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a b s t r a c t 

Large eddy simulation (LES) is carried out to predict the thermal performance, unsteady flow patterns, 

and turbulence characteristics of the fan-shaped hole and the cylindrical hole cooling films. Velocity 

fields, Reynolds stresses, and turbulent heat flux distributions are the factors that ultimately determine 

the film cooling effectiveness by deciding the concentration of coolant and heat near the surface. Accu- 

rate prediction of these processes can provide a reliable data set for the design of film cooling systems. 

It can also help solve difficulties of improving RANS-based simulations in terms of their inaccuracies in 

matching measured flow rates for a given pressure drop across the film and the mixing process once 

the coolant is ejected from the film. Credible estimates and modest costs of the current LES originate 

from the multiblock hexahedra meshing, the turbulence inflow generator, and the numerical schemes 

implemented. Multiblock hexahedra meshes are adopted and generated by a quasi-automatic mesh gen- 

eration algorithm utilizing template-based multi-block construction followed by elliptic smoothing. Com- 

putational resources are utilized in a way that mesh refinement exists only near cooling decorations of 

small size and wall boundaries, without the need for associated clustering in the far field which is com- 

monly used in commercial packages. The high orthogonality and continuous smoothness throughout the 

computational domain are maintained to facilitate turbulence capturing. The synthetic inflow generator 

produces a random field matching a realistic set of two-point statistics based on eigen-reconstruction in 

a computationally inexpensive processing step. To prove that the current LES simulations of modest cost 

can reproduce with high accuracy, the discharge characteristics, velocity, and turbulence intensity profiles 

of cylindrical and fan-shaped cooling films are compared with published measured data on the same flow 

configurations. Results reveal that the set of modeling methodologies is valid for calculating film-cooling 

performance within an acceptable range of accuracy. The energy-carrying turbulence structures in and 

near the cooling holes are shown and their behaviors are linked to turbulent Reynolds stresses. Reynolds 

stresses and turbulent heat fluxes are compared for different blowing ratios and two types of cooling 

holes in the parametric study. Similarity patterns of velocity profiles, non-dimensional temperature pro- 

files, Reynolds stress and turbulent heat flux profiles are discussed. 

© 2023 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Cooling technologies have become key to improving gas tur- 

ine engine performance in aircraft propulsion, power generation, 

nd industrial applications alike. Thermodynamic considerations 

ncourage designers to use higher and higher turbine inlet gas 

emperatures, to improve both efficiency and power output. In or- 
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er for modern gas turbines to safely operate at turbine inlet tem- 

eratures above the metal melting point, several cooling methods 

ave been devised. A successful design for any cooling system uses 

ess cooling air while pursuing lower metal temperatures. This is 

ecause whilst essential, turbine cooling comes at a thermody- 

amic price. Inappropriate amounts of cooling air result in a heavy 

enalty to thermal efficiency. 

Film cooling is a popular method and consists in forming a thin 

ayer of coolant around the component. The coolant is fed through 

mall orifices on the component surface. The design of film cooling 

ystems requires accurate estimates of the film discharge charac- 

eristics and of the mixing process of the coolant downstream of 
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Fig. 1. The geometry of film cooling holes: left (a) fan-shaped hole, right (b) cylin- 

drical hole after [12] . 
he films. This information is needed to formulate accurate predic- 

ions of the film effectiveness. Traditionally, this information could 

e extracted from correlations. Correlation-based tools, however, 

ack the flexibility required by modern designs and as a result, CFD 

alculations are deployed more and more often in the design of 

lm cooling systems. 

Most film cooling flow predictions are based on the Reynolds- 

veraged Navier-VStokes (RANS). The RANS method is a popular 

ethod due to its efficiency and relatively low computational cost. 

ANS are currently the predominant choice for simulating cool- 

ng applications of industrial interest. Despite continuous improve- 

ents in turbulence models in the past 40 years, RANS simulations 

f film cooling generally suffer from issues such as over-prediction 

f the penetration distance into the mainstream (see Hoda and 

charya [1] ) and the under-prediction of the coolant jet spread- 

ng rate. These inaccuracies originate from the poor performance 

f RANS model in flows with large density variations and strong 

treamline curvature. Both these features are present in the flow 

enerated by film cooling devices. 

To improve RANS modeling, a systematic set of Reynolds stress 

ata are needed. Also, it is these Reynolds stresses that determine 

ow the coolant flows downstream. To solve these problems, Large 

ddy simulation (LES) can be relied on. Therefore, LES becomes im- 

ortant, not only for its more accurate predictions of heat load and 

nd-wall flow structures but also because the information such as 

eynolds stresses that can be provided by LES are crucial in im- 

roving turbulence models of RANS simulations. 

LES studies on film cooling have become increasingly popular 

ecently. [2] studied the flow structures along a cylindrical cool- 

ng hole, which is selected from Sinha et al. [3] experiment, by a 

arge-eddy simulation. A deep understanding of the mixing process 

as provided. However, a simplification of the turbulent boundary 

ayer of inflow to a time-averaged profile prevents them from cap- 

uring realistic mixing processes suitably. Oliver et al. [15] found 

he Mach number of coolant flow may be several times higher 

han the mainstream Mach number, and the resulting compress- 

bility will influence the cooling performance. They gave an ex- 

lanation of the decomposed mechanisms in the cooling holes in 

ES results of laterally-expanded holes under two Mach number 

onditions. [4] studied the effect of blowing ratio and incline an- 

le through LES. They observed that the counter-rotating vortex is 

ore downstream in an inclined angle of 30 cases compared to a 

ormal jet case. Renze et al. [5] studied the effect of density ratio 

n the attachment/recirculation by LES of the jet in crossflow. Gräf 

nd Kleiser [6] carried out an LES study of double-row compound 

lm cooling. Kong et al. [7] captured the details of flow structures 

n a film-cooled leading edge model. Chen et al. [8] simulated the 

volution of hairpin vortices and instantaneous flow structures us- 

ng LES. Wang et al. [9] combined deep learning with CFD methods 

o obtain film-cooling effectiveness. These studies focus on captur- 

ng the details of instantaneous flow structures by improving part 

f the numerical tool. However, in these studies, well-resolved pro- 

les of velocity, Reynolds stresses and turbulent heat fluxes and 

he regularity pattern for them are barely explored. The require- 

ent for the complete set of well-resolved profiles of these quan- 

ities for the design of the film cooling system provides the need 

or a reliable LES numerical tool that can provide these data of re- 

iable quality. 

Moreover, a parametric study of blowing ratios and cooling film 

ole geometries on the Reynolds stresses is significant. It can pro- 

ide guidance for designers as it covers a wide range of mixing 

egimes. Recent RANS-based results [10] show that in most cases 

ANS predictions contain the correct asymptotic decay of quan- 

ities such as effectiveness, but the wrong level. If a parametric 

tudy could provide some indications on how the quantities such 

s Reynolds stress perform under different blowing ratios, modifi- 
2 
ations on the RANS model might be proposed to give equivalent 

ccuracy of predictions as LES in film cooling. 

In this study, LES is carried out to predict the thermal perfor- 

ance, unsteady flow patterns, and turbulence characteristics of 

he fan-shaped hole and the cylindrical hole cooling films. Simula- 

ions on various operating conditions, including an array of Mach 

umbers, blowing ratios, and orientation angles, are examined by 

eing compared with classical experimental data. Reynolds stresses 

nd turbulent heat fluxes are compared for different blowing ratios 

nd two types of cooling holes in the parametric study. Similarity 

atterns of velocity profiles, non-dimensional temperature profiles, 

nd Reynolds stresses profiles are discussed. 

The structure of this study is arranged as below. Section 2 will 

ntroduce the computational details including the configuration, 

he meshing, the LES platform, and the setting up for simulations. 

ection 3 will provide validations in terms of meshing indepen- 

ence, the discharge coefficient, the mean profiles, the Reynolds 

tress, the film cooling effectiveness, and flowfield patterns. Sec- 

ion 4 will present the results and discussion of the flow field and 

 parametric study of Reynolds stresses and turbulent heat fluxes 

n film coolings with fan-shaped and cylindrical holes at different 

lowing ratios. Section 5 will summarize the conclusions. 

. Computational details 

.1. Flow configuration 

The computations are based and validated on experimental data 

btained in experiments described by Wittig et al (see Wittig et al. 

11] ). The flow conditions and geometries are selected to match 

hose from the experiment by Thole et al (see Thole et al. [12] )

nd (see Gritsch [13] ). Both fan-shaped and cylindrical film cooling 

oles are studied. Their geometries are shown in Fig. 1 . 

All the studied holes are inclined at 30 ◦, with a hole length-to- 

iameter ratio of L/D = 6 . An array of operating conditions with 

arious blowing ratios, mainstream Mach numbers, and orienta- 

ion angles are simulated. Table 1 shows the considered operat- 

ng conditions for the current LES study. The availability of exper- 

mental data provided in the published references is also listed in 

able 1 . The data not available from experiments, especially Favre- 

veraged velocities and Reynolds stresses, can be provided in the 

urrent study. This is performed as the current study is attempting 

o extend the numerical approaches to complement the previously 

btained experimental data. Although there are a few LES studies 

n a similar type of film cooling recently, for example, [14–18] , a 

ystematic set of Reynolds stress or turbulent heat flux data with 

ell-resolved profiles is still few. Studies like [19] are early pio- 

eers that provide Reynolds stress and turbulent heat flux data in 

lm cooling flows from simple holes. A complete set of Reynolds 
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Table 1 

List of available experimental data in published references. 

Case Availability 

Geometry T tc T tc /T m Re Dm δ99 /D T u m Ma m Ma c β M D c η Mean vel Reynolds stresses 

Fan-shaped 300 K 1 � 5 . 2 · 10 4 0.8 ≤ 1 . 5% 0.25 0.3 0 1.0 - - A - 

Cylindrical 300 K 1 � 5 . 2 · 10 4 0.8 ≤ 1 . 5% 0.25 0.3 0 1.0 - - A,D A 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 0.5 B, E, F C - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 0.5 B, E, F C, G - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 0.5 B, E, F C - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 0.5 B, E, F C - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 1.0 B, E, F C, G - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 0 1.5 B, E, F C - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 0.5 B, E, F H - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 1.0 B, E, F - - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 1.5 B, E, F H - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 0.5 B, E, F H - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 1.0 B, E, F H - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.3 0 0 1.5 B, E, F H - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 0.5 E, F - - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 1.0 E, F - - - 

Fan-shaped 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 1.5 E, F - - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 0.5 E, F - - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 1.0 E, F - - - 

Cylindrical 290 K 0.54 � 1 . 3 · 10 5 0.5 ≤ 2% 0.6 0 90 1.5 E, F - - - 

∗A is Thole et al. [12] 
∗B is Gritsch et al. [20] 
∗C is Gritsch et al. [13] 
∗D is Thole et al. [21] 
∗E is Gritsch et al. [22] 
∗F is Gritsch et al. [23] 
∗G is SAUMWEBER et al. [24] 
∗H is Saumweber and Schulz [25] 

Table 2 

List of simulations. 

Case Time 

Geometry Ma m Ma c β M Mesh Size Transient Total 

Fan-shaped 0.25 0.3 0 1.0 10534612 7f 191,100 chr 

Cylindrical 0.25 0.3 0 1.0 10534612 7f 218,660 chr 

Fan-shaped 0.6 0 0 0.5 10534612 12f 115,821 chr 

Fan-shaped 0.6 0 0 1.0 10,534,612 13f 132,440 chr 

Fan-shaped 0.6 0 0 1.5 10,534,612 12f 88,070 chr 

Cylindrical 0.6 0 0 0.5 9,674,752 11f 156,594 chr 

Cylindrical 0.6 0 0 1.0 9,674,752 10f 146,950 chr 

Cylindrical 0.6 0 0 1.5 9,674,752 10f 142,750 chr 

Fan-shaped 0.3 0 0 0.5 1,316,864 7f 8000 chr 

Fan-shaped 0.3 0 0 1.0 1,316,864 7f 8000 chr 

Fan-shaped 0.3 0 0 1.5 1,316,864 7f 8000 chr 

Cylindrical 0.3 0 0 0.5 1,209,344 7f 9200 chr 

Cylindrical 0.3 0 0 1.0 1,209,344 7f 9200 chr 

Cylindrical 0.3 0 0 1.5 1209344 7f 9200 chr 

Fan-shaped 0.6 0 90 0.5 1,105,920 10f 20,050 chr 

Fan-shaped 0.6 0 90 1.0 1,105,920 10f 20,050 chr 

Fan-shaped 0.6 0 90 1.5 1,105,920 10f 20,050 chr 

Cylindrical 0.6 0 90 0.5 777,216 12f 9200 chr 

Cylindrical 0.6 0 90 1.0 777,216 12f 9200 chr 

Cylindrical 0.6 0 90 1.5 777,216 12f 9200 chr 

∗1 f = 1 flow through time, 1 chr = 1 core hour 

s

h

l

2

m

e

r

p

c

t

e

t

g

p

o

o

g

m

i

t

tress and turbulent heat flux data based on more types of cooling 

oles have not been explored enough. 

Table 2 outlines the mesh size and the time consumed for the 

ist of simulations used in Results and Discussions. 

.2. Grid arrangement 

Body-fitted, multiblock hexahedral grids are generated by the 

esh generator ’H4X’ described in Hao et al. [26] . The mesh gen- 

rator is a quasi-automatic mesh generation algorithm. The algo- 

ithm uses templates to construct multiblock grids around com- 

lex geometries. The grid is composed of suitably arranged blocks 
3 
ontaining identical numbers of cells and joined by conformal in- 

erfaces. Because cooling films can be idealized as small-size holes 

xtruded from the main flow passages, they are well suited to 

emplated grid generation using a trunk and branch approach. The 

rids are smoothed elliptically. The smoothing method is then im- 

lemented on the resulting multiblock grids. It uses a modification 

f Thompson’s Poisson system. Elliptic smoothing is performed 

n the boundaries as well as inside the volume. The position of 

rid points on the boundary surfaces is not fixed but is deter- 

ined as a result of the smoothing process. Boundary orthogonal- 

ty is enforced on all surfaces. Control functions are used to set 

he wall spacing in the direction orthogonal to the boundary sur- 
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Fig. 2. The layout of the fan-shaped cooling hole mesh. 
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aces. A Newton-like update for the control functions of the Pois- 

on systems is relied on for the grid size control. Grid orthogo- 

ality and smoothness are guaranteed throughout the computa- 

ional domains. The block layout can be optimized in such a way 

hat the mesh is refined only near the cooling decorations and 

he wall boundaries, without the need for clustering extended into 

he far field which is common when using commercial meshing 

oftware. 

The meshing procedure 1) starts by generating two trunk lay- 

uts for the hot stream channel and the coolant channel. 2) Suit- 

ble types of film are added as templated layouts to each block. 3) 

nce a layout is generated, hexahedral grids are immediately gen- 

rated by splitting all blocks into the same number of cells. 4) The 

moothing step maps each separated block onto the cooling hole 

eometry. 5) Two half-films that have been added separately onto 

he hot-stream and coolant channels are then joined together, with 

he patches of individual domains merged into the final configura- 

ion. 5) The mesh is optimized by operations such as local refine- 

ent, splitting, and collapse. 6) A round of smoothing is performed 

n the final layout to produce the mesh. 

Fig. 2 shows the generated layout of the fan-shaped cooling film 

ase with a parallel orientation between the mainstream channel 

nd the coolant channel. The layout presents the block boundaries 
4 
ith every n th point of the mesh. For example, for the most re- 

ned mesh used in this study, n is 24 in both types of film cases.

s shown in Fig. 2 , the layout in the transitional region is unstruc- 

ured but smoothly transitioned. Fig. 3 shows the meshing used for 

ollecting statistics. Meshing grids in different views correspond- 

ng to the sections in Fig. 2 a are zoomed in. Fig. 3 a which shows

he smoothly allocated grids around the film. Fig. 3 b, 3 c, and 3 d

how that the grids in the transitional region of the cooling film 

re seamless, and smoothly distributed in each of the three direc- 

ions. The mesh is orthogonal to the wall and orthogonal to the 

unction between the film and the mainstream. The layouts are 

enerated in a way that there are 44 blocks on the connecting in- 

ersection across the fan-shaped film hole and 38 blocks on the 

onnecting intersection across the cylindrical film hole. The value 

f y + is below 1.6, as shown in Fig. 4 . �x + ≈ 29 . �z + ≈ 20 . 

A study of grid quality has been examined in Fig. 5 on five 

rid sizes when the node relocation displacement has arrived at 

he same residual level after the smoothing operation. Fig. 5 shows 

hat 90% of grid cells have unit scales of Jacobian for all the con- 

idered meshes of both the cylindrical and the fan-shaped holes. 

A well-smoothed mesh of 8 × 8 × 8 cells per block can be gen- 

rally employed for simulations if only a coarse boundary layer 

esolution is required. So the mesh of 8x8x8 cells per block is 
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Fig. 3. Details of fan-shaped cooling hole mesh. 

Fig. 4. y + contour at the flat plat surface of fan-shaped film cooling mesh. 

Fig. 5. Independence of grid quality on block cell count: (a) fan-shaped hole, (b) cylindrical hole. 
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hosen for a series of simulations to obtain discharge coefficients 

see definition in [20] ). The mesh of 16 × 16 × 16 cells per block is

sed for obtaining film cooling effectiveness and turbulence statis- 

ics (Favre-averaged velocity profiles, Reynolds stresses profiles and 

urbulent heat flux profiles). It is also used to capture the turbu- 

ence structures in the coolant mixing process and the interaction 
etween the coolant and the mainstream. Such task allocations s

5

re adopted for the consideration of minimum computational re- 

ources and time costs. 

.3. LES platform 

A home-grown CFD code ’H4X’ is used for LES simulations to 

olve the Navier-Stokes equations. The governing equations are 
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hown in Eq. 1 : 

∂ρ

∂t 
+ 

∂ρu j 

∂x j 
= 0 

∂ρu i 

∂t 
+ 

∂ρu i u j 

∂x j 
+ 

∂ p 

∂x i 
= 

∂σi j 

∂x j 

∂ρE 

∂t 
+ 

∂(ρE + p) u j 

∂x j 
= 

∂σi j u i 

∂x j 
− ∂ 

∂x j 
q j 

(1) 

The code adopts an implicit LES based on the finite volume ap- 

roach for the numerical solution of conservation laws. All vari- 

bles are stored at the cell center. Fluxes are evaluated at cell in- 

erfaces. Flow variables are extrapolated to the cell interfaces us- 

ng the third-order limiter of Čada and Torrilhon [27] . The limiter 

s applied to the characteristic variables. For the purpose of ap- 

lying slope limiters, the gradients are obtained using a weighted 

east squares method. The stencil of the gradients is biased locally 

y removing contributions from the state of the flow on the op- 

osite side of the interface. The inviscid fluxes are evaluated us- 

ng Roe’s Riemann solver. The resulting scheme has a biased three- 

oint stencil and is formally third-order accurate away from dis- 

ontinuities and local extrema. The viscous fluxes are evaluated 

sing unbiased least square gradients. The state of the flow used 

o evaluate transport properties is obtained by linear interpolation 

etween the two cells sharing the interface. The resulting scheme 

or the viscous fluxes is centered and is formally second-order ac- 

urate. 

The solution is advanced in time by using a third-order Runge- 

utta scheme. The scheme requires three flux evaluations and four 

pdates for each time step. The CFL limit for the stability of the 

unge-Kutta scheme is approximately 0.8, but a lower value is gen- 

rally adopted during computations. 

The three walls attached to the cooling hole (the bottom wall 

n the main channel, the top wall in the coolant channel, and the 

all of the cooling hole) are handled by the non-slip adiabatic wall 

ondition. The adiabatic thermal condition is applied to the tem- 

erature of these walls. The on-the-fly inlet boundary is set us- 

ng a synthetic turbulence inflow generator described in Hao M, 

t.al [28] . The inflow generator is composed of two elements. One 

s a preliminary procedure that can infer realistic two-point co- 

ariance tensors from readily available data (e.g. freestream veloc- 

ty, boundary layer thickness, and turbulence intensity). The other 

s an efficient eigen-decomposition step of the two-point correla- 

ion tensor that determines a set of modes. The capability of the 

nflow generator in retaining realistic spatial and temporal corre- 

ations allows for the generation of a realistic turbulent bound- 

ry layer for the inlets of film cooling in LES. The boundary layer 

hickness and turbulent intensity match the experimental data, as 

hese parameters are specified for the inflow generator. The out- 

ows for both external and internal channels are dealt with by 

he unsteady non-reflecting boundary condition based on Thomp- 

on [29] . Periodic boundary conditions are imposed on the walls in 

he spanwise direction. The periodicity has already been set during 

he meshing procedure by matching the corresponding cells on at- 

ached boundaries, for which no additional interpolation is needed 

or data exchange between blocks attached to the same boundary 

dge. The top wall in the main channel and the bottom wall in 

he coolant channel are treated as far-field boundaries. The blow- 

ng ratio is matched by adjusting the mass flow rate at the inlet of 

he mainstream and at the inlet of the coolant channel. The multi- 

lock structure facilitates the implementation of MPI for coarse 

rain parallelism when using domain decomposition, and the im- 

lementation of OpenMPI allows for the parallelism among blocks 

ithin each MPI rank. The computational simulations are carried 
6 
ut in parallel on 480 processors, and the time run for numerical 

imulations of each case is shown in Table 2 . 

At the start of each computation, LES is run for around five 

ow-through times to eliminate the initial transient effects. Fol- 

owing that, statistics are collected for at least ten flow-through 

imes for each case. Both integral quantities (running average of 

he mass flow rates) as well as variations in the profiles of veloc- 

ty and Reynolds stress are monitored. In the last 10 flow-through 

imes, all cases show below 2% variations. The CFL number is kept 

s 0.8. 

. Validation 

.1. Discharge coefficients 

The discharge coefficient is one of the key parameters during 

oth the design and the analysis of the cooling system. One rea- 

on is that the relation between the mass flow rate and the pres- 

ure drop of film cooling holes can be represented through the dis- 

harge coefficient C D . This means that for a given coolant flow rate 

equirement, C D determines the pressure margin. Another reason 

s that the discharge coefficient is related to the ratio between the 

ominal passage area and the area of the vena contracta . The def- 

nition of C D is the ratio of the actual mass flow rate to the ideal

ass flow rate through the hole. The ideal mass flow rate is ob- 

ained with the assumption of a one-dimensional and isentropic 

xpansion from the total pressure in the plenum to the static pres- 

ure in the mainstream at the hole exit referring to [13] , as 

 D = 

˙ m c 

p tc 

(
p m 

p tc 

) k +1 
2 k 

√ 

2 k 

(k − 1) RT tc 

((
p tc 

p m 

) k −1 
k − 1 

)
π

4 

D 

2 

(2) 

Fig. 6 compares the C D result with published experimental data 

13] for the fan-shaped hole and the cylindrical hole. C D is plotted 

ersus the pressure ratio at three sets of operating conditions in 

n array of two main channel Mach numbers ( Ma m 

= 0 . 6 , 0 . 3 ), one

oolant passage Mach number ( Ma c = 0 . 0 ), and two orientation an-

els ( β = 0 , 90 ◦), The plateau value of C D = 0 . 8 for the fan-shaped

ole and C D = 0 . 75 for the cylindrical hole are observed in the re-

ion of high-pressure ratio, regardless of Ma m 

, which matches well 

he experiment. The numerical results and experimental data of 

ischarge coefficients match very well in the larger pressure ra- 

io region. The small difference between the numerical results and 

xperimental data in the low-pressure ratio is observed because in 

ES simulations the Ma c is not completely adjusted to zero for the 

urpose of letting the flow go through the coolant channel. This 

ffect is more prominent in lower Ma m 

conditions where the vena 

ontracta is more sensitive to the precise configuration of the in- 

ow. In general, the comparison generally shows good agreement 

ith the experimental data. 

.2. Favre-averaged velocity 

Fig. 7 compares the streamwise component of the Favre- 

veraged velocity at three positions at x/D = 0 , 2 , 10 . Fig. 9 com-

ares the Favre-averaged streamwise velocity on the slice at x/D = 

 . It reflects the lateral spreading of the jet velocity. The over- 

ll prediction of velocity profiles matches the measured data 

ell. 

The flow features at x/D = 4 are compared: half of the counter- 

otating vortex pair (CVP) from the cylindrical hole and the 

aterally-spreading flow downstream the fan-shaped hole are cor- 

ectly captured. Both the shape and position of corresponding con- 
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Fig. 6. Discharge coefficient for the cylindrical hole and the fan-shaped hole on three sets of operating conditions. 
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our levels from LES predictions match fairly well with the mea- 

ured data. 

.3. Turbulence intensities 

Fig. 8 shows the turbulence intensity downstream of the cylin- 

rical hole. A good comparison with the experimental profile is 

hown, with the matching shape of the u rms /U 0 profile and an 

verprediction of less than 10% at the peaks. Fig. 10 compares the 

urbulence intensity contours on the slice at x/D = 4 . It can reflect

he lateral spreading of the turbulence of the jet. The overall pre- 

iction of the Reynolds stress matches the measured data well. The 

hape and position of the jet turbulence intensity match the mea- 

ured data of both cooling holes. 

.4. Effectiveness 

Fig. 11 shows the comparison of film cooling effectiveness 

ownstream of the hole in the mainstream channel. Both the level 

nd the trend of film cooling effectiveness match well for a range 

f blowing ratios and for the two studied hole types. 

Overall, the validation has given this study confidence that the 

imulations in this study can reproduce the main features of exper- 

mental flows, in terms of the flow distribution, the coolant distri- 

ution, and the structure of turbulence. 
7

. Results and discussion 

.1. Favre-averaged velocity 

Figs. 12 and 14 show the normalized Favre-averaged veloc- 

ty profiles vs y/D downstream of the film cooling hole in the 

an-shaped cases and in the cylindrical cases, respectively. The 

avre-averaged velocity is normalized by the freestream velocity. 

n Fig. 12 , the trajectory of the jet in the fan-shaped cases can be

nferred. The main effect of the blowing ratio is to modify the lo- 

ation and the spreading rate of the jet. In the fan-shaped film, 

he jet is never lifted off. So the velocity defect caused by the jet 

s mostly confined below y/D = 1 . Along the centerline ( z/D = 0 ),

he edge of the jet starts from between 0 . 8 D and 1 . 0 D at x/D = 2 ,

epending on the blowing ratio, and it gradually grows as the flow 

volves downstream. z/D = 1 . 5 is also examined in the fan-shaped 

ole cases to illustrate the edge of the film. Due to the shape of 

he jet, z/D = 1 . 5 presents velocity profiles thinner than those at 

/D = 0 . It also shows that the velocity profiles at x/D = 5 , 10 , 15

ave the same shape. This suggests that after x/D = 5 , the jet has

ecome self-similar. 

In order to test this hypothesis, Fig. 13 is shown to present the 

avre-averaged velocity defect vs y/δ99 on the centerline of the 

an-shaped hole. The Favre-averaged velocity defect is defined as 

 − U/U(δ99 ) where U(δ99 ) is 99% of the freestream velocity. It is 
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Fig. 7. Favre-averaged steamwise velocity profiles at (i) x/D = 0 , (ii) x/D = 2 , (iii) x/D = 10 . 
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ormalized by the velocity defect at the core of the jet H, which is

valuated as the velocity defect at the height of δ99 / 2 according to 

30] , shown in Eq. 3 . The idea comes from the fact that δ99 is the

ocal boundary layer height and it is modified by the presence of 

he jet. 

 = 1 − U(δ99 / 2) 

U(δ99 ) 
(3) 

Fig. 14 indicates the trajectory of the jet downstream of the film 

ooling hole in the cylindrical cases. The centreline profiles are ex- 

mined on z/D = 0 , while the profiles on the edge of the film are

xamined on z/D = 0 . 5 . In the cylindrical hole cases: at M = 0 . 5 ,

he coolant is confined within half the diameter of the wall start- 

ng from x/D = 2 and gradually mixes with the mainstream as it 

ravels downstream; at M = 1 . 0 , the freestream flow is entrained

etween the jet and the wall starting from x/D = 2 , with the jet

enterline approximately located half diameter from the wall; at 

 = 1 . 5 , the jet is lifted off, and the freestream fluid comes as the

ow next to the wall. 

Fig. 15 shows the Favre-averaged velocity defect profiles vs 

/δ99 downstream of the film cooling hole in the cylindrical cases. 

t uses the same definition and normalization of Favre-averaged 

elocity defect as Fig. 13 . In Fig. 15 : at M = 0 . 5 , the jet has be-

ome self-similar after x/D = 5 , because the coolant is not lifted 

ff yet; at M = 1 . 5 , the jet has become self-similar after x/D = 5 ,

ecause the coolant is mostly lifted off; at M = 1 . 0 , the jet doesn’t

resent the self-similarity after x/D = 5 , because the coolant is 

artially entrained. M = 1 . 0 is therefore an intermediate blowing 

atio. 
8 
.2. Favre-averaged non-dimensional temperature 

Fig. 16 shows the non-dimensional profiles of Favre-averaged 

emperature for the fan-shaped film. In the fan-shaped hole cases 

shown in Fig. 16 ), at the exit of the fan-shaped films ( x/D = 2 ),

he non-dimensional temperature near the wall has the value cor- 

esponding to the coolant stream. Therefore, the flow near the 

all at the exit of the hole must be formed by an unmixed 

oolant. As the coolant fluid moves downstream, it gradually mixes 

nd the non-dimensional temperature near the wall rises. Fig. 17 

hows the temperature deficit profiles in fan-shaped films. The 

on-dimensional temperature deficit vs y/δ99 is presented on the 

enterline and on the film edge. The Favre-averaged temperature 

eficit ( [31] ) is defined as 1 − T /T 99 where T 99 is the temperature

t δ99 . It is normalized by the Favre-averaged temperature deficit 

t the core of the jet 
, 

= 

T m 

− T ( δ99 / 2 ) 

T m 

− T tc 
(4) 

hich is evaluated as the Favre-averaged temperature deficit at 

99 / 2 . Fig. 17 shows that the temperature deficit profiles are self- 

imilar with the exception of the lowest blow ratio in fan-shaped 

lms. This finding confirms the behavior already observed on the 

elocity profiles. 

Fig. 18 shows the non-dimensional profiles of Favre-averaged 

emperature for the cylindrical hole. At the lowest and highest 

lowing ratios, the profiles downstream show similarities, while 

t M = 1 . 0 , the profiles overall do not show similar behaviors. At

 = 1 . 0 , the top part of the profiles shows similarity, but the lower

art never does. The reason for this is that the jet is about to lift
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Fig. 8. Comparison of u rms at x/D = 4 of cylindrical hole with those from experi- 

mental data [12] . 
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ff. The similarity patterns are shown in the temperature deficits 

in Fig. 19 ). Fig. 19 shows that the temperature deficits at both 

 = 0 . 5 and M = 1 . 5 collapse from x/D = 5 because either they
ig. 9. The comparison of time-averaged streamwise velocity contours at x/D = 4 betwe

he cylindrical film. 

9 
ave not lifted off or lifted off too early, while the temperature 

eficits at M = 1 . 5 do not show a self-similarity pattern below

/δ99 = 0 . 5 . 

Table 3 shows the values of the temperature deficit at the 

eight of δ99 / 2 , which corresponds to the height of the jet core. 

able 3 can be analyzed by taking ratios of velocity defects at 

/D = 2 to the corresponding values at x/D = 15 . The same process

an be applied to temperature deficits. In this way, estimates of the 

avre-averaged decay rates of velocity and temperature deficits can 

e obtained. The decay rates of quantities such as adiabatic effec- 

iveness downstream of isolated films are fundamental quantities 

n correlations. The decay rates are direct results of the rates at 

hich momentum and energy are transferred between the jet and 

he hot stream and within the jet. 

In the fan-shaped cases, the decay rates of the velocity defects 

n the centerline are around 2 with the lowest value 1.87 at M = 1 ,

hile those values on the edge of the jet are 2 at M = 0 . 5 and in-

rease to 2.4 at M = 1 . 5 . The decay rates of the temperature deficit

n the centerline are around 3 with the lowest value of 2.44 at 

 = 1 , while those values on the edge of the jet are around 3 start-

ng from 2.5 at M = 0 . 5 . There are two sets of phenomena deter-

ining the decay rates. At the centerline the distribution of the 

oolant evolves under the action of two counter-rotating vortices 

hich draw hot air under the jet and move the cold air into a thin-

er layer in the top half of the jet; all the while the jet mixes with

ts surroundings. The quicker decay of the temperature deficit is 

ue partly to the redistribution of the coolant within the jet and 

artly to turbulent mixing, which progresses at different rates for 

omentum and energy. 
en experimental data from Thole et al. [12] and LES results in the fan-shaped and 
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Fig. 10. The comparison of turbulence intensity contours at x/D = 4 between experimental data from Thole et al. [12] and LES results in the fan-shaped and cylindrical film 

cooling. 

Table 3 

Favre-averaged velocity and temperature defects on the centreline and on the edge of the jet. 

Fan-shaped Cylindrical 

z/D = 0 z/D = 1 . 5 z/D = 0 z/D = 0 . 5 

x/D V T V T V T V T 

0.5 2 0.229 0.114 0.137 0.026 0.463 0.316 0.291 0.164 

15 0.100 0.033 0.068 0.010 0.112 0.042 0 . 94 0.035 

1.0 2 0.284 0.204 0.204 0.100 0.386 0.389 0.271 0.301 

15 0.151 0.084 0.093 0.032 0.157 0.097 0.122 0.084 

1.5 2 0.304 0.259 0.219 0.145 0.308 0.413 0.117 0.369 

15 0.151 0.084 0.090 0.048 0.135 0.120 0.082 0.094 
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In the cylindrical film, the decay rates of the velocity defects on 

he centerline decrease from 4 at M = 0 . 5 to 2.3 at M = 1 . 5 , while

hose values on the edge of the jet decrease from 3.1 at M = 0 . 5 to

.4 at M = 1 . 5 . The decay rates of the temperature deficit on the

enterline decrease from 7.5 at M = 0 . 5 to 3.4 at M = 1 . 5 , while

hose values on the edge of the jet decrease from 4.7 at M = 0 . 5

o below 4 at M = 1 . 0 and at M = 1 . 5 . At the lowest blowing ratio,

he coolant jet mixes rapidly with the hot stream, and the veloc- 

ty defect and temperature deficit decay correspondingly fast. At 

igher blowing ratios, the jet starts lifting from the wall and mixes 

t a slower rate with its surroundings, explaining the lower values 

f the mixing rates. The decay of velocity defects at the edge of 

he jet becomes slower than that at the centerline, as is the case 

n isolated turbulent jets [32] . The difference in decay rates of the 

elocity defect and temperature defects is a macroscopic conse- 

uence of the turbulent Prandtl number deviating from unity. It is 

nown that the turbulent Prandtl number is in fact a varying quan- 
10 
ity throughout boundary layers and shear flows. The variability of 

he turbulent Prandtl number, together with the way the flow is 

edistributed within the film jet, also causes temperature and ve- 

ocity defects to decay at different rates in different parts of the 

et. 

.3. Reynolds stress 

Energy-carrying structures contribute the most to the Reynolds 

tresses. Therefore, an inspection of these structures can provide 

ndications of the origin and behavior of Reynolds stresses. 

Fig. 20 shows the density gradient on the median x − y plane, 

apturing the size and distribution of energy-carrying structures, 

hich are compared between different blowing ratios. In all 

ases, the high-density gradient region originates from a Kelvin- 

elmholtz instability induced by a shear layer that appears at the 

indward side of the hole exit. 
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Fig. 11. Comparison of the effectiveness of fan-shaped holes with those from ex- 

perimental data [13] . 
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For the fan-shaped hole at M = 0 . 5 (as seen in Fig. 20 (a)) and

 = 1 . 0 (as seen in Fig. 20 (b)), the shear layer from the wind-

ard side of the hole exit falls at the leeward edge of the hole

xit, interacts with the boundary layer, and lifts up hairpin vor- 

ices from the leeward edge of the hole exit, which evolve into the 

airpin packets downstream. The size of hairpin vortices doubles 

oing from M = 0 . 5 to M = 1 . 0 , as evidenced by the second hair-

in marked in both cases. The vortices are attached to the wall 

urface in both these two cases. However, at M = 1 . 5 (as seen in

ig. 20 (c)) in the fan-shaped case, the shear layer from the wind- 

ard side of the hole lifts up until it interacts directly with the 

oundary layer above the mainstream channel surface. This leads 

o the appearance of hairpin vortices at x/D = 2 . 5 . The behavior of

he shear layer in the cylindrical cases at all the blowing ratios is 

orrespondingly similar. 

The height of vortices arrives at the highest at x/D = 10 of the

ylindrical hole case at M = 1 . 5 , and the height is around 3 . 7 δ. It is

lso worth mentioning that with the increasing blowing ratio, the 
ig. 12. The distribution of Favre-averaged streamwise velocity profiles at different locat

ine: M = 1.5. 

11 
umber of small-scale turbulent structures increases, giving rise to 

etter cooling film coverage due to an improved vortex shedding 

requency. This can be more obvious for the cylindrical cases be- 

ause the significantly increased vortex shedding inside the cooling 

ole is a source of turbulence onto the mainstream channel sur- 

ace, while the interaction between coolant and mainstream domi- 

ates the corresponding source in the fan-shaped cases. The size of 

hese hairpin vortices scales with the thickness of the wall jet. The 

umber of energy-carrying structures that can be accommodated 

y the jet scales with its width. This could be found in similar in- 

tantaneous vortex structures in the y − z plane (not shown here). 

The boundary layer turbulence intensity at the inlet is 1.5%, and 

he boundary layer thickness is 0 . 5 D , as shown in Table 2 . The tur-

ulence intensity from the film hole varies from 1% at M = 0 . 5 to

% at M = 1 . 5 . The highest value of < u ′ u ′ > is located across the

ixing layer between the air injected into the flow near the up- 

tream edge of the film and the freestream. This observation holds 

or both fan-shaped and cylindrical films, as indicated in Fig. 20 . 

Fig. 21 compares the scaled normal stress along a series of 

treamwise positions at different blowing ratios. In the fan-shaped 

lm, at M = 0 . 5 , the peak of normal stresses is below the edge of

he incoming boundary layer, while at M = 1 . 0 and M = 1 . 5 , the

eak of the normal stresses of the jet is above the edge of the 

oundary layer. In the cylindrical film, at M = 0 . 5 , the jet is fully

onfined within the boundary layer, while at M = 1 . 0 and M = 1 . 5 ,

art of the jet is located above the boundary layer. 

Figs. 22 , 23 , and 24 compare the three components of Reynolds 

ormal stresses. Figs. 22, 23 , and 24 show the fan-shaped film 

t different blowing ratios, while Figs. 22 b, 23 b, and 24 b show

he cylindrical film cases at different blowing ratios. In the fan- 

haped films, there is a clearly recognizable two-layer structure in 

he Reynolds normal stresses. The two main components of the 

ow are a boundary layer in the proximity of the wall and a shear 

ayer in the upper part of the jet. Both layers spread gradually as 

he flow develops downstream. The part of the flow behaving as a 

eveloping boundary layer extends vertically up to approximately 

/D = 0 . 2 to y/D = 0 . 4 . The normal stresses are relatively flat in
ions downstream of the fan-shaped hole. Solid line: M = 0.5; dash line: M = 1.0; dot 
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Fig. 13. Normalized Favre-averaged velocity defect downstream of the fan-shaped hole. Solid line: x/D = 2 , dash line: x/D = 5 , dot line: x/D = 10 , dash-dot line: x/D = 15 . 

Fig. 14. The distribution of Favre-averaged streamwise velocity profiles at different locations downstream of the cylindrical hole. Solid line: M = 0.5; dash line: M = 1.0; dot 

line: M = 1.5. 
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his part of the flow. The turbulence in the fan-shaped film is more 

sotropic in the near-wall region. The anisotropy in the cylindrical 

ooling film is caused by the hairpin vortices being few and mostly 

ligned in the direction orthogonal to the flow. By contrast, hairpin 

ortices are smaller and more numerous in the fan-shaped film. 

Fig. 25 shows the distribution of Reynolds shear stresses in 

wo types of films. Fig. 25 a compares three fan-shaped hole cases 

t different blowing ratios. Fig. 25 b compares three cylindrical 
12 
ole cases at different blowing ratios. The comparison in this sec- 

ion is arranged to explain separately the behavior of the Reynolds 

tresses within a short distance from the film (near field) and at a 

onger distance (far field). 

The near-field flow is analyzed at x/D = 2 and 5, and it is dom-

nated by the boundary layer in the mainstream channel and by 

he properties of the turbulence established within the film. In 

an-shaped films, at M = 0 . 5 , the Reynolds shear stress is negative
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Fig. 15. Normalized Favre-averaged velocity defect downstream of the cylindrical hole. Solid line: x/D = 2 , dash line: x/D = 5 , dot line: x/D = 10 , dash-dot line: x/D = 15 . 

Fig. 16. The distribution of Favre-averaged temperature profiles at different locations downstream of the fan-shaped hole. Solid line: M = 0.5; dash line: M = 1.0; dot line: 

M = 1.5. 
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verywhere as long as it deviates from zero. Momentum is trans- 

erred from the freestream to the coolant jet, and from the coolant 

et towards the wall (negative peaks at y/D = 0 . 1 and y/D = 0 . 6 ).

t M = 1 . 0 and M = 1 . 5 , momentum is transferred from the jet

o the wall (negative peaks) and from the freestream to the jet. 

n cylindrical films, at M = 0 . 5 , momentum is transferred from the

et to the freestream (positive peak at y/D = 0 . 5 ) and from the jet
13 
o the wall. The level of the Reynolds shear stress for cylindrical 

ases is low in proximity to the wall. At M = 1 . 0 and M = 1 . 5 , mo-

entum transfer in cylindrical films takes place in the same di- 

ection as in fan-shaped films. However, in cylindrical cases, the 

ocations where peak stresses are attained are further away from 

he wall. As an example, for M = 1 . 0 , momentum is transferred

rom the jet to the wall (negative peak at y/D = 0 . 3 ) and from the
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Fig. 17. Non-dimensional Favre-averaged temperature deficit downstream of the fan-shaped hole. Solid line: x/D = 2 , dash line: x/D = 5 , dot line: x/D = 10 , dash-dot line: 

x/D = 15 . 

Fig. 18. The distribution of Favre-averaged temperature profiles at different locations downstream of the cylindrical hole. Solid line: M = 0.5; dash line: M = 1.0; dot line: 

M = 1.5. 

14 
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Fig. 19. Non-dimensional Favre-averaged temperature deficit downstream of the cylindrical hole. Solid line: x/D = 2 , dash line: x/D = 5 , dot line: x/D = 10 , dash-dot line: 

x/D = 15 . 
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(  
et to the freestream (positive peak at y/D = 0 . 8 ). At M = 1 . 5 , mo-

entum transfer is similar but stronger; momentum is transferred 

rom the jet to the wall (negative peak at y/D = 0 . 35 ) and from the

et to the freestream (positive peak at y/D = 0 . 8 ). 

Far-field flow is analyzed at x/D = 10 and 15. In the far field,

he properties of turbulence are determined by the mixing be- 

ween the jet and surrounding flow. A peak next to the wall is 

ue to the developing boundary layer, and a relatively flat region 

hat corresponds to the core of the jet. For the fan-shaped films, 

nly at M = 0 . 5 , the jet is still confined in the original boundary

ayer; for the other two blowing ratios, the jet grows to a height 

arger than the original boundary layer thickness. For the cylindri- 

al films, at M = 0 . 5 , the jet is still attached to the wall, whereas at

 = 1 . 0 , 1 . 5 , the jet is about to be lifted off. Furthermore, the jet

roduced by the cylindrical films stands at a greater distance from 

he wall, compared to those produced by the fan-shaped films at 

he same blowing ratios. 

The existence of self-similarity properties in the Favre-averaged 

elocity and temperature profiles suggests that Reynolds stress 

rofiles may also enjoy similarity properties. Figs. 22 a, 23 a and 24 a

ormalize profiles of the normal Reynolds stress by the freestream 

elocity squared. Differently from Favre-averaged velocity and tem- 

erature profiles, the Reynolds stresses can only be considered to 

chieve near similarity in the first approximation using this scal- 

ng. In the far field ( x/D = 10 , 15 ), the observations apply to both

he cylindrical and fan-shaped films. 

At moderate blowing ratios ( M = 0 . 5 , 1 . 0 ), the normal Reynolds

tresses in the fan-shaped film, are higher than the Reynolds 

tresses in the cylindrical film. At the highest blowing ratio, the 

ylindrical film has higher normalized intensities compared to the 

ther cases. In both fan-shaped and cylindrical films, the normal 

tresses are nearly uniform throughout the jet. 
15 
In the cylindrical hole, the jet is lifted off, so there is tur- 

ulence created by the jet that interferes with the wall region. 

herefore, no deficit appears in the wall stresses between the wall 

nd the lower edge of the jet. The structure of the flow near the 

all is dominated by the boundary layer growing under the jet. 

n the fan-shaped films, the jet is not lifted off, and the turbu- 

ence from the jet is present in the near-wall region. As a re- 

ult, the shape of the Reynolds normal stress distributions in the 

ar field of fan-shaped and cylindrical films are not very differ- 

nt. The effect of the blowing ratios is to move the peak of the 

ormal stress distