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ABSTRACT 

Numerical investigations of combined impingement and film cooling based on different turbulence models have been 

carried out and compared in the present study. The specific test case combines the complex flow physics of the jet 

impinging, turning and subsequent mixing with hot mainstream, which consists of jet shear layer separation, wall boundary 

layer transition, coolant jet detachment and reattachment. The turbulence models employed are the k −  standard, RNG, 

and realizable models, the k −  standard, SST, and Transition SST models, and the 
t lk k − −  model. Numerical tests 

have been performed at three representative blowing ratios from low to high for each turbulence model. The computed 

cooling effectiveness from   equation models tend to be underpredicted at low blowing ratio while numerical profiles of 

cooling effectiveness achieve considerable agreement with the measured experiment data at moderate and high blowing 

ratios. In addition, the computed results from   equation models reasonably match the measured data at low blowing 

ratio but cooling effectiveness are markedly underpredicted at moderate and high blowing ratios. In contrast, those results 

from the 
t lk k − −  model agree fairly well with those of the experiment at various blowing ratios. Owing to the nature 

description of the pre-transitional streamwise fluctuations in the laminar kinetic energy, the solutions from 
t lk k − −  

model clearly reveal the complex flow physics in the combined impinging and film cooling in the confined region, where 

the jet shear layer separation, boundary layer transition, coolant detachment and reattachment co-exist. However, the large 

number of specified parameters in the 
t lk k − −  model still needs to be further optimized to reach the enhanced 

agreement with experimental data and obtain extensive applications for combined cooling schemes. 

INTRODUCTION 
The modern gas turbines and aero-engines have encountered a rapid increase of the flow temperature exit from the 

combustor, which incurs severe challenges on the cooling of the combustor liners or turbine blades. In addition, due to the 

complex physical phenomenon of impinging jet shear layer instability and separation, coolant jet detachment and 

reattachment, and boundary layer transition into turbulence, it remains challenging to find an efficient predictive tool to 

accurately simulate the combined impingement and film cooling flow. The large eddy simulation (LES) has shown its 

exceptional capability of obtaining the high-fidelity solutions of the jet shear layer generation, development, and interaction 

with boundary layer transition or separation especially in those confined flow regions. However, a typical LES simulation 

always requires the mesh accounts at least a factor of 
2(10 )O  finer than that of Reynolds-averaged Navier-Stokes (RANS) 

solution, as a consequence, the expensive computational costs still impede its wide applications in industry, especially for 

the multi-scale cooling applications, such as the combustor liners or turbine blades with at least few hundreds of micro-

scale coolant holes. On the other contrary, the RANS equation with varying turbulence models always tend to poorly 

resolve the impingement and film cooling flow pattern and lead to the mismatch of the cooling effectiveness on the cooled 

target compared with the measured experimental data. It remains challenging to develop an appropriate turbulence model 

to accurately predict the cooling performance due to the complex flow phenomenon, such as boundary layer transition, 

separation, mixing shear layer and anisotropic turbulence eddies. The various existing two equation k −  and k −  

turbulence models have been applied in the predictions of the cooling effectiveness of impingement cooling (Cooper et al., 

1993; Craft et al., 1993) and film cooling in a crossflow (Hoda and Acharya, 1999). Another detailed assessment of different 

http://www.gpps.global/


2 

two-equation turbulence models on the film cooling is carried out (Hassan and Yavuzkurt, 2006) and concluded that 

different models achieve their better performance at the specified flow conditions, such as constricted blowing ratios or 

turbulence intensities. More recently, the algebraic anisotropic turbulence models have been developed and applied in the 

numerical computation of film cooled vane and numerical results have shown an improved accuracy in the predictions of 

the cooling effectiveness (Li et al., 2013; Li et al., 2014), though it still has not gained much improvement at high blowing 

ratios due to the lack of modelling the coolant jet detachment and separation.  

As introduced above, it is of great significance to develop a compromise turbulence model capable of tackling complex 

flow physics involved the transitional and turbulent impingement jets and subsequent coolant ejection with shear layer 

instability, boundary layer transition and separation, and anisotropic turbulence eddies. The standard k −  model 

developed for the high-Reynolds turbulent flow can well predict the free shear layer but tends to fail to accurately predict 

the wall jet flow associated with secondary vortices and boundary layer separations. The Renormalization Group Theory 

(RNG) k −  model (Yakhot and Orszag, 1986) modified for the low-Reynolds turbulent flow still tends to mismatch 

with the experimental data for the jet spreading. The realizable k −  model (Shih et al., 1995) was further proposed to 

modify the formulations of eddy viscosity in order to make the model consistent with real physics of turbulent flow. The 

k −  model (Menter, 1994) with improved prediction capabilities in the low-Reynolds turbulent flow may obtain 

improved predictions for the wall jets and the SST transition model (Langtry and Menter, 2009) combines both features of 

k −  model for the far field and k −  model for the near wall. Due to the elevated pressure gradients in the stagnation 

region of the impingement jets, the pressure strain rate plays a significant role in the calculations of the turbulent diffusion, 

however, most turbulence models merely take the pressure strain correlation into account, and always tend to fail to 

accurately predict the stagnation regions. Nevertheless, the 
t lk k − −  laminar kinetic energy transition model that 

recently proposed (Walters and Leylek, 2004) has incorporated the pressure strain correlation into the kinetic energy 

transfer from laminar to turbulent. The concept of the laminar kinetic energy 
Lk  was initially put forward (Mayle and 

Schulz, 1997) to describe the streamwise fluctuations in the pre-transitional boundary layer. The additional model equation 

to compute the laminar kinetic energy 
Lk  is incorporated into the low Reynolds two-equations k −  model and has 

been implemented into the ANSYS FLUENT solver. This extra transport equation describes the pre-transitional streamwise 

fluctuations that lead to the bypass and natural transitions, caused by the Klebanoff modes and Tollmien-Schlichting waves, 

respectively (Walters and Cokljat, 2008). Owing to its nature of physically based transition model, it is quite remarkable 

that the numerical predictions of boundary layer transitions match the experimental observations in both cases of the flat 

plate and turbine cascades. To the authors’ knowledge, the impingement or film coolant jets are yet to be comprehensively 

investigated by using this laminar kinetic energy transition model. 

The comprehensive review of the film cooling performance in gas turbine is reported (Bogard and Thole, 2006), 

including the effects of the various flow properties and geometrical configurations. Another extensive study of various 

turbulence model for the cooling effectiveness and heat transfer coefficients of film cooling are included (Harrison and 

Bogard, 2008). The impingement cooling provides a more efficient cooling scheme than the common convective cooling 

and the flow physics and numerical computing of the impingement jets are comprehensively reviewed (Zuckerman and 

Lior, 2006). In most cases of impingement or film jet flow, the boundary layer is neither fully laminar nor fully turbulent, 

there always exists the boundary layer transition or shear layer mixing, thus it is of great significance to resolve or model 

the boundary layer transition or separation in order to more accurately describe the flow evolution and predict the heat 

transfer near the wall. The similar observations are put forward that discrepancy of computational and experimental results 

in turbine flow losses is caused by failure of capturing the laminar boundary layer transition at certain points (Walters and 

Leylek, 1999; Yao and He, 2020). The unsteady laminar calculations are attempted to numerically resolve the transition 

occurring and revolution to obtain better match with the experimental data (Yao and He, 2020). However, this approach is 

quite time consuming in the simulations of the impingement or film cooling due to the large mesh counts for the practical 

applications. Therefore, it is of great significance to find or propose an efficient transition model to accurately predict the 

boundary layer transition or separation, which could be extensively applied in the cooling holes design and optimization 

for the combustor liners or turbine blades.  

