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Abstract 

The large eddy simulations (LES) are performed to access the film cooling performance 

of cylindrical and shaped hole for forward and reverse injection configurations. In the case 

of reverse/backward injection, the secondary flow is injected in such a way that its axial 

velocity component is in the direction opposite to mainstream flow. The study is carried 

out for a blowing ratio; M =1, Density ratio; DR = 2.46, and injection angle;  = 35o. 

Formation of counter-rotating vortex pair (CRVP) is one of the major issues in the film 

cooling. This study revealed that the CRVP found in the case of forward cylindrical hole 

which promotes coolant jet “lift-off” is completely mitigated in the case of the reverse 

shaped hole. The coolant coverage for reverse cylindrical and reverse shaped holes are 

uniform and higher. The reverse shaped hole shows promising results among investigated 

configurations. The lateral averaged film cooling effectiveness of reverse shaped hole is 

1.16 to 1.42 times higher as compared to the forward shaped holes. The improvement in 

the lateral averaged film cooling effectiveness of reverse cylindrical (RC) injection over 

forward cylindrical (FC) injection is 1.33 times to 2 times.  

 

Keywords: Film cooling; large eddy simulations; cylindrical hole; shaped hole; afterburner of aero 

engine.  

 

1. Introduction 

The turbine entry temperature of modern gas turbine engines used for aviation has increased 

significantly over the years in order to improve the thermal efficiency and power output. 

Moreover, the demand for thrust in the case of fighter planes for some specific situations (like 

combat or take-off from small run-ways) is very high.  This demand is fulfilled by burning of 
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additional fuel in the after-burner section. Because of the burning of the additional fuel inside 

the afterburner chamber, the temperature of this section increases further to 2200 K. The 

components in the pathway of hot flue gases exposed to very high temperature. The component 

under such high thermal loads and stress, needs a sophisticated cooling technique to ensure the 

allowable metal temperature for the safe operation.  

  Film cooling is an extensively effective technique in which a coolant or secondary 

fluid is injected through the row of holes over the surface[1]. The coolant stream forms a thin 

protective layer in-between hot flue gases and the surface to be protected. As the coolant jet 

enters the cross flow region due to the combined effect of pressure and shear forces, it splits 

into two counter-rotating vortex pair which is often referred to as “kidney vortices” [2]. Many 

researchers have studied the formation of vortices for the cross-flow jet [3,4]. The physical 

phenomenon of film cooling (Fig. 1) can be well understood from reference [5] . Mainly four 

types of vortices are identified in the film cooling viz. jet shear vortices, wake vortices, 

horseshoe vortices and kidney vortices [6,7]. It is visualised that the formation of “kidney 

vortices” promotes the coolant separation from the surface and improved mixing with hot 

mainstream [8–10]. In order to improve the coolant coverage and film cooling effectiveness, 

kidney vortices must be minimised or suppressed. Among all the known parameters that 

influence the formation of kidney vortices, the coolant-hole geometry is most important.  

Last few decades research has been focused on different hole configuration to minimise 

the formation of kidney vortex in the flow field [11]. Goldstein et al. [5] was the pioneer to 

suggest the shaped hole of cylindrical nature at initial length and 10o expended angle at the 

exit. They found a remarkable increase in the film cooling effectiveness downstream of the 

hole. Haven et al. [9] experimentally studied three different holes viz. diffusion hole, conical 

diffuser and lateral diffusion configuration for fixed density ratio (DR = 1). They reported that 
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the shaped hole generates another pair of vortex having the opposite sense of rotation. These 

vortices counter the jet-lift off the effect of “kidney vortices” and hence named as an “anti-

kidney vortex”. Sauwamber et al. [12]  have conducted a comprehensive experimental study 

over the three different hole configuration viz. cylindrical, fan-shaped (expanded in span-wise) 

and laidback fan-shaped (expanded in both stream-wise and span-wise). This study was 

conducted for density ratio (0.59), blowing ratio (0.5-2.5) and turbulence intensity (3.6-11%). 

This study revealed that the film cooling performance of shaped holes was better as compared 

to cylindrical holes. Because of the extended area at hole-exit, the momentum of the secondary 

fluid leaving the hole was lower; it reduced the secondary jet penetration into the mainstream 

and the flow lift off even at higher blowing ratio.   

The film cooling over the flat surface with three different holes (cylindrical, laterally 

expended, laterally-forward expanded) was studied with DR = 1, M = 1 and Reynolds number 

(Re = 5.2104) based on the mainstream inlet geometry[13]. It was found that the film cooling 

effectiveness of laterally-forward expanded hole was the best among the investigated cooling 

hole configurations. The performance of laterally expanded cooling holes lies in between the 

cylindrical and laterally forward diffused holes. Bell et al. [14]  experimentally investigated the 

film cooling with various hole configurations viz: cylindrical round simple angle, laterally 

diffuse simple angle, laterally diffuse compound angle, forward diffuse simple angle, forward 

diffuse compound angle. They noticed that all the simple holes showed better span-wise film 

cooling effectiveness as compared to compound angle holes. Dungel et al. [15]  introduced a 

more simplified geometry commonly known as “branch hole configuration”. They observed 

that branching of hole minimises the detrimental effect of kidney vortex pair that further 

improves coolant coverage in the lateral direction. Ely et al. [16]  numerically studied the film 

cooling over the flat plate with the noble sister hole configuration. They found that the vortices 

generated from the branches try to diminish the impact of the vortex generated by the hole. 
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One of the recent enhancement in film cooling area is the use of backward injection that allows 

improving the film cooling significantly by using simple hole configuration. Wu et al. [17]  

have carried out an experimental investigation in order to study the effect of blowing ratio over 

the performance of sister hole configuration. The results suggested that both at low blowing 

ratio (M = 0.5) and high blowing ratio (M = 2), the film cooling performance was improved.  

