1, where the 

reattachment phenomenon occurs, leading to an increase 

in the average film cooling effectiveness, defect positions 

IT3 and IT4 maintain relatively low values in terms of the  

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 



S. Liang et al. / JAFM, Vol. 17, No. 6, pp. 1322-1338, 2024.  

 

1334 

 
Fig. 17 Velocity vector and temperature distribution contour maps at downstream sections for the flawed 

hole at different flaw positions (a: X/D=1, b: X/D=3, X/D=5) 

 

 
Fig. 18 Contour maps of wall film cooling efficiency for the perfect hole at different blowing ratios 

(a) 

(b) 

(c) 

(d) 

(a) 

(b) 

(c) 

(d) 
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Fig. 19 Wall-averaged spanwise film cooling efficiency for the perfect hole at different blowing ratios 

 

 

Fig. 20 Contour maps of wall film cooling efficiency for the imperfect hole at different defect positions under 

M=0.6 

(a) 

(b) 

(c) 

(d) 
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Fig. 21 Wall-averaged spanwise film cooling efficiency for the imperfect hole at different defect positions under 

M=0.6 

 

wall surface average film cooling effectiveness. Defect 

position IT4 consistently maintains a favourable wall 

surface average film cooling effectiveness. In conclusion, 

an increase in the blowing ratio reduces wall surface film 

cooling effectiveness, while the spanwise wall surface 

film cooling effectiveness changes due to the reattachment 

phenomenon. In the near-hole region, defect position IT4 

yields the best results in both wall surface film cooling 

effectiveness and spanwise wall surface average film 

cooling effectiveness. 

4. CONCLUSION 

This study conducts numerical investigations on the 

flow characteristics of a perfect film-cooling hole under 

four different blowing ratios. Vortex structures were 

generated using vortex kinematics. Additionally, the flow 

characteristics of the defective film-cooling hole were 

analysed at an optimal blowing ratio of M = 0.6, and a 

comparison was made with a perfect hole. Finally, the 

combined effects of these factors on the film-cooling 

efficiency were examined, leading to the following 

conclusions. 

(1) The interaction between the mainstream and 

incoming flows in the inlet region results in a velocity 

distribution at the exit of the perfect film-cooling hole, 

influenced primarily by the X- and Y-component 

velocities. Moreover, the velocity in the exit region 

gradually increased. With an increase in the blowing 

ratio, the amplified Y-component velocity enhanced 

the incoming flow’s penetration, resulting in 

reattachment phenomena and a deteriorated cooling 

performance. Simultaneously, the kidney vortex 

generated downstream of the film-cooling hole 

detaches from the wall as the flow progresses, 

diminishing the cooling effectiveness. An increase in 

the blowing ratio further exacerbated the suction 

effect. 

(2) The strength of the kidney-shaped vortex in the 

perfect film-cooling hole gradually decreased as the 

flow progressed. With an increase in the blowing ratio, 

the vortex strength intensified, accompanied by an 

increase in the position of the vortex centre. For 

higher blowing ratios, a higher vortex centre position 

results in a slower decline in the cooling efficiency. 

Conversely, at lower blowing ratios, the vortex centre 

position decreases, leading to an enhanced decline in 

efficiency. The formation of the kidney vortex 

primarily arises from the interaction between the 

mainstream and impinging jets, which generates 

shear-layer vortices. This phenomenon is influenced 

primarily by the vortex-stretching term component, in 

which the same component affects the boundary layer 

vortices. 

(3) At the optimal blowing ratio of M=0.6, the velocity 

distribution pattern for the imperfect film-cooling 

hole was similar to that for the perfect hole, with 

comparable distribution trends. However, because of 

the reduced flow cross-sectional area at the defect, the 

velocities increased noticeably, further affecting the 

distribution pattern of the kidney vortex. Additionally, 

pronounced backflow phenomena occurred at defect 

positions IT1 and IT2, whereas these backflow effects 

diminished notably at positions IT3 and IT4. 

(4) As the blowing ratio increased, the wall-film cooling 

efficiency of the perfect hole gradually decreased. 

Similarly, the wall-averaged film cooling efficiency 

along the flow direction diminishes in the 

downstream front region but gradually increases for 

blowing ratios of 0.6, 0.9, and 1.2. The wall-averaged 

film cooling efficiency was highest at a 0.6-blowing 

ratio. 
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At a blowing ratio of M = 0.6, as the defect location moved 

radially away from the film cooling hole, the wall film 

cooling efficiency progressively increased. The 

highest wall-film cooling efficiency was achieved at 

defect position IT4, surpassing the film-cooling 

efficiency of a perfect hole at M=0.6. This trend was 

similar for the wall-averaged film-cooling efficiency, 

which increased as the defect position moved radially 

away from the film-cooling hole. Defect position IT4 

consistently maintained a favourable wall-averaged 

film-cooling efficiency throughout the process. 

Overall, compared with the near-hole region of the 

perfect hole, the defect position IT4 yields a superior 

film-cooling efficiency. 
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