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ABSTRACT 

The complicated streamwise pressure gradient (SPG) environments in gas turbines affect the film cooling performance. 

In this research, shaped cooling hole with density ratio 1.5, blowing ratio 1.6, and acceleration coefficient, K=1e-6 is 

studied using Large Eddy Simulation (LES). LES results have been verified by experiment results. The differences between 

the Reynolds Average Navier – Stokes (RANS) results of zero pressure gradient (ZPG) and favorable pressure gradient 

(FPG) showed that the FPG keeps the jet closer to the wall surface, and the counter rotating vortex pair (CRVP) is 

compressed. The time-average and instantaneous flow field obtained from LES were analyzed to get the flow field details. 

Fast Fourier Transform (FFT) and Lumley triangle were used to analyze the vortices and the turbulence characteristics of 

the strong shear zone near the hole exit and downstream. The influences of FPG on horseshoe vortex, hairpin vortex and 

shear layer vortex were analyzed. The results showed that the hairpin vortex enhanced by FPG effect the film cooling 

performance of the downstream. 

INTRODUCTION 

Higher initial gas temperature is one of the main ways to improve the efficiency of aero engine and gas turbine. For 

example, the turbine inlet temperature of H gas turbine has reached 1600℃, which is far higher than the temperature limit 

of metallic blade materials. Therefore, high-performance cooling technology is one of the key technologies for high-

temperature turbine design. At present, film cooling has been widely used in high temperature turbine, and its performance 

is mainly affected by the hole geometry, blowing ratio, mainstream turbulence intensities and other factors. A large number 

of studies have been carried out on the influence of these factors, and the conclusions have guided the design of high-

efficiency film cooling. In addition to the above-mentioned factors, Bogard et al. (Bogard et al. 2012) showed that the 

cooling effectiveness of gas film cooling was also affected by the mainstream flow field, such as mainstream direction 

pressure gradient, transverse pressure gradient and blade curvature. The acceleration parameter K that is commonly used 

to describe the severity of the pressure gradient is defined as follows: 
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where ν is the kinematic viscosity, and U is the freestream velocity distributed along X. K>0 indicates favorable 

pressure gradient (FPG), and K<0 indicates adverse pressure gradient (APG). In the turbine blade environment, K ranges 

from -2×10-6 to 6×10-6 at the typical position (Filippo et al. 2013).  

Zhu et al. (Zhu et al. 2014) studied the film cooling characteristics of the cylindrical hole and laid-back fan shaped 

hole under different SPG conditions, and found that APG improves the film coverage rate and jet lateral diffusion for the 

cylindrical hole filming cooling. Compared with ZPG, the normalized heat transfer coefficient is lower in the upstream 

region and higher in the downstream region under APG. Konopka et al. (Konooka et. al 2013) analyzed the cooling 

characteristics of multiple rows of holes under APG using LES. Compared the LES results with particle-image velocimetry 

(PIV) measurements, it was found that APG decreases temperature levels off the wall. The cooling effectiveness has no 

significantly differences from ZPG. Jessen et al. (Jessen at al. 2012) analyzed the cooling effectiveness of multi-row fan-
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shaped holes in ZPG and APG using PIV technique, and investigated that the APG significantly intensifies the growth of 

boundary layer thickness, and the turbulence intensity in the shear zone is enhanced. At present, the research about APG 

has basically reached a consensus that APG has little influence on the cooling effectiveness. The APG increases the 

boundary layer thickness, and intensifies the mixing of freestream and jet. But there is no unified conclusion on the 

influences and mechanisms of FPG on film cooling effectiveness in the literature. 

Zhu et al.( Zhu et al. 2014) claimed that the FPG can improve the heat transfer coefficient as well as increase the film 

cooling effectiveness near the hole. Teekbaram et al. (Teekbaram et al. 1991) pointed out through experiments that the 

cooling effectiveness of the inclined holes in FPG was higher than that in APG or ZPG. But for far downstream, the cooling 

effectiveness did not change significantly with the pressure gradient. Schmidt et al. (Schmidt et al. 1995) based on the 

experiment results of 35° single holes , claimed that the FPG slightly improves effectiveness at low blowing ratio (M<1), 

and when the jet is completely separated at M=1.5, the SPG has almost no effect on effectiveness. According to the PSP 

