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ABSTRACT 

For film cooling, vortex structures downstream of the cooling hole determine the coolant mixing and the coverage 

surface area. The current study aims at identifying the vortex structures that can result in favorable cooling performance, 

based on which new holes are designed. The crescent hole with the convex leading edge can produce vortex structures that 

combine the features of two compound angle cylindrical holes and a middle vortex structure. These vortex structures 

prevent the coolant from lifting off from the surface at both low and high blowing ratios, and can result in uniform cooling 

effectiveness covering a larger area comparing to the cylindrical hole. To further improving cooling, another cooling hole 

is used to remove two small vortices on the lateral side by changing the up-convex to a down-convex crescent hole. This 

changes the rotational direction of the shear layer vortex at the lateral side of the hole, and produces a corotate vortex 

structure with the main anti-counter rotating vortex pair (anti-CRVP) which further enhances surface cooling effectiveness. 

INTRODUCTION 

Film cooling is one of the key techniques that protect the turbine blade from the hot mainstream gas. The cooling air 

is ejected from a series of discrete holes on the surface and mixes with the main flow. The main objective of film cooling 

study is to attach the cooling flow on the surface to cover a larger area with high cooling effectiveness.  

It is well acknowledged that the vortex structures downstream of the hole are related to the coolant mixing, thus the 

cooling effectiveness. For example, the jet in crossflow from a simple cylindrical hole contains a counter rotating vortex 

pair (CRVP) which adversely affects the cooling performance by inducing the lift-off of the coolant. With a compound 

angle, a cooling hole can reduce the strength of one of the CRVP which improves the lateral distribution by suppressing 

the lift-off of the coolant (Schmidt et al., 1996; Sen, Schmidt and Bogard, 1996; McGovern and Leylek, 2000).  

Shaped holes are found to be able to reduce the momentum flux ratio at the exit of the hole, which results in a weaker 

CRVP, as well as increasing the distance between the two centers of the CRVP and a larger coolant coverage area (Bunker, 

2005). Many studies were carried out to reduce the negative effect of the CRVP for better film cooling performance. Rigby 

and Heidmann (Rigby and Heidmann, 2008), Shinn and Vanka (Shinn and Pratap Vanka, 2013), and Song et al. (Song et 

al., 2017) studied the effects of micro-ramp geometries downstream of the cooling hole, which generates additional 

vortices. When the generated pair of counter-rotating vortices are opposite to the CRVP of the coolant, the downwash 

effect between the vortices entrained coolant from the jet and transported it toward the wall, thus enhancing film-cooling 

effectiveness. Bai-Tao An et al. (An et al., 2013) placed a short crescent-shaped block downstream of a cylindrical cooling 

hole. The downstream short block allows the main body of the coolant jet to transport over the block top and to form a new 

down-wash vortex pair, which increases the coolant coverage in the lateral direction. Other methods to control the 

downstream flow mixing are also developed to achieve better cooling effectiveness, e.g. lateral diffusion hole studied by 

(Haven et al., 1997), console holes studied by Sargison et al. (Sargison et al., 2002), the crescent hole by Yiping Lu et al. 

(Lu et al. 2005), and the arrowhead-shaped holes from Okita and Nishiura (Okita and Nishiura, 2007). 

Some studies focus on the arrangement of several holes to produce anti-CRVP. Kusterer et al. (Kusterer et al., 2007) 

presented a double-jet hole to generate anti-CRVP vortices by two compound angle holes arrangement with oppositely 

orientated directions of ejection. This method could achieve high film-cooling effectiveness provided that precise 

positioning of the two cylindrical holes is identified. Kusterer et al. (Kusterer et al., 2012) proposed a hole geometry by 

merging the double jet holes to establish anti-CRVP inside the cooling jet, which achieved higher cooling effectiveness 

with the anti-CRVP but the strong downwash of the anti-CRVP center that induced the hot gas towards the wall, which 

results in one obvious streak of low cooling effectiveness along the centerline. Similar configurations with combinations 
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or merging of several holes geometries were investigated by Heidmann (Heidmann and Ekkad, 2008), Yiping Lu et al. 

(Phillips, 2009), Han et al.(Han et al., 2014), and all of the studies show that the cooling performance can be improved if 

the holes are properly combined. 

The current study developed a cooling hole by targeting a downstream vortex structure that is promising to achieve 

better performance, i.e. an up-convex crescent hole. Based on the analysis of the flow physics of the up-convex crescent 

hole, a down-convex crescent shape is proposed, which achieved even higher cooling effectiveness. Large eddy simulation 

(LES) was used in this study, and the vortex structures and mixing processes were investigated in detail. 