Shetty et al. [18]  carried out a numerical study of film cooling with backward injection 

over the aerofoil surface. They concluded that film cooling lateral effectiveness for backward 

injection was significantly higher than forward injection. Chen et al.[19]  numerically studied 

the backward injection for three-hole configuration viz.  simple cylindrical, fan-shaped and 

compound hole for the flat surface. The study was conducted for the blowing ratio (0.3 to 3), 

turbulence intensity (0.5 to 6%) and density ratio (1 to 2). They reported improved laterally 

averaged effectiveness for the backward injection simple cylindrical and compound hole, 

however reverse fan-shaped hole gave lower film cooling effectiveness. Singh et al. [20]  

experimentally and numerically investigated forward and reverse hole film cooling over the 

flat plate. The blowing ratio was varied from 0.25 to 5 and the density ratio was kept fixed at 

0.91 for all angle of injection (30o to 60o). They found a remarkable increase in film cooling 

effectiveness at all the blowing ratios. The kidney vortices observed in the case of the forward 

cooling hole were totally eliminated with the use of the reverse hole and eventually significant 

gain in film cooling effectiveness is observed.  

Tyagi et al. [21]   and Acharya et al. [22] found that turbulence modelling using RANS 

is inefficient, especially in the wake region where RANS model under predicts quantities such 

as turbulent stress tensor and flow spreading in lateral direction and over predict the flow 

penetration in the vertical direction. As a consequence, RANS modelling over-predicts the 

centreline film-cooling and under-predicts the lateral spread of secondary fluid. The size of 
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kidney vortices is also not predicted accurately using RANS modelling. Moreover, direct 

numerical simulations are numerically accurate but computationally expensive for the range of 

Reynolds number typically found in aero-engines [23]. Large Eddy Simulations (LES) is a 

balanced choice to explore the physics related to film-cooling. Details of numerical studies on 

the film cooling by using LES turbulence model is summarized in Table.1.    

Guo et al. [24] carried out a numerical study by using large eddy simulations in order 

to study the effect of blowing ratio and angle of inclination. For the same blowing ratio, it was 

reported that the counter-rotating vortex shifted to the downstream direction for 30° injection 

as compared to 90°. Wang et al. [25] carried out large eddy simulations over the film cooling 

characteristics of the cylindrical and fan-shaped hole in order to understand the vortex structure 

in the cross flow region. The simulations are performed for two different blowing ratio M = 

0.5 and M = 1 and the results suggest that plenty of hairpin vortices are formed in case of fan-

shaped hole as compared to the cylindrical hole. Apart from that, time-frequency analysis 

shows that periodicity in case of fan-shaped hole is weaker than the cylindrical hole. Schiender 

et al. [26]  conducted a numerical study on high-pressure turbine blade trailing edge. The study 

is carried out by imposing the laminar and turbulent flow conditions in the coolant channel for 

two different blowing ratio M = 0.5 and 1.1. They reported that at low blowing ratio turbulent 

coolant flow shows improved film cooling performance over laminar flow, whereas at high 

blowing ratio opposite phenomena can be observed. Shinn et al. [27] carried out LES study on 

the flat plate film cooling with the micro-ramp vortex generator. The micro ramp vortex 

generator was found to create a vortex pair having the opposite sense to the main counter-

rotating vortex and thus diminishes the effect of jet lift-off. Eventually, film cooling was found 

to be better than the configuration without the micro ramp. Renze et al. [28]  investigated jet in 

crossflow using LES. The investigated operating parameters were: density ratio (DR = 1.53), 

blowing ratio (M = 1) and free stream Reynolds number (Re = 4105). They simulated the 
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effect of density ratio by using high-density coolant stream of CO2 and found that flow 

attachment and recirculation is more sensitive to the velocity ratio as compared to the density 

ratio. Baagherzadeh [29]  carried out numerical analysis with LES in order to predict the 

behaviour of film cooling under the high blowing ratio. The results of RANS and LES were 

compared with experimental results. It was concluded that the LES model was in better 

agreement with experimental results. At high blowing ratio (M = 2), where significant jet lift-

off is expected, LES predictions were noticeably better than RANS predictions.  Gräf et al. [30]  

used LES study to investigate the compressible flow double row injection compound angle 

film cooling. The flow study and temperature distributions showed reasonable agreement with 

the experimental results. 

Reverse film cooling holes show a promising design to mitigate the problem of kidney 

vortices. However, the flow structure related to the reverse cylindrical and shaped holes is not 

well-understood. To the best of the authors’ knowledge, there are lack of experimental data 

available so far in the literature, on the flow physics of reverse holes. One of the study showed 

a comparative picture of flow physics of forward and reverse cylindrical holes [20]. In this 

study, flow physics was explained based on RANS modelling. It is well documented in the 

literature that RANS is not suitable for predicting the instantaneous flow feature [21,22]. 

Hence, further exploration of reverse cooling holes is required to understand the flow 

mechanism and film cooling characteristics of not only cylindrical holes but also shaped holes 

which are being used extensively. 

In the present study, large eddy simulation is carried out to investigate the film cooling 

performance and flow characteristics of forward-cylindrical (FC) and reverse cylindrical (RC), 

forward shaped (FS) and reverse shaped (RS) holes.  The numerical study is carried with a 

fixed blowing ratio (M = 1), density ratio (DR = 2.46) and Reynolds number based on 
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secondary flow, hole diameter (0.9103). The injection of the secondary stream with the main 

flow has been taken as 35° for both forward and reverse holes. 

 

2. Problem description 

In order to understand the film cooling characteristics with forward and reverse hole, a 

numerical investigation has been carried out for cylindrical and shaped holes. The behaviour 

of film cooling and vortex formation in the flow field has been evaluated by using LES study.  

Figure 2(a) - (b) show the systematic layout of the computational domains addressed in the 

present study. In order to protect the surface from the detrimental effect of  hot mainstream 

flow conditions 128 m/s and 1561K, a secondary stream relatively at lower temperature is 

injected at 35o with different  hole configurations viz: (i) Forward cylindrical (FC); (ii) Reverse 

cylindrical (RC); (iii) Forward shaped (FS); (iv) Reverse shaped (RS). The secondary stream 

of air is supplied to the hole via the plenum chamber of dimensions 5D5D5D. The film 

cooling performance is evaluated over the flat surface for the length of 30D where D is the 

diameter of the hole, considered as 1 mm [31].    

                                                          

 3. Computational method    

3.1 Mathematical Modelling 

In case of the Large Eddy Simulations (LES) the governing equations are obtained by following 

filtering operations: 

( , ) ( , )G(| |)di i i i ix t x t x x x                                               (1)                                                                                                                                                                          
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where the term, ( , )ix t  and G represents arbitrary resolved quantity and the filter function 

respectively. In the present study, the top-hat filter is considered as filtering function. The 3D non-

uniform grids are used and the filter width,   is taken as cube root of cell volume as follows [32]: 

1/3( )x y z                                                          (2) 

In order to account the variations in the density with the temperature changes, the Favre Averaging is 

used as follows:  

( , )
( , ) i

i

x t
x t







                                                         (3) 

The instantaneous variable, ( , )ix t   can be written in terms of resolved and unresolved     

( , ) ( , ) ( , )i i ix t x t x t                                                         (4) 

where the term ( , )ix t  and ( , )ix t   represents the resolved (filtered) and un-resolved (sub grid scale) 

components respectively.  

Flow is assumed to be turbulent and Large eddy simulations (LES) is used for modelling 

turbulent flow the governing equations, viz. continuity, momentum and energy equations for the flow 

are given in Eq. 5- 7, as referred in literature [33].  
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Here, the term U, p, T and A indicates velocity, pressure, temperature and stress tensor respectively 

where bar terms,U  indicates the resolved (filtered) velocity and tilde over the term, U  indicates Favre 

averaged quantity. The Favre averaging is used to account the variations in the density with changes in 

temperature. The density of air is calculated by using the ideal gas equations. The unknown terms like 

sub-grid stress tensor (
i ju uA ) and sub-grid scale heat flux (

iU TA )  in Eqs. (6) and (7) respectively, are 

computed by, sub-grid scale (SGS) model. 

The SGS viscosity using eddy viscosity hypothesis can be expressed as, 

2
2

3
ij SGS ij SGS ijA S k                                                                 (8)                                                                                                                                   

where,   ijS is called filtered strain rate tensor which is expressed as follows:      

 
1

2

ji
ij

j i

UU
S

x x

 
  

   
                                                               (9)                                                                          

The eddy viscosity term in Eq. (8) can be calculated by using the one equation eddy-viscosity model 

“as follows [34]: 

1/2

SGS(k )SGS kC                                                           (10)                                                          

Where, the turbulent kinetic energy (kSGS) can be expressed as, [35] 

1
( U )

2
SGS j j j jk U U U                                                     (11) 

The comprehensive LES study suggested that one equation eddy-viscosity model shows a better 

predictions near the wall hence it is considered for the present study [36].   To compute kSGS, the present 

approach (one equation eddy-viscosity model) solves additional transport equation. :  

3/2

ij

( )
( ) ASGS SGS t SGS SGS

j j k j j

k Uk k kU
C

t x x x x






   
  

     
                         (12) 
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The model constants Ck = 0.094, Cε = 0.916 and σk = 1.048, are taken from reference  [37]. The SGS 

heat flux,
iU TA in equation (7) is calculated based on the simple gradient diffusion hypothesis.     

 
Pri

SGS
U T

t j

T
A

x

 



                                                 (13) 

 

3.2 Numerical schemes 

In the present numerical study, the large eddy simulations are carried out and the filtered 

equations of continuity, momentum and energy are solved by finite volume method based CFD 

source codes (OpenFOAM 5.0 and Greenshields [38]). The convective and diffusive fluxes are 

calculated by second order accurate central differencing scheme. The temporal term in 

governing equations discretised by the backward scheme is of second-order accurate. The 

solution is considered to be converged when the residuals of continuity, velocity, turbulence 

quantities and energy fall below 10-6. In order to accurately capture the cross flow physics, the 

time step is selected based on the Courant–Friedrichs–Lewy (CFL) number, CFL = 0.8 

according to the guidelines of Acharya et al.[39] . The PIMPLE algorithm is used for pressure 

and velocity coupling.  

The present numerical simulations are transient by nature, but the quasi-static state 

reached after 15000 time steps. So, the time averaging is performed for the parameters such as 

pressure, temperature and velocity. The quasi-static state is referred as condition where 

statistical differences in the time-averaged quantities are negligible (generally lies in the range 

of 2-4%). The time averaging is performed over a period after quasi-static condition until the 

statistical differences in the average quantities fall below acceptable range of (2%), which is further 

requires 10-15 flow overtime. The flow over time is the time taken by mainstream to reach the outlet. 
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3.3 The Fluid properties 

Air is used as a working fluid for both mainstream and the secondary stream. The temperature difference 

in the region is very large so that the variation in the physical properties of air with temperature is 

considered in the present study.  Air is assumed to be incompressible which means that the density of 

air depends on the local fluid temperature and operating pressure in the physical domain. A fourth order 

polynomial as suggested in reference [40], is used for the thermal conductivity, specific heat and 

dynamic viscosity. All the properties are valid in the temperature range of 100 K - 2300 K. The 

temperature-dependent properties are given in the Eqs. 14-16. 

Specific heat, (Cp) J/kg.K 

11 4 7 3 4 2 3(9.0813 10 ) (4.8066 10 ) (8.073 10 ) 0.32136 1.0450 10pC T T T T            (14)             

Dynamic viscosity (μ), Pa.s 

68211314 100616.1108539.6)100405.4()107020.1(   TTT     (15) 

Thermal conductivity (Kth), W/m.K 

12 3 8 2 5 3(7.9957 10 ) (2.4013 10 ) (8.3047 10 ) (2.8822 10 )thK T T T                            (16) 

 

3.4 Boundary conditions and operating parameters 

The inlet of the mainstream and plenum is assigned to be time invariant turbulent velocity profile 

obtained from the RANS study of channel flow (Figs. 2 (a)-(b)). The outlet of the domain is assumed 

to be pressure exit with zero-gauge pressure. All the input parameters for the different geometrical 

configurations are given in Table. 2. The side walls in the lateral direction of the mainstream flow of 

the flow field are considered as the periodic boundary. All other walls in the domain are assigned as the 

no-slip adiabatic condition. The detailed descriptions of boundary conditions are given in Table.3. The 

plenum chamber is provided to obtain the actual experimental conditions of coolant supply [41]. All 
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simulations use mainstream conditions of 128 m/s at 1561 K with the inlet temperature in the plenum 

specified as 644 K at density ratio (DR) of 2.46. The plenum inlet boundary condition is fixed for 

blowing ratio (M = 1) and secondary flow Reynolds number of 0.9103 in coolant pipe.  

 

3.5 Grid Resolution 

To ensure the computational accuracy in LES, all the computational domains were discretised by 

structural hexahedral cells as shown in Fig. 3 (a)-(d). The grid used for the numerical study of all four 

domains shows nearly similar topology, the only number of grid points are slightly different from each 

other. As the turbulent length scale is highly mesh-sensitive for LES based computation [42,43], a 

careful design of the computational grid is a prerequisite. The grid is highly refined near the wall regions 

and secondary flow exit. The minimum size of the grid for all computational domains in the direction 

normal to the wall is 510-6 (normalized by Lref  = 40D, where D = 10-3 m). For the present LES study, 

the grid topology is carefully designed to ensure computational accuracy. The recent LES study of 

Georgiadis et al. [44] recommends the wall resolved LES rather than the grid convergence study due to 

the basic nature of LES. However, in our present study, the basic criteria for grid selection is the total 

number of cells as well as the non-dimensional grid refinement parameters, followed by the previous 

LES studies which are shown in Table. 4. The mesh is well refined near the walls and critical zones.  

Therefore, the grid density in the domain is characterized by: x+ < 60, y+ < 1 and z+ < 60 where 

x+, y+ and z+ represents the non-dimensional grid spacing near the wall in the direction tangent to 

the wall, normal to the wall, and spanwise respectively, followed by previous LES[44–49]. The grid 

resolution near the wall surface for different holes viz: FC, RC, FS and RS can be described in terms of 

non-dimensional ratios, x/Lref  < 0.0017 and  y/Lref  < 0.0065. 

 

4. Results and Discussions  
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In this section, the analysis of the results of the numerical investigation is presented. The film cooling 

on the flat surface is reported with four different hole configurations. The numerical analysis is 

conducted for the fixed angle of injection 35o, blowing ratio; M = 1, density ratio; and DR = 2.46. For 

present investigation well resolved large eddy simulations are conducted and time average results of 

film cooling effectiveness, non-dimensional velocity magnitude and pressure drop calculations are 

presented.   

 

4.1 Fluid Flow and Heat Transfer Validations  

The computational results validated with the experimental results from literature [20].   For 

effectiveness validations the operating parameters viz. M = 1 and DR = 0.91 are considered which is 

same as experimental conditions of reference [20].  For this validation, one might expect film heating 

instead of film cooling because, DR < 1. For the flat plate film cooling, it has been shown that at low-

density ratio film heating is analogous to film cooling [40]. The centreline and lateral average 

effectiveness of forward and reverse hole are compared with reference data. Figure 4(a) shows that the 

centreline effectiveness of forward cylindrical hole is in close agreement with the experimental data. 

From Fig. 4 (b), it can be seen that the lateral average film cooling effectiveness has small deviations 

near the downstream of the coolant hole. The centre line effectiveness and lateral average effectiveness 

of reverse hole given in Figs. 4 (c-d) showed excellent agreement near the hole. However, a small 

deviation can be observed at downstream of the hole. The present computational model follows the 

nature of variations shown in the experimental data; however, the film cooling effectiveness is slightly 

over-predicted.  

 

4.2 Film Cooling Effectiveness: Centreline and Lateral Average 

In order to compare the centreline film cooling effectiveness for various hole configurations, 

the effectiveness is plotted along the centreline (Z/D = 0) over the flat surface as shown in Fig. 5(a). It 
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can be observed from Fig. 5(a) that the centreline effectiveness of FC and FS holes are much higher 

than that of RC and RS holes along the downstream (i.e. X/D). It can also be inferred that FC hole is 

more effective along the centreline than FS hole for a short distance in the downstream of the hole, i.e. 

X/D = 8. From X/D = 8 to 30, FS hole effectiveness is maximum among all hole configurations. The 

centreline effectiveness of FC is relatively higher at a very short distance in the downstream of the hole 

due to more coolant skewness toward the narrow central part of the surface. Lateral average film cooling 

effectiveness would be a better representation for performance assessment of these cooling holes. Figure 

5(b) and (c) shows the variations of lateral average effectiveness of various hole configurations for both 

cylindrical and shaped holes. The lateral average is obtained from the downstream edge of the hole 

(where no-hole footprints are presents). It may be emphasized that the width of the shaped hole is 6D 

due to its lateral expansion (more than 3D in the lateral direction). As the domain width is different for 

both cylindrical and shaped holes, the lateral average effectiveness is compared separately in Fig. 5 (b) 

and Fig. 5 (c). For the FC and RC lateral averaging is taken over lateral distance, Z/D = -1.5 to 1.5. In 

case of shaped holes, FS and RS the lateral averaging is taken over the Z/D = -3 to 3. It is considered 

to a most important effectiveness parameter in film cooling which represents the spread of coolant 

stream at each lateral location, downstream of the injection holes. Figure 5 (b) clearly shows that the 

lateral average effectiveness of RC is higher than FC, for all locations along with the flow. The 

effectiveness of RC is 1.9 times the RC near the hole at X/D = 1. However, in Fig. 5 (c),  RSH shows 

better lateral average effectiveness as compared to FSH near the hole from X/D = 0 to 10 and in the 

near the hole region (X/D = 1), the effectiveness is 1.5 times the FS. The effectiveness contours in Figs. 

6 (a)-(d), reflects that the coolant coverage is better in case of reverse holes than the forward hole, which 

essentially means better lateral average effectiveness. Apart from these observations, Figure 5 (c), 

reveals that the RS is 1.5 to 1.17 times more effective than FS at X/D =1 and X/D = 30 respectively. 

The relative improvement in the lateral average effectiveness is maximum for RS hole among shown 

hole shapes.  

Figures 7-10 show the streamlines contours of non-dimensional temperature, theta (). The 

formation of vortex pair in case of film cooling flows plays a vital role in the mixing of coolant with 
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the mainstream and coolant jet lift-off that finally governs the film cooling performance.  It has been 

seen that as coolant/secondary jet exit from the simple cylindrical hole into the cross flow region and 

split into counter-rotating pairs (CRVP) which is of similar evidence from literature [2]. In this study 

four different planes are considered for the systematic understating of formation of CRVP. Figure 7(a) 

shows the flow streamlines for the FC hole, in the X-Z plane at Y/D = 0. The streamlines near the flat 

surface at Y/D = 0, is presented by taking a plane one node above the surface. The streamlines for the 

FC holes appear to be symmetric and skewed towards the centreline. As a result of this fact, most of 

cooling effects can be seen along a narrow part of the central region. At X/D = 1, the formation of 

kidney vortices in the plane Y-Z i.e. normal to the flow leads to “coolant stream lift off” through mutual 

induction as shown in Fig. 7 (b). As the flow moves in the downstream direction (Fig. 7-c) at X/D = 3 

in Y-Z plane, the strength of CRVP increases that leads to coolant lift-off.  In Fig. 6 (d) at Y/D = 0.5 in 

X-Z plane, some cooling effect can be observed that actually represents that coolant is not trapped below 

this plane and hence the coolant coverage over the surface is lower. The present observation of counter-

rotating vortex pairs for FC holes shows close consistency with the previous studies [2].   

Figure 8(a) illustrates the three-dimensional vortex pair formation for the RC. This figure 

distinctly shows a vortex pair in the plane parallel to mainstream flow which promotes the coolant 

spread in the lateral direction. The vortex pair shown in Fig 8(a) is distinctly different from the 

commonly observed CRVP. Referring the co-ordinate sign convention in the present study, CRVP 

appears in Y-Z plane downstream of hole whereas vortices formed in case of the reverse hole are 

predominately in X-Z plane. The other difference in these two vortices is: CRVP has a sense of upward 

movement which enhances mixing with the mainstream whereas vortices observed in the case of reverse 

holes directs fluid in the lateral direction. This results in uniform spreading of the coolant onto the hot 

surface which eventually will diminish thermal stresses. Figure 8 (b) shows the formation vortex pair 

for the RC in the plane of a flat surface (X-Z plane) at Y/D = 0. It can be observed from this figure that 

the vortices in the X-Z plane are extended to X/D = 4 downstream of the hole for the investigated flow 

conditions. The temperature of the coolant suggests that coolant is not mixed with the mainstream up 

to X/D = 4 and hence higher area weighted average film cooling effectiveness is observed. Since, the 
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vortices observed in Fig. 8(a) are three dimensional in nature, the analysis on Y-Z plane can shed some 

light on the propagation of these vortices. Figure 8 (c-d) shows the vortices in the Y-Z plane at X/D = 

1 and X/D = 3, respectively. It can be observed from Fig. 8 (c) that the coolant penetrates into 

mainstream up to Y/D = 0.4 at X/D = 1, just after the injection. Despite the counter-rotating vortices, 

coolant remains confined to Y/D = 0.4 as downstream distance increases to X/D = 3, depicted in Fig. 8 

(d). This also indicates that the vortices observed in case of reverse holes are not having any sense of 

upward movement. Figure 8 (e) shows streamlines plot X-Z plane parallel to the flat surface at Y/D = 

0.5. The plane revels that the streamlines are more uniform and coolant effect can be observed. This 

confirms that coolant is not mixed with the mainstream and provides an adequate blanket to the heated 

surface eventually enhancing the cooling effectiveness.  

In the case of shaped holes, the observations are different from the conventional cylindrical 

holes. Figure 9 (a) represents streamlines for the FS hole at Y/D = 0 in X-Z plane, that shows a uniform 

pattern of flow streamlines without any skewness. However, a counter-rotating pair can be seen at X/D 

= 2 in Y-Z plane, as shown in Fig. 9 (b) which further transform into a kidney vortex accompanied by 

anti-kidney pair at X/D = 5 as shown in the Fig. 9 (c). As a result of strong anti-kidney pair in Fig. 9 

(b), the tendency of coolant jet lift-off dominates. Thus, a better coolant coverage is observed in Fig. 6 

(a)-(c) for FS as compared to FC hole. The present observations of FS show consistency with previous 

experimental results from reference [9]. Despite the presence of anti-kidney vortices which are 

suppressing the upward movement of the coolant, Fig. 9 (d) shows that there is an only a small amount 

of coolant at Y/D = 0.5. Similar to the reverse cylindrical hole, a three-dimensional vortex 

predominately in the X-Z plane is observed as depicted in Fig. 10 (a) and the formation vortex pair for 

the RS in the plane of a flat surface (Z-X plane) at Y/D = 0, is shown in Fig. 10 (b). It can be observed 

that the penetration of the coolant into the mainstream at the location of injection is up to Y/D = 0.6 

which is not significantly increased as downstream distance increases (Fig. 10-d). Rather, the lateral 

spread of the coolant increases with the increase in downstream distance. These vortices show similarity 

with the vortex pair discussed for the RC hole in the previous section (Figs. 8a – b).  It is also observed 

from Fig. 10 (b)-(c) as the jet moves downstream from X/D = 2 to 5, the strength of counter-rotating 
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vortex reduces and hence the jet lift-off also diminishes. Figure 10 (e) shows a plane parallel to the 

plane shown in Fig. 10 (a), where more regular streamline with uniform coolant spread can be observed.  

 

4.3 Local lateral Effectiveness 

 The variations in local lateral film cooling effectiveness for various hole configurations are shown in 

Fig. 11. The different holes are compared for stream-wise distance X/D = 5 and 10. From Fig. 11 (a)-

(b), it can be observed that for the FC, the local effectiveness is relatively higher in the central region 

as compared to RC. This is because of the more skewed flow of coolant along the central line. Apart 

from this fact, FC coolant spread in the lateral direction is poor which results in a lower effectiveness 

and hence increased temperature (Figs. 6 (a) and (b)). However, the coolant coverage for RC much 

better than that of FC, which leads to uniform effectiveness throughout the lateral directions of Z/D 

from -1.5 to 1.5 as shown in Fig. 11 (a)-(b).  

A similar observation is reported with FS  in Fig. 11(c)-(d), where the coolant coverage is much 

limited to the width of the hole in the central region at Z/D = 0, which leads lower effectiveness in the 

lateral directions of Z/D from -3 to 3, for X/D = 5 and 10. Most of the coolant spread in the lateral 

direction is limited to Z/D = -1 to 1 and beyond this region, the coolant spread is poor which results in 

a faster decay of lateral effectiveness for FS. As compared to FS the lateral effectiveness of RS is much 

higher and coolant spread is almost uniform in the lateral directions of Z/D from -2 to 2.  This 

phenomenon is clearly seen from contours results for FS and RS in Fig. 6 (c) and (d). The FS coolant 

spread in the lateral direction is limited to the width of injection holes whereas in case of RS, coolant 

spreading is almost double of the width of the injection hole.  

 

4.4 Flow velocity profiles 

The flow characteristics near the secondary flow exit are shown in the Fig.13. The present 

results for non-dimensional velocity magnitude compared with the experimental measurement 
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[28] using particle image velocitimetry (PIV). The available experimental data of PIV at VR = 

0.28, M = 0.5 and DR = 1.53 are compared with the present numerical model at VR = 0.46, M 

= 1 and DR = 2.46. Figure 12 shows the non-dimensional mean velocity magnitude for different 

hole configurations such as FC, RC, FS and RS hole. The velocity profiles are plotted along 

Y/D for centreline locations at X/D = 0, 1, 1.5 and 2. All the velocity profiles look nearly 

similar outside the shear layer. However, the differences can be seen at the inner part of shear 

layer i.e. vicinity of cooling surface. The velocity gradients of FC and FS holes are steeper as 

compared to RC and RS holes for the investigated stream wise locations ( i.e. X/D = 0 to 2). 

The steeper velocity profile for RC and RS holes shows higher turbulence due to its opposite 

flow to the mainstream. It may be inferred that the discharge coefficient is strongly influenced 

by injection configuration. The discharge coefficient is inversely proportional to the pressure 

drop in coolant hole. The pressure losses are higher in reverse injection configurations resulting 

reduction in discharge coefficient as shown in Fig. 13. Also, it will have more aerodynamic 

loss on the main stream flow. The results show that the qualitative trend of non-dimensional 

velocity follows the trend predicted by the experimental findings [28].  

 

4.5 Discharge Coefficient 

Discharge Coefficient (Cd) is an important parameter to express the pressure losses through 

coolant injection holes. In the previous sections it has been seen that the RC and RS holes, film 

cooling performance found to be better than FC and RC holes (Fig. 6-b).  However, one might 

expect higher pressure loses in case of reverse injection holes, since the flow of coolant is 

opposite to the mainstream. In this section, discharge coefficient is plotted for all four hole 

configurations viz. FC, RC, FS and RS for comparison of the pressure losses. The discharge 

coefficient (Cd) is defined as the ratio of the actual mass flow rate to the theoretical mass flow 
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rate in the coolant holes. The theoretical mass flow rate is calculated by using Eq.  (17), 

assuming one directional isentropic expansion from coolant total pressure (Ptc) at the inlet to 

the cooling hole to the mainstream static pressure (Pms) as followed in reference [20].  

1 1
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Here,  is the ratio of specific heats, R is gas constant, Ttc is coolant total temperature and Ac 

is the cross-sectional area of the cooling hole. For the FC and RC hole, the cross-sectional area 

remains same throughout however for shaped holes viz. FS and RS, it changes from cylindrical 

inlet to expanded exit. In order to calculate the theoretical mass flow rate for shaped holes with 

expanded exit, it was suggested to consider the cross-section of the inlet of injection holes[50]. 

Thus, the discharge coefficient of shaped holes can be directly compared with the cylindrical 

holes. This is actually the slight deviation from the actual calculation however it makes 

contouring of shaped holes more convenient. The total pressure from reference [51], is taken 

at the inlet of the hole near the plenum and mainstream static pressure is taken at X/D = - 5 

(means upstream of injection holes). 

Figure 13 shows the systematic comparison of the coefficient of discharge for different 

hole configurations. The coefficient of discharge of FC at 35o injection angle is compared with 

forward cylindrical hole results from literature [20], at 30o  for blowing ratio (M) =1. It found 

to be 18.1% higher than the present results. This deviation may be attributed to being the 

difference in density ratio (DR) and mainstream Reynolds number (Re) and length to diameter 

ratio (L/D). However, the coefficient of discharge for RC at 35o injection angle and blowing 

ratio (M) =1 shows excellent agreement with reverse cylindrical hole, from literature findings 

[18, 20]. The FS hole discharge coefficient at 35o injection angle and blowing ratio (M) = 1 
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also shows good agreement with results of Liu et al. [52] at 30o injection angle and blowing 

ratio (M) = 1. Figure 13 also illustrates that the discharge coefficients of FC hole are 10% more 

compared to RC hole. The discharge coefficient of FS hole is 3.7 % more than that of RS hole. 

It is also important to observe from the figure that the discharge coefficient of FS is 9.6 % more 

than the FC hole and discharge coefficient of RS is 16.67% more than RC hole. In parallel 

injection (0 angle of incidence), the discharge coefficient is noted as 0.72 as cited in reference 

[39].   

The discharge coefficient is inversely related to pressure loss.  It is interesting to note 

that the use of reverse shaped holes increases film cooling effectiveness by 70 to 300 % (from 

coolant injection hole to rear end of target surface) at the 4% addition pumping power as 

compared to the forward shaped holes. The improved spread of coolant and increased 

effectiveness can further decrease the total mass of coolant required to meet the targeted 

temperature. Hence, overall pumping power required may decrease in actual operation where 

a large number of cooling holes are made on the surface. From the Fig. 13, it can also be 

observed that the discharge coefficient is strongly influenced by injection configuration. In case 

of reverse holes the discharge coefficient are lower as compared to forward holes. The 

discharge coefficient is inversely proportional to the pressure drop in coolant hole. Hence, it 

can be observed that pressure losses are more in reverse injection configurations.   

Figure 14 shows the contours of velocity magnitude non-dimensionalized at the exit of 

the coolant hole for all the four injection configurations. The non-dimensional velocity 

(U/Ums), contour is plotted by taking a plane one node below the flat surface. Figure 14 shows 

the shifting of velocity profile towards the trailing edge in case of reverse hole. It can be 

observed from Fig. 14 that for the RC and RS velocity magnitude near the leading edge is much 

lower as compared to trailing edge. The coolant flow is in the opposite direction to mainstream 
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hence the hole is partially blocked in upstream (leading side). The opposite flow of coolant 

stream also results in greater momentum loss.  The partial blockage adds resistance to the flow 

and thus it requires more pumping power. Apart from the forward injection cases such as FC 

and FS holes, the velocity distribution found to be nearly uniform throughout the hole. Similar, 

results were also reported from reference [20].  

5. Conclusions 

Large eddy simulation is conducted in order to study the effect cylindrical and shaped hole 

configuration over the forward and reverse injection film cooling performance. This study is 

carried for a flat surface for the different hole configurations.  The other operating parameters 

are, blowing ratio (M) =1, DR = 2.46 and 35o injection angle. Based on the present study 

following inferences can be drawn: - 

1. The vortices observed in the case of reverse cylindrical and reverse shaped are 

predominately in the plane of the plate and mitigate the problem of formation of kidney 

vortices.   

2. The reverse cylindrical (RC) hole shows better laterally average effectiveness over the 

forward cylindrical (FC) hole. The maximum improvement in lateral average 

effectiveness lies in the range of 33-100%, from downstream to hole exit.  The coolant 

coverage in case of reverse injection is nearly uniform throughout the surface. 

3. The coolant coverage of reverse shaped (RS) hole much better and covers more area as 

compared to the forward shaped (FS) hole. Improvement in lateral average 

effectiveness of RS hole is maximum near the hole which is 50% more compared to the 

RC hole. Apart from this fact, the coolant coverage for RS is more uniform as compared 

to FS. 
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4. The maximum lateral average effectiveness is obtained with RS among all four 

considered injection configurations. 

5. The pressure drop is maximum for RC and minimum for FC. Moreover, the pressure 

drop in case of RS is comparable to that of FS hole.  
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Nomenclature  

Aij strain rate, s-1 

Acs cross-sectional area of coolant  hole, m2  

a thermal diffusivity 

Cp specific heat, KJ/Kg-K 

D diameter of cylindrical hole, m 

Dms Characteristic length of mainstream inlet, m 

h enthalpy, KJ/kg 

Kth thermal conductivity, W/m-K  

L   

T          

length of hole, m 

Temperature,K 

Lref Reference length, m 

M blowing ratio, (U)sec /(U)ms 

mtheoretical theoretical mass flow rate through coolant hole, kg/s 
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Ma Mach number 

P  pressure, N/m2 

pms mainstream static pressure, N/m2 

Ptc coolant total pressure, N/m2 

Prt turbulent Prandtl number 

Pr  Prandtl number 

R gas constant, KJ/kg-K 

Resec secondary stream Reynolds number, 
𝜌𝑉𝑠𝑒𝑐𝐷

𝜇
 

S rate of strain tensor 

t time, s 

t physical time step, s 

T 

Tw 

Local  temperature, K 

Wall temperature, K 

Ttc coolant total temperature, K 

U velocity of mainstream, m/s 

Ux, Uy, Uz velocity in x,y and z direction, m/s 

U  Friction/shear velocity , 


 

x, y, z grid size in x ,y and z direction respectively, m 

x+, y+, z+ Non-dimensional grid spacing ( 
xU




,

yU




and

zU




respectively) 

X, Y and Z 

            

    

Coordinate in x, y and z direction. 
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Subscripts  

ad adiabatic 

abm. ambient  

ms mainstream 

min minimum 

max maximum 

ref reference 

sec. secondary 

SGS Sub grid scale 

 

Greek Symbol 

 

 angle of inclination with mainstream,  

β angle of expansion in stream wise 

 angle of expansion in span wise 

 cut-off width, m 

 
Effectiveness, ms w

ms Sec

T T

T T




  

 
non-dimensional temperature, theta ms

ms Sec

T T

T T






 

 ͦ degree 

 density of air, kg/m3 

 

Acronyms  

CFD  Computational fluid dynamics 
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CFL  Courant–Friedrichs–Lewy number 

CRVP Counter rotating vortex pair. 

DR Density ratio 

FC  Forward cylindrical 

FS Forward shaped 

LES large eddy simulations 

PIV Particle image velocimetry 

RANS Reynolds average Navier stokes equations 

RC Reverse cylindrical  

RS Reverse shaped  

SGS Sub-grid scale 

VR Velocity ratio 
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Table – 1 Summary of LES studies of film cooling.

Author  Hole Shape  
Geometric 

parameter’s  
Surface  

Operating 

parameter’s 
Remarks  

Tyagi et al. [21] Circular α = 35o flat 
M =0.5 and 1 

Rems = 11000 

The coherent hairpin vortex generation 3D unsteady flow field is 

investigated. 

Acharya et al. [22] Circular α = 35o flat 
M =0.5 to 2 

DR = 2 
Longer delivery tube shows higher effectiveness 

Gauo et al. [24] Circular α = 30o & 90o flat -- Formation of kidney vortex 

Wang et al.[25] 
Fan shaped 

and circular 
α = 35o flat 

M =  0.5 and 2 

 
Investigation of voratical structure with blowing ratio. 

Schiender et al.[26] Slot α = 10o 
aerofoil 

cut back 
M = 0.5 and 

Coherent temperature profile’s and laminar and turbulent coolant 

flow investigated. 

Shinn et al.[27] Circular α = 20o flat VR= 1.414 Effect of micro ramp vortex generator on voracity and effectiveness 

Renge et al.[28] Circular α = 30o flat 
VR= 0.1 and 0.28 and 

Rems = 4105 
Effect of variable density coolant jet on film cooling 

Baagherzadeh  [29] Circular α = 30o flat M=2 and Rems 11000 LES results show good agreement with experimental data. 

Gräf et al. [30] Circular 
α = 35o & β = 

45o 
flat M = 1 The anti-kidney vortex formed by compound hole is investigated. 
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Table – 2 Operating parameters considered in the present numerical study. 

Parameters  Forward-

cylindrical 

(FCH) 

Reverse 

cylindrical 

(RCH) 

Forward 

shape(FSH) 

Reverse shape 

(RCH) 

Resec. 0.9103 0.9103 0.9103 0.9103 

Blowing ratio (M) 1 1 1 1 

Density ratio (DR) 2.46 2.46 2.46 2.46 

T ms  (K) 1561 1561 1561 1561 

T sec. (K) 644 644 644 644 
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Table – 3 Boundary conditions considered in the present numerical study. 

Domain Name 

of Boundary 

 

Forward 

Cylindrical Hole 

Reverse 

Cylindrical Hole 

Forward Shaped 

Hole 

Reversed Shaped 

Hole 

Mainstream inlet 

Velocity inlet 

(Turbulent Profile) 

at Tms 

Velocity inlet 

(Turbulent Profile) 

at Tms 

Velocity inlet 

(Turbulent Profile) 

at Tms 

Velocity inlet 

(Turbulent Profile) 

at Tms 

Secondary inlet 

Velocity inlet 

(Turbulent Profile) at 

Tsec. 

Velocity inlet 

(Turbulent Profile) at 

Tsec. 

Velocity inlet 

(Turbulent Profile) at 

Tsec. 

Velocity inlet 

(Turbulent Profile) at 

Tsec. 

Outlet  Pressure Outlet Pressure Outlet Pressure Outlet Pressure Outlet 

Side  Periodic  Periodic Periodic Periodic 

Flat surface  

 

No-slip 

Wall ( adiabatic) 

 

No-slip 

Wall ( adiabatic) 

 

No-slip 

Wall ( adiabatic) 

 

No-slip 

Wall ( adiabatic) 

Top surface  

Hole pipe 

Plenum chamber 

walls  
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Table – 4 The comparison of present non-dimensional grid refinement parameters with the 

recent LES studies.  

S No. Authors 
Non-dimensional grid refinement 

parameters 

Non-dimensional grid 

refinement parameters 

(Present LES study) 

1 Jiang et al. [45] ∆x+ < 90; ∆y+ = 0.24; ∆z+ = 161.8 

 

x+ <  60; y+ < 1; z+ < 60 

where x+, y+ and z+ represents 

the non-dimensional grid spacing 

near the wall in the direction 

tangent to the wall, normal to the 

wall, and span wise respectively. 

2 Georgiadis et al. [44] 50≤∆x+ ≤150; ∆y+ < 1; 15≤ ∆z+ ≤ 40 

3 Johnson et al. [47] x+35; y+ < 1; z+16 

4 
Pachpute and 

Premachandran  [48] 
x+ < 100; y+ < 2; ∆z+ < 30 

5 Babu and Sarkar [49] ∆x+ ≈ 50; ∆y+ ≈ 1; ∆z+ ≈ 20 
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Fig. 1 Schematic diagram of film cooling flow with a cylindrical hole [5]. 
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Fig. 2 (a) Three-dimensional domain of film cooling over the flat surface along with boundary conditions: Forward and reverse cylindrical hole. 
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Fig. 2 (b) Three-dimensional domain of film cooling over the flat surface along with boundary conditions: Forward and reverse shaped hole. 
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(a) (b) 

(c) (d) 

Fig. 3 Typical mesh for 3D computational domain: (a) Forward cylindrical hole (FCH); (b) Reverse hole (RCH); 

(c) Forward shaped hole (FSH); (d) Reverse shaped hole (RCH). 
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Fig. 4 Comparison of the present numerical result of effectiveness with the experimental results of Singh et al. 

[20]. 
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Fig. 5 Effectiveness plot for various hole configurations: (a) Centreline effectiveness; (b) Lateral average 

effectiveness (cylindrical holes); (c) Lateral average effectiveness (shaped holes). 
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(a) 

(b) 

(c) 

(d) 

Fig. 6 Effectiveness contours of various hole configurations: (a) Effectiveness contour (FCH); (b) Effectiveness contour (RCH); (c) Effectiveness 

contour (FSH); (d) Effectiveness contour (RSH). 
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(a) 

(c) 

(b) 

(d) 

Fig. 7 Streamline contours of non-dimensional temperature () for FCH:  (a)   Y/D = 0, (X-Z plane); (b) X/D = 1, (Y-Z plane); (c) X/D = 3, (Y-Z plane); 

(d) Y/D = 0.5, (X-Z plane).                                                                                         
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Fig. 8 Streamline contours of non-dimensional temperature () for RCH at Streamline contours of non-dimensional temperature () for FCH: (a) Three 

dimensional vortices;  (b)   Y/D = 0, (X-Z plane); (c) X/D = 1, (Y-Z plane); (d) X/D = 3, (Y-Z plane); (e) Y/D = 0.5, (X-Z plane). 
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Fig. 9 Streamline contours of non-dimensional temperature () for FSH: (a) Streamline contours of non-dimensional temperature () for FCH: (a) Y/D = 

0, (X-Z plane); (b) X/D = 2, (Y-Z plane);  (c) X/D = 5, (Y-Z plane); (d) Y/D = 0.5, (X-Z plane). 
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Fig. 10 Streamline contours of non-dimensional temperature () for RSH and FCH: (a) Three-dimensional vortices; (b)   Y/D = 0, (X-Z plane); (c) X/D = 

2, (Y-Z plane); (d) X/D = 5, (Y-Z plane); (e) Y/D = 0.5, (X-Z plane). 
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Fig. 11 Local lateral effectiveness contours: (a) FCH and RCH at X/D = 5; (b) FCH and RCH at X/D = 10; (c) FSH and RSH at X/D = 5; (d) FSH and 

RSH at X/D = 10. 
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Fig. 12 Comparison of non-dimensional velocity profiles of various hole configuration at centreline along the Y/D direction at various stream wise 

locations (X/D = 0, 1, 1.5, 2) with PIV results from reference [28]. 
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Fig. 13 Comparison of discharge coefficient (Cd) of various hole configurations. 
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Fig. 14 Non-dimensional velocity contours at flow exit from hole for various hole configurations: (a) FCH; (b) RCH; (c) FSH; (d) RSH. 
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