experiment results, Vinton et al. (Vinton et al. 2017) found that the FPG reduces the interaction between freestream and 

jet, also the freestream turbulence is inhibited by FPG. In addition, the cooling effectiveness of the shaped hole is slightly 

increased in FPG. Launder and York(Launder and York 1974 ) analyzed the 45° circular hole and found that FPG reduces 

lateral jet spreading and the cooling effectiveness. Maiteh and Jubran (Maiteh and Jubran 2003) analyzed two rows of 

single holes with compound angel, and found that the FPG increases the dilution of jet, leading to the reduction of 

effectiveness. Coletti et al. (Coletti et al. 2012) used magnetic resonance velocimetry (MRV) to obtain the three-

dimensional flow fields of an inclined hole under FPG and ZPG. They found that the FPG strengthens the counter-rotating 

vortex pair (CRVP) and decreases the thickness of the crossflow boundary layer. Then they claimed that the balance of 

these factors is the cause of the contradictory conclusions in the literature. 

The research on the influence of FPG on film cooling effectiveness is mostly carried out by experiments or RANS. 

Due to the limitation of measurement techniques, the experimental methods cannot obtain the details of the flow fields. 

The RANS method can save the computation cost but it has a low accuracy. Galeazzo et al. (Galeazzo et al. 2010) compared 

the prediction of RANS and LES on jet in crossflow based on the PIV experiment results. They found that RANS could 

obtain the velocity fields consistent with the experiment, while LES could obtain the turbulence fields and concentration 

fields which were closer to the experiment results. Sumanta et al. (Sumanta et al. 2001) compared the film cooling 

effectiveness predicted by RANS, LES and DNS. They found that the two-equation model underpredict the lateral 

spreading of jet and overpredict the vertical penetration. LES and DNS can more accurately predict the mean effectiveness 

and turbulence stress. 

According to the researches about the influence of SPG on film cooling effectiveness, the influences and mechanisms 

of FPG on cooling effectiveness are not clear yet. Hence these are worthy to be studied with satisfactory accuracy by 

simulations. In this paper. The LES method is used to analyze the vortex structure in the instantaneous flow field. Then the 

key points in the strong shear region are analyzed by Fast Fourier Transform (FFT) and Lumley triangle. A dominant 

frequency of the shear layer vortex is captured. The influences of FPG on the hairpin vortex are analyzed. It’s found that 

FPG can promote the generation of the hairpin vortex and restrain its lifting. The strength of these two factors may provide 

an explanation for the conflicting conclusions in the literature. 

COMPUTATIONAL METHODS 
Numerical setup 

As shown in Fig. 1(a), the calculation domain is a constricting channel with a rectangular plenum. According to the 

definition of acceleration coefficient (Eq. 1) and the continuity equation of incompressible fluid (Eq. 2), the constricting 

channel is used to simulate the FPG (Eq. 3). 

0
dUA

dx
  (2) 
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  (3) 

Where U is the freestream velocity and A is the flow area. The geometry of the main flow channel and same boundary 

conditions were used for 2-D RANS to get the distribution of K. Fig. 2 shows the distribution curve of K along the flow 

direction at Y/D=10 in a 2-D flow channel. The exit of the gas film hole located at Z/D=0. The acceleration coefficient K 

is basically kept at 6×10-6 in the range of X of -10~50. The 7-7-7 cooling hole (Schroeder et al. 2014) with diameter D=3mm 

is used. Other geometric parameters of the cooling hole are in Table 1. 
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Fig1. Geometry and mesh near the hole exit 

 

 
Fig2. Distribution of K in the 2-D channel at Y/D=10 

Tab1. Geometric parameters of the cooling hole 

 Shaped hole 

Diameter,D 3mm 

Lm/D 2.5 

H/mm 3 

Injetction angle, α 30° 

Lateral angle, βlat 7° 

Laidback angel, βfwd 7° 

The commercial software ANSYS FLUENT 19.2 is used for LES. WALE model is adopted to compute the SGS 

viscosity. In order to minimize numerical dissipation, the momentum term and energy term are discretized with bounded 

central differencing scheme to reduce numerical dissipation and the time discretization is bounded second order implicit 

scheme. In order to analyze the inertial subregion of turbulence pulsation in the key area, the vicinity of the film cooling 

holes are encrypted according to the requirements of mesh accuracy. Fig. 1(b) shows the local mesh near the hole exit. The 

number of grid nodes is 9275,000. In the y-direction, the + 0.5y   near the wall. The streamwise-direction is 

100x  and the spanwise-direction is 20z  .The time step is 5×10-4 to ensure the maximum Courant Friedrichs 

Lewy (CFL) number is less than 1. The computed boundary conditions are listed in Table 2. The lateral walls of the 

mainflow channel are set as periodic boundary walls. The top of the mainflow and the walls of the coolant are adiabatic 

slip boundary walls, while the bottom walls of the film cover region and the hole walls are set as adiabatic no-slip boundary 

walls. After the simulation arrives at periodicity, 170 periods base on the hole diameter are averaged to get the time-

averaged results. 

Tab2. Parameters 

Variables  

Mianflow inlet velocity 15 m/s 

Mianflow inlet temperature 300 K 

Density ratio 1.5 

Blowing ratio 1.6 

Coolant inlet mass flow ratio 2.4147×10-4 kg/s 

Coolant inlet temperature 200 K 

Re number related to the diameter of cooling hole 7700 

Flow field prediction validation 

To verify the LES results, PSP experiment was used to obtain the cooling effectiveness of the real flow field. The same 

geometric model was used and ensure the mianflow inlet velocity, blowing ratio, and density ratio were consistent with the 

numerical calculation. The details of PSP technology and experiment refer to Le.et al.( Le.et al. 2017) The experiment 

results, LES results and RANS results were compared in Fig.3. The same mesh and boundary conditions were used for 

calculation and Realizable k-ε model (Silieti M. et al. 2005) was used as turbulence modle to get the RANS results. The 

effectiveness of film cooling is determined as follows: 

aw
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Where Tc is the coolant inlet temperature, T∞ is the mainflow inlet temperature, and Taw is the adiabatic wall 

temperature. 

Figure 3(b) shows that the centerline effectiveness of LES is almost consistent with the experiment. The lateral 

effectiveness distribution of LES at X/D=5 shown in Fig. 3(c) is closer to the experiment result. The comparison results 

of lateral effectiveness at other downstream locations can draw the same conclusion. Overall, RANS underpredicts the 

lateral average effectiveness and overpredicts the centerline effectiveness. The spread prediction of effectiveness by 

RANS is narrower than LES. The comparison with experiments shows that LES method is more accurate than RANS 

in predicting the flow fields, and The LES simulation used in this paper can provide more reliable numerical prediction 

results for the research. 

 
Fig. 3 Comparison of experiment and simulations: (a) Lateral average effectiveness. (b) Centerline 
effectiveness. (c) Lateral effectiveness at X/D=5. 

TIME-AVERAGED FLOW FIELD 

In order to analyze the influence of FPG, the flow fields of ZPG is needed. The Realizable k-ε model was used to 

calculate the ZPG case, which has more than 8 million cells and the same boundary conditions with FPG except mainflow 

velocity. Different mainflow velocity was used to obtain the same local blowing ratio in the ZPG case. Fig. 4 presents the 

non-dimensional streamwise velocity and non-dimensional temperature contour on the center plane. It can be seen that 

FPG makes the jet closer to the wall. Figure 5 shows the X vorticity contour on the plane X/D=5. By comparing the RANS 

results, it can be seen that the CRVP of FPG is compressed in the flow direction. Fig. 6 shows the X vorticity contour 

diagram of the Y/D=0.1 section. It can be concluded that the CRVP in the FPG environment is stretched along the span 

direction by comparing the RANS results. Changes in the span and flow directions of CRVP can influence the cooling 

performance under FPG (Coletti et al. 2012). 

By comparing the vorticity contour obtained by the two numerical methods, complex vortex structures can be observed 

in the X/D=5 plane obtained by LES results. These vortex structures that are not available in RANS results can make a 

more accurate prediction for the mixing process of jet and mainstream. As a result of the underpreidiction of the mixing 

process, the prediction results of RANS for the center line effectiveness in Figure 2(b) is lower than the experiment results. 

LES obtained the eddy distribution along the spreading direction as shown in Fig. 6. So LES is able to predict the diffusion 

of coolant in the spreading direction while the spreading range of coolant is very narrow in RANS case. As RANS can’t 

accurately obtain the turbulence structure near the wall, the prediction of cool air and mainstream mixing is insufficient, 

and the prediction of coolant lateral diffusion is too narrow. These conclusions can explain the deviation between the results 

of RANS and experiment as shown in Figure 2. 
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Fig. 4 Non-dimensional X Velocity contours (up) and non-dimensional temperature (down) in the Z/D=0 

LES (left) FPG-RANS (middle) ZPG-RANS(right) 

 

Fig. 5 X vorticity contour at X/D =5 

LES (left) FPG-RANS (middle) ZPG-RANS(right) 

Fig. 6 X vorticity contour at Y/D =0.1 

LES (left) FPG-RANS (middle) ZPG-RANS(right) 

INSTANTANEOUS FLOW FIELD 
The time average results can visually display the state of CRVP through vorticity contour. However, the other vortex 

structures that affect the flow field and cooling effectiveness, such as horseshoe vortex, shear layer vortex, hairpin vortex, 

hanging vortex, etc., can not be represented by time averaged flow fields. So the instantaneous flow field obtained by LES 

need to be analyzed. Fig. 7 shows the instantaneous vortex structures identified by Q criterion colored by cooling 

effectiveness and X vorticity. It can be seen that horseshoe vortex appear at the upstream edge of the hole exit. The 

hindrance of the jet to the main flow forms a local adverse pressure gradient at the upstream edge of the hole exit, and the 

main flow boundary layer is separated to generate horseshoe vortex. The Time-average and instantaneous pressure gradient 

in streamwise direction contour at Y/D =0.1 were shown in Fig. 8. 0
dP

dx
 indicates the adverse pressure gradient. It can 

be found that the SPG in the mainflow channel is smaller than the adverse pressure gradient generated by shear layer 

separation, so it can be inferred that SPG has almost little effect on the generation of horseshoe vortex. However, as the 

horseshoe vortex develops downstream, they can be observed in the vorticity contour, as the LES result shown in Fig. 6(a), 

which is specifically manifested as the reverse vortex structure at the upstream edge of the hole exit. In further study, the 

strength and spreading of horseshoe vortex can be analyzed by comparing the FPG and ZPG results. 
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Fig. 7 Instantaneous vortices identified by Q criterion iso-surface colored by cooling effectiveness 
(left) and X vorticity (right)  

Fig. 8 Time-average (lift) and instantaneous (right) pressure gradient contour at Y/D =0.1 

The shear layer vortex can be seen more clearly in the instantaneous density gradient contour in Fig. 9. The shear layer 

vortex, which is the dominant vortex system at the initial position of the jet, is the result of the Kelvin-Helmholtz (K-H) 

instability caused by the annular boundary layer separation at the outlet of the hole (Fric and Roshko 1994). The mainflow 

accelerating increases the shear force between the mainflow and the jet, and the K-H instability is strengthened. These 

result caused by mainflow accelerating play positive roles in the generation of shear vortex. On the plane of Z/D=0, pressure 

monitoring points are set at the shear layer of the mainstream and jet, as shown in Fig. 9. The frequency spectrum of the 

monitoring points is obtained by using the Fast Fourier Transform (FFT) of the pressure signal. Among the 9 pressure 

measuring points, only the measuring points 1, 4, 5, 6, and 7 get relatively obvious peaks. The corresponding frequency of 

the peak values at points 4-7 is 1578.2Hz, indicating that the pressure measuring points have captured a dominant frequency 

of the shear layer vortex. The dominant frequency of point 1 is 1360.5 Hz. Point 1 is close to the boundary layer and may 

be affected by both shear layer vortex and horseshoe vortex, so the flow pattern in point 1 is relatively complex. Points 8 

and 9 are close to the downstream of the outlet of the hole, where the flow pattern may begin to change from shear layer 

vortex to hanging vortex. 

 
Fig. 9 The position of points and FFT over pressure signal 

The hairpin vortex is located downstream of the jet exit. The direction of X vorticity is the same as that of CRVP and 

has negative Z vorticity. The acceleration of the main stream will increase the shear between the jet and the mainflow, and 

the lifting of the hairpin vortex in the vertical direction will also be inhibited. Fig. 10(a) shows the instantaneous density 

gradient contour of the center plane. The head of the hairpin vortex can be seen in the downstream, and the intensity of the 

hairpin vortex gradually decreases along X direction (Ali et al. 2020). Fig. 10(b) shows the instantaneous non-dimensional 

temperature contour at Z/D=0. The heads of the hairpin vortex correspond to the irregular temperature boundary. It is found 

that the hairpin vortex plays an important role in the mixing process of jet and mainflow. In addition, it is observed that the 
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spacing of adjacent hairpin vortex (represented by δ in Fig. 10(b)) presents a certain regularity. The FPG increases the 

shear between the mainflow and jet, as a result the K-H instability is enhanced. It indicated that FPG contributes to the 

generation of hairpin vortex. Considering that FPG keeps the jet closer to the wall and has an inhibiting effect on the lifting 

of the hairpin vortex, the two phenomena have opposite effects on the mixing of the jet and mainflow. Therefore, it is 

necessary to comprehensively consider the balance of the two factors according to the actual flow conditions such as K and 

blowing ratio. 

 
Fig. 10 Instantaneous density gradient contour (up) and non-dimensional temperature contour (down) 

at Z/D=0 

Based on the high-precision turbulence simulation results, the turbulence characteristics at nine pressure measuring 

points and six hairpin vortex heads are analyzed by using Lumley triangle (Lumley et al. 2001). The magnitude of 

turbulence anisotropy is analyzed by using the dimensionless anisotropic tensor. The anisotropic Reynolds stress was 

expressed by ξ and η coordinates, and the definitions are as follows: 

' '

' '

1
b =

3

i j

ij ij

k k

u u

u u
    (5) 

1
=

6
ij ijb b .     (6) 

3
1

=
6

ij jk kib b b .     (7) 

Fig. 11 The turbulence triangle 
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The measurement points in shear layers are marked in red, and the position points in six hairpin vortex heads are 

marked in green. The distribution of each point in the Lumley triangle is shown in Fig. 9. Points 1, 3, 4 and 5 are close to 

the η=-ξ boundary and approximated to pancake-shaped turbulence, indicating that one component of the turbulence is 

much smaller than the other two components and have a small eigenvalue. The measuring points of 2, 6, 7, 8, 9 and the 

head of hairpin vortex are close to the η=ξ boundary and are similar to the cigar-shaped turbulence, indicating that one 

component of the turbulence is much larger than the other two components and have a large characteristic value. The strong 

shear force caused by the interaction between mainflow and jet may be the reason for the difference of turbulence states at 

these points. In addition, Point 10 in figure 9 is located in the head of the sixth hairpin vortex head which is more attenuate 

than the other five hairpain vortex head. Also it is shown in Figure 8 that the spacing δ5> δ4≈δ3≈δ2≈δ1 .As shown in 

Figure 7, P10 is further away from the boundary of Lumley triangle than other measurement points of hairpin vortex. This 

difference indicates that the sixth hairpin vortex has started to decay, and the state of the hairpin vortex is related to 

Reynolds stress. 

Instantaneous flow field combined with FFT and Lumley triangle can be used to analyze vortex structures and 

turbulence state, but the effect of mainstream acceleration on vortex structure needs to be further studied by comparing 

with ZPG results. 

CONCLUSION 

In this paper, RANS and LES methods are used to analyze the influence and mechanism of FPG on the film cooling 

effectiveness of shaped holes. The main conclusions are as follows: 

(1)LES results are in good agreement with the experimental results for the film cooling of shaped hole under FPG. 

RANS method is insufficient in predicting the mixing of coolant and main flow. 

(2) The hairpin vortex impacts jet mixing and mainstream. Mainstream acceleration increases the shear force between 

mainstream and jet enhancements, benefits to the generation of hairpin vortex. While FPG also makes hairpin vortex closer 

to the wall. These two mechanisms influence the mixing process of jet and mainflow. The former promotes the mixing 

diffusion, while the latter reduces the interaction between the main flow and the jet. Different K and blowing ratio may 

make different factor occupy the dominant position. 

(3) The key points of the exit of the hole and the downstream vortex structure are extracted to analyze the Reynolds 

stress anisotropy. The strong shear force may be the main reason for the distribution of the points in the Lumley triangle 

close to the boundary of the pie-shaped turbulence and the cigarette-shaped turbulence. 
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