METHODOLOGY 

Computational domain and mesh 

Figure 1 shows the computational domain and the mesh of the cylindrical hole. The diameter of the cylindrical jet hole 

is d=23mm with a length of L=3.8d and an inclination angle of α=35°. The overall size of the main flow rectangular is 

39d×6d×5d in the x, y, z-direction. The inlet boundary is located 13d upstream and the outlet boundary is located 26d 

downstream relative to the center of the hole with a pitch of P=6d. A tripwire with a width of 0.2d and a height of 0.1d is 

installed 10d upstream of the hole center for generating a turbulent boundary layer. The size of the cooling air plenum is 

11.5d×6d×8d in the x, y, z-direction, and cooling air is supplied from the bottom of the plenum. The structural mesh is 

generated inside all domains (Figure 1 b) using the commercial software ICEM. The grids for LES are built according to 

the practice guidelines of Georgiadis et al (Georgiadis, Rizzetta and Fureby, 2010). The node number was around 10 million 

and the maximum y+ was lower than 1 to resolve the boundary layer. Similar meshes are used for other hole geometries.  

The inlet velocity profile was set at the inlet of the domain. Constant pressure was defined for the outlet, the periodic 

boundary was defined for the sidewalls, and the symmetry boundary condition was defined for the top wall. The inlet 

velocity boundary condition was defined at the inlet of the jet plenum. The remaining walls were defined as no-slip 

adiabatic walls. The main flow temperature was set as T∞=320K while the cooling air temperature was set as Tj=300K. 

The airflow is assumed to be an incompressible ideal gas and the density changes by temperature variations. The Reynolds 

number was equal to Re=13000 based on the main flow velocity and the inlet hole diameter. 

         

(a) Computational domain                              (b) Generated structured mesh 

Figure 1 CFD model of the cooling jet hole 

Governing equations and solver 

The basic governing equations in a large eddy simulation (LES) are the three-dimensional Favre-filtered Navier-

Stokes equations (Xia et al., 2013). The commercial software ANSYS FLUENT is used for solving the governing 

equations. The wall-adapting local eddy-viscosity (WALE) (Nicoud and Ducros, 1999) was used as the subgrid-scale 

turbulence model. The Least-squares cell-based scheme is used for the gradient interpolation and a second-order scheme 

is used for the pressure interpolation. Bounded central differencing scheme and second-order upwind scheme are used for 

momentum and energy equations, respectively. The Semi-Implicit Method for Pressure-Linked Equations Consistent 

(SIMPLEC) algorithm is used for pressure-velocity coupling. The transient terms are discretized by the second-order 

implicit method. Using a time step of Δt=0.02d/U∞ result in the Courant number being lower than CFL<1. The time-

averaged results were obtained over a period of t=200d/U∞ where the averaging started after 6-8 initial flow-through. 

CFD validations 

Figure 2 compares the velocity distribution of the jet at the exit of the cylindrical hole obtained by current LES and 

experimental data reported by Pietrzyk (Pietrzyk et al., 1989). The inconsistency between the CFD results and the 

experimental data mainly occur upstream of the cooling hole due to the difference in the incoming boundary layer. The 
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CFD results will be closer to the experiment downstream of the hole where the incoming boundary layer is already mixed 

out. The film cooling effectiveness predicted by the LES calculation is compared with the data reported by Sinha et al. 

(Sinha et al., 1991), and Kohli et al. (Kohli and Bogard, 1997), Johnson et al. (Johnson et al., 2014). The film cooling 

effectiveness in both centerline and laterally averaged agree well with the experiments except for the values close to the 

cooling hole. In general, the numerical results have enough accuracy for the prediction of film cooling effectiveness. 

  

(a) y/d=0, z/d=0 (b) y/d=0, z/d=0.3 

Figure 2 Velocity distribution at the jet outlet in different vertical lines  

RESULTS AND DISCUSSION 

Up-convex crescent hole 

The vortex structures downstream of the cooling hole were presented at two blowing ratios for the cylindrical hole in 

Figure 3 (a). As the CRVP develops, the coolant lift-off the surface. As shown in Figure 3 (b), with a 60° compound angle, 

one of the CRVP enlarges while the other vortex becomes smaller. The lift-off of the coolant is more evident at a higher 

blowing ratio, and result in lower cooling effectiveness as shown in Figure 4. The compound angle hole results in a larger 

coolant coverage as well as higher cooling effectiveness at both low and high blowing ratios. These findings agree with 

previous studies (Schmidt et al., 1996; McGovern and Leylek, 2000; Waye and Bogard, 2007).  

To achieve higher cooling effectiveness, two vortices produced by the compound hole are desirable. As shown in 

Figure 5 (a), a pair of anti-CRVP can be obtained with two compound angle jets. To prevent the hot gas from rolling into 

the coolant flow and reduce surface cooling effectiveness near the centerline, a weaker CRVP can be added between the 

two compound holes, which produces a small CRVP that protects the area between strong anti-CRVP. However, using 

three small holes cases manufacture difficulty and facing a high risk of blockage due to dust. So, an up-convex crescent 

hole is proposed in Figure 5 (c), which is supposed to produce similar vortex structures of the three holes in Figure 5 (b). 

Configuration of the crescent hole is shown in Figure 5 (d).The crescent hole gradually expands from a round to a crescent 

shape and the inclination angle and the exit area of the crescent hole is the same as the round hole. 

BR=0.5 

  

BR=1.5 

  

 (a) Cylindrical hole (b) Compound angle cylindrical hole 

 

Figure 3 Vortex structures and mixing downstream of cylindrical and compound holes (x=2d) 
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BR=0.5 

  

BR=1.5 

  

 (a) Cylindrical hole (b) Compound angle cylindrical hole 

 

Figure 4 Time-averaged adiabatic film cooling effectiveness distribution of axial and 
compound angle jets 

   
 

(a) Anti-CRVP 
(b) Anti-CRVP with 

middle CRVP 
(c) Up-convex crescent 

hole 
(d) Configuration of the 

crescent hole 

Figure 5 Desirable vortex structures downstream of the hole 

  

(a) BR=0.5 (b) BR=1.5 

 

Figure 6 Time-averaged distribution of vortex structures in up-convex crescent hole (x=2d) 

  

(a) BR=0.5 (b) BR=1.5 

 

Figure 7 Time-averaged adiabatic film cooling effectiveness distribution of up-convex hole 
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Figure 6 shows the vortex structures downstream the hole at two blowing ratios for the up-convex crescent hole. The 

vortex structures are similar to the expectation in Figure 5(c). So, the coolant achieves good surface coverage at both 

blowing ratios as indicated by the non-dimensional temperature contours. As shown in Figure 7, the up-convex hole 

provides a good film cooling effectiveness distribution on the wall, and the cooling effectiveness higher with higher 

blowing ratio. 

Although the up-convex crescent hole can achieve better cooling performance than both the cylindrical and compound 

holes, there is still room for improvement. As shown in Figure 8, the vortices ‘1’and ‘2’ prevent the lateral expansion of 

the coolant. Vortex ‘2’ tends to roll the hot gas into the coolant. The vortex ‘1’ is generated in the mainstream and tends to 

help the coolant to spread in the lateral direction. A better arrangement of the flow in the area vortex ‘1’ and ‘2’ can further 

improve the cooling performance.  

   

(a) BR=0.5 (b) BR=1.5 

 

Figure 8 Two undesirable vortices downstream the un-convex crescent hole (x=2d) 

 

 

A-A 

 

(a) Formation   (b) Trajectory 

Figure 9 The horseshoe vortex and shear layer vortex in an up-convex crescent hole 

Figure 9 shows the formation and the transportation of vortex ‘1’ and ‘2’. Figure 9 (a) is a cut-plane of the up-convex 

crescent hole leading edge, which shows the opposite vorticity between horseshoe vortex and the spanwise boundary layer 

near the leading edge at both blowing ratios. Figure 9 (b) is a schematic of the transportation of the vortices. Vortex ‘1’ is 

the horseshoe vortex denoted by the red line which is generated at the leading edge of the up-convex crescent hole. Vortex 

‘2’ is a shear layer vortex that originates as the boundary shear layer vorticity from the inner leeward face of the hole (the 

purple line). The green line illustrates the shear layer between the jet and the main flow. Both horseshoe vortex and shear 

layer vortex are stronger as the blowing ratio increases, as can be seen in Figure 8.  
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Down-convex crescent hole 

As shown in Figure 9 (b), the bending direction of the hole leading edge is critical for the formation and transportation 

of vortex ‘1’ and vortex ‘2’ in Figure 8. The work in this section aiming at reducing the negative effects of the horseshoe 

and shear layer vortex.  

The streamwise vorticity component of the shear layer vortex at the lateral side of the hole can be controlled by 

changing the leading edge of the crescent hole from up-convex to down convex where it can be corotating with the main 

anti-CRVP. The up-convex leading edge induces the horseshoe vortex to transport downstream but the horseshoe vortex 

movement also can be eliminated with the down convex leading edge. The geometry of the down-convex hole is shown in 

Figure 10(a). Its design concept is shown in Figure 10(b). The horseshoe vortex cannot develop downstream due to the 

concave shape of the leading edge. The horseshoe vortex breaks up and dissipates at the corners of the hole and does not 

influence the coolant. And the shear layer vortex on the lateral side has the same rotating direction as the anti-CRVP. 

The vortex structures at the coolant from the down-convex hole are shown in Figure 11. The vortex structures 

rearranged by replacing the convex upstream edge with a concave one, as expected. Two centers of the anti-CRVP vortices 

are farther from each other due to the effect of the separation bubble inside the hole, the distribution of the vortex structures 

spreading the coolant in the lateral direction and cover a wider lateral range on the wall. 

  

(a) Geometry  (b) Design concept  

Figure 10 Geometry of down-convex crescent hole and design concept 

The vortex structures of the coolant from the down-convex hole are shown in Figure 11. The vortex structures rearrange 

as expected. Two centers of the anti-CRVP vortices are farther from each other, and the distribution of the vortex structures 

spreading the coolant in the lateral direction and covers a wider lateral range on the wall. 

  

(a) BR=0.5 (b) BR=1.5 

 

Figure 11 Time-averaged distribution of vortex structures in down-convex crescent cooling jet 
(x=2d) 

Figure 12 shows the distributions of cooling effectiveness for the down-crescent holes. The coolant can achieve better 

lateral coverage than the case of the up-crescent holes shown in Figure 7. Although the CRVP is smaller in the down-

crescent hole, it is sufficient to achieve high cooling effectiveness near the centreline.  

  

(a) BR=0.5 (b) BR=1.5 
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Figure 12 Time-averaged adiabatic film cooling effectiveness distribution of down-convex hole 

Figure 13 shows the film cooling effectiveness of different holes at two blowing ratios. The down-convex crescent 

hole produces the highest cooling effectiveness. At the blowing ratio of 0.5, the difference of cooling effectiveness from 

5d downstream two crescent holes is small. However, for down-convex crescent hole, the improvement of cooling 

effectiveness near the hole exit is evident especially at higher blowing ratio, as the side vortex structures are suppressed.  

  

Figure 13 Time-averaged laterally-averaged adiabatic film cooling effectiveness 

CONCLUSIONS 

The current study identifies the key flow structure that is beneficial for film cooling based on a cylindrical hole and 

two compound holes. A pair of anti-CRVP can be obtained with two compound angle jets and a weaker CRVP can be 

added between the two compound holes, which produces a small CRVP that protects the area between strong anti-CRVP. 

Based on which, the up-convex crescent hole is designed, which can achieve desirable vortex structures similar to the 

combination of two compound angle cylindrical holes and a simple hole in the middle. The vortex structures of the up-

convex crescent hole prevent the lift-off of the coolant as well as sufficient coolant coverage near the centreline.  

The side vortices of the up-convex crescent hole were further improved by removing the horseshoe vortex and a small 

vortex from the shear layer. This is realized by changing the crescent hole from up-convex to down-convex. With the down-

convex crescent exit, the development of the horseshoe vortex downstream was prevented, and the rotational direction of 

the shear layer vortex at the lateral side of the hole was controlled to corotate with the main anti-CRVP, which further 

improves the cooling performance. 

NOMENCLATURE 
d hole diameter   Greek letter  

H shape factor (δ*/θ) α jet angle 

L length δ boundary-layer thickness 

P jet hole pitch δ* boundary-layer displacement thickness 

Re Reynolds number η film-cooling effectiveness= (T∞-Taw)/( T∞-Tj )  

t time interval �̅� laterally-averaged film cooling effectiveness 

T temperature Θ non-dimensional temperature = (T∞-T)/( T∞-Tj) 

U x direction velocity component θ boundary-layer momentum thickness 

W z direction velocity component ω vorticity 

y+ non-dimensional distance from the wall ρ density 

x, y, z Cartesian coordinate system Abbreviation  

Subscripts  BR blowing ratio = (ρjUj)/(ρ∞U∞)  

j jet flow quantity CRVP counter-rotating vortex pair 

aw adiabatic wall CFD computational fluid dynamic 

∞ main flow quantity LES large eddy simulation 
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