METHODOLOGY 
The governing equations for the viscous flow are the Navier-Stokes equations, and for turbulent flows, there are 

turbulence models enclosed to the governing equations. 

Governing Equation 
The Navier-Stokes equations are given by, 
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where , ,u p  and E  stands for the density, velocity components, pressure and specific total energy. The viscous stress 

ij  is defined as, 
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The heat flux jq  is given by, 

j

j

T
q k

x


= −


 (6) 

and k  denotes the thermal conductivity.  

After performing the Reynolds averaging, the RANS equations are reached with a similar form of Navier-Stokes 

equations, however, there is an extra term called Reynolds stress tensor appeared as the effect of turbulence, the Boussinesq 

hypothesis gives the approximation for the Reynolds stress tensor: 
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There have been various turbulence models developed for the computation of the turbulent viscosity 
t , such as the 

family of k −  models and the family of k −  models. 

NUMERICAL TEST CASE 
The experimental test case has been previously outlined and conducted (Wei et al., 2019). Figure 1 illustrates the 

schematic geometry of the experimental setup. The thermal insulation is attached on top of the cool side of the liner, while 

the slab is placed under the hot side of the liner. A row of cylindrical cooling holes distributed across the liner is equally 

spaced in the spanwise direction, the distance between the two neighbouring holes is 4d , where the diameter of the 

cylindrical holes 1d = mm . The thicknesses of the insulation, liner and plate are 3 mm , 2 mm  and 1 mm , respectively. 

The surface temperatures of the liner are obtained by the thermocouple and the thermocouples that read the liner wall 

temperature on the hot side are distributed along the centreline of the cooling hole and another row of thermocouples are 

located along the mid-line of two adjacent hole centres. The hot mainstream is heated and maintained at 403 K while the 

temperature of the coolant is equal to the room temperature measured at 298 K , and the mainstream velocity is measured 

at 19.4
1m s− (Wei et al., 2019). 

As shown in Figure 1, the computational domain was set up with only one orifice included for the mesh generation 

due to the periodicity in the spanwise direction. The dimensions of computation domain in x , y  and z  directions are 

120d , 51d  and 4d , respectively. The hot mainstream inlet locates on the lower left side of the domain and the mass 

flow rate is specified as 
3 11.62 10 kg s− −  in order to match the area included with only one jet hole. The coolant inlet sits 

on top of the domain and the mass flow rate is given corresponding to different blowing ratio. The solid and fluid interfaces 

are imposed as coupled wall. All other solid walls are applied as adiabatic no-lip boundary conditions. The two lateral 

planes along the spanwise direction are subject to the periodic boundary condition. There are 15 million grids generated 

using ANSYS ICEM for this computational case and the first grid layer y+
 normal to solid wall are principally less than 

2. The commercial software ANSYS FLUENT is chosen for simulations of present test case since our primary interest is 

to investigate the impacts of different turbulence model on the accurate predictions of combined impingement and film 

cooling.  

The fundamental mechanism of the impingement cooling in the present research is that the coolant jets through the 

cylindrical holes impinge on the plate and the coolants are forced to travel along the liner, which leads to a reduction of 

heat transferred to the cooling target liner and a corresponding decrease of the temperature of the liner. As the coolant 

travels further downstream the jet hole, the coolant is mixed with the hot mainstream with a consequent increase of the 

coolant temperature. In order to quantitatively evaluate the cooling performance, the non-dimensional cooling effectiveness 

  is defined as, 

( ) ( )w cT T T T  = − −  (8) 

where T
, 

cT  and 
wT  are the mainstream, coolant and wall temperature, respectively. If 1 = , it would be the ideal 

cooling effectiveness since the wall temperature is exactly equal to the coolant temperature. As   decreases, the cooling 

performance would be gradually reduced. 
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The blowing ratio M is defined as, 

( )c cM u u  =  (9) 

and three groups of experiment for the test case are carried out at the blow ratios M=0.45, 0.91 and 1.90 (Wei et al., 2019). 

The velocity ratio is given by, 

cVR u u=  (10) 

and the corresponding velocity ratios are VR=0.33, 0.67 and 1.34. The definition of the jet Reynolds number is provided 

as (Li et al., 2017)， 

Re 4 ( )d ud m n d   = =  (11) 

where n  stands for the number of jet holes and here it is equal to one, m  represents the coolant mass flow rate. The jet 

Reynolds number corresponding to different blowing ratios range from 2000 to 9000 in the present case, thus the jet flow 

will inherently exhibit the feature of laminar boundary layer transition. Consequently, the accurate prediction of the 

boundary layer transition has a significant impact on the computation of the cooling effectiveness. 

 

Figure 1 Test case geometry and computational mesh 

RESULTS AND DISCUSSION 
The numerical solution with various turbulence closure models are presented and compared against the experimental 

data in this section, including the family of k −  model, the family of k −  model, and 
t lk k − −  model. 

k −  Model 

Figure 2 displays the comparison of cooling effectiveness from standard wall functions and enhanced near wall 

treatment for the standard k −  model with the experimental data. The computed distributions from enhanced wall 

treatment (EWT) show fairly close matches with those from experiment, while the cooling effectiveness from standard 

wall functions are clearly overpredicted downstream at 20x d . The viscous sublayer is only modelled instead of being 

resolved when adopting the wall functions, whereas the near wall regions are resolved using turbulence models in the EWT 

approach. Therefore, the EWT approach is more favoured for the family of k −  models owing to the better prediction 

of the heat transfer in the boundary layer.  

 

Figure 2 Cooling effectiveness distributions from standard k −  model with different wall functions at 

blowing ratio M=0.91 (red colour: hole centre line; blue colour: mid-line between two holes) 
The computations of the combined impingement and film cooling using the standard, RNG and realizable k −  

models have been carried out to assess their numerical capabilities of predicting the flow fields of jet impinging with 
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subsequent coolant and hot mainstream mixing. Note that the EWT approach is employed for all the   equation based 

models to achieve better resolution for the near wall regions. Figure 3(a), 3(b), and 3(c) compares the cooling effectiveness 

from three different   equation based models at blowing ratios 0.45, 0.91 and 1.9, respectively. As shown in Figure 3(a), 

all the three solutions considerably underpredict the cooling effectiveness along both the centreline and mid-line of holes 

on the target liner. The standard and realizable k −  models exhibit almost same distributions of cooled wall temperatures 

at blowing ratios 0.91 and 1.9 as presented in Figure 3(b) and 3(c), respectively, whereas the solutions from the RNG 

slightly underestimate the cooling performance. Overall, the numerical solutions from the family of k −  models have 

obtained reasonable agreement with experiment ones at high mass flow rates of impinging jets, where the jet flow 

impinging from the nozzle are already fully turbulent. However, the   equation based models tend to fail to predict the 

flow field of wall jet and heat transfer when the wall jets consist of boundary layer transition at low blowing ratio. 

 

Figure 3 Cooling effectiveness distributions from k −  models at blowing ratios: (a) M=0.45, (b) 

M=0.91, (c) M=1.9 (red colour: hole centre line; blue colour: mid-line between two holes) 

k −  and 
t lk k − −  Models 

It should be noted that the y+
 insensitive wall treatment similar to the enhanced wall treatment for k −  models 

has been implemented as default for all the k −  models in ANSYS FLUENT, thus there is no need to apply other wall 

functions or near wall treatment here. Figure 4 exhibits the comparison of numerical profiles of cooling effectiveness from 

SST, and Transition SST k − , and 
t lk k − −  models at three blowing ratios. The solutions from standard k −  

model tend to hardly converge to the steady state and profiles of cooling effectiveness along the target liner are very poor 

at either low or high blowing ratios, thus they are not included in the comparison in Figure 4. The transition SST model 

has shown a slight under-prediction of cooling performance at low ratio M=0.45 as outlined in Figure 4(a), where the 

transitional jets or boundary layer transition being modelled by the coupled intermittency and transition onset equations, 

whereas the SST model slightly over-predict the cooling effectiveness at downstream. As the blowing ratio is further 

increased higher than M=0.91 as presented in Figure 4(b) and 4(c), the cooling effectiveness calculated by the SST and 

transition SST are clearly underpredicted compared to the measured experiment data at downstream from the cooling holes. 

Among the family of k −  models, standard model tends to fail to predict the accurate wall jet evolution and surface 

heat transfer in the confined flow region mixed with combined impinging and film cooling, while the SST and transition 

SST models are capable of accurately predicting the cooling performance at low blowing ratios but tend to underpredict 

the cooling effectiveness as the blowing ratio further goes up. 

 

Figure 4 Cooling effectiveness distributions from k −  and 
t lk k − −  models at blowing ratios: (a) 

M=0.45, (b) M=0.91, (c) M=1.9 (red colour: hole centre line; blue colour: mid-line between two holes) 
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The cooling performance predicted by 
t lk k − −  model at three blowing ratios are also plotted in Figure 4. The 

numerical distributions of cooling effectiveness agree markedly well with the measured experiment data at M=0.45 as 

shown in Figure 4(a). When the blowing ratio increased to 0.91, the profiles of cooling effectiveness have achieved overall 

agreement with the experimental ones as displayed in Figure 4(b), except the slight underpredictions at streamwise position 

30x d . In Figure 4(c), the computed cooling effectiveness are slightly overpredicted at 10 20d x d   compared to the 

experimental ones. Overall, the numerical solutions from 
t lk k − −  model reach a fairly well agreement with those of 

measured data.  

Comparison of Different Turbulence Models 

Given the above quantitative comparisons of numerical profiles among different turbulence models against measured 

data of experiment, realizable k − , transition SST and 
t lk k − −  models outperform alternatives in their model family, 

we now compare those three models to further investigate their different capabilities in predicting the flow physics of 

combined impinging and film cooling corresponding to three blowing ratios.  

In Figure 5(a), 5(b), and 5(c), the temperature flow fields surrounding the jet impingement and subsequent coolant 

travel and ejection are first presented. The striking difference observed is that the coolant jets spread more broadly from 

  equation models than the   equation models. Figure 5(d), 5(e), and 5(f) depicts that the jet develops into a parabolic 

velocity profile at the nozzle exit. When the jets impinge upon the plate surface, the high pressure gradients in the stagnation 

region turn jets travel parallel to the wall. Due to the velocity gradients in regard to both stationary flow above the wall jet 

and one close to the wall, there are two shear layers formed with the opposite directions, one moves inward parallel to the 

wall and further breaks into vortices and rolls up into the large vortex in the channel, another one travels outward along the 

wall and entrains the flow with increased thickness of wall jet. It is clearly shown that the velocity magnitudes in the core 

of wall jet calculated by k −  model in Figure 5(d) are less than those by k −  model in Figure 5(e). However, there 

is wall jet flow separation computed by k −  model in Figure 5(e) when the wall jet enters into the hot mainstream.  

Noted that the nozzle exit Reynolds number is only about 2000, there exists the jet flow transition into turbulence 

inside the orifice. In addition, the boundary layer transition along the wall also influences the shear layer in the wall jet. 

Owing to the exceptional capability of 
t lk k − −  transition model, the instabilities of shear layer and subsequent 

separation are captured as described in Figure 5(f). Furthermore, the jet spreads more broadly and consequently the target 

liner achieved better cooling performance downstream, which is consistent with the observations in Figure 4(a) that the 

cooling effectiveness predicted by 
t lk k − −  model match fairly well the measured data of experiment. 

 

Figure 5 Temperature (K) contours at (a), (b) and (c) and velocity (m/s) contours 

at (d), (e) and (f) with blowing ratio M=0.45 from different turbulent models 
Next, Figure 6 compares the velocity and temperature flow fields from different turbulence closure as the blowing 

ratio increased to 0.91. Here, a similar observation is that the jet spreads much more widely predicted by   equation 

models as shown in Figure 6(a), 6(b) and 6(c). The jet speeds ejected from the nozzles are nearly doubled corresponding 

to the doubled coolant mass flow as presented in Figure 6(d), 6(e) and 6(f). Note that the boundary layer transition into the 

turbulence in the nozzle is depicted by 
t lk k − −  model in Figure 6(f), thus the nozzle jet carries increased turbulences 

before reaching the impingement wall and the consequent velocity fluctuations form large eddies, which promotes the mass 

and heat transfer on the target wall. The shear layer instabilities are further strengthened in the wall jet but the separated 

shear layer maintains attached to the wall before submerged with the hot main flow. 



7 

Finally, as the blowing ratio enhanced to 1.9, the temperature flow fields compared in Figure 7(a), 7(b), and 7(c) 

indicate the extended coverage of the liner is reached by increased coolant mass flux, however, the increased jet mass flow 

also leads to the coolant jets detached from the liner as shown in Figure 7(b) and 7(c). It is also evidently shown in Figure 

7(e) that wall jet causes large separation that deteriorates the cooling effectiveness on the liner surface at downstream, this 

is also the reason that transition SST underpredicts the cooling effectiveness at M=1.9 as shown in Figure 4(c). On the 

contrary, the large separation caused by the shear layer instability are suppressed from 
t lk k − −  model as illustrated in 

Figure 7(f), it also might be the reason that the nozzle jets are already fully turbulent before reaching the wall, which leads 

to the fully turbulent boundary layer along the wall and avoids any transitional effects in the boundary layer from inducing 

instability to the shear layer. It should be noted that extra experimental study needs to be done to obtain the flow field data 

in details to validate the numerical predictions. Additionally, the strength of the shear layer in the core of wall jet are 

maintained all the way along the wall by 
t lk k − −  model, whereas the ones from realizable k −  and transition SST 

as shown in Figure 7(d) and 7(e), respectively, smear out quickly before mixing with the mainstream.  

 

Figure 6 Temperature (K) contours at (a), (b) and (c) and velocity (m/s) contours  

at (d), (e) and (f) with blowing ratio M=0.91 from different turbulent models 

 

 

Figure 7 Temperature (K) contours at (a), (b) and (c) and velocity (m/s) contours  

at (d), (e) and (f) with blowing ratio M=1.9 from different turbulent models 
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CONCLUSIONS 
The numerical investigation of the combined impingement and film cooling test case using different turbulence models 

have been conducted in the present study. For the   equation models, the profiles of cooling effectiveness along the target 

liner computed from standard and realizable models do not vary much and both show reasonable agreement with the 

measured data of experiment at moderate and high blowing ratios except the underpredictions at low blowing ratio, while 

the RNG model tends to slightly overestimate the wall temperature compared to distributions of cooling effectiveness from 

the other two models. For the   equation models, the cooling effectiveness from SST and transition SST both 

considerably match the experimental data at low blowing ratio, whereas both produce underestimated cooling effectiveness 

at moderate and high blowing ratios mainly due to the over-predictions of large wall jet separation at downstream. For the 

t lk k − −  transition model, the computed cooling effectiveness are in fairly well agreement with the measured data at 

various blowing ratios, which has shown its distinctive capability in modelling the nozzle jet flow transition, wall jet shear 

layer instability and separation, and boundary layer transition into turbulence. Given the above detailed comparison of 

numerical solutions in this specific combined impingement and film cooling case, the recently developed 
t lk k − −  

transition model exhibits its potential in simulating complex coolant jet flow mixed with boundary layer transition or shear 

layer separation. However, some typical parameters in the 
T Lk k − −  model still need to be well tuned for the future 

investigation.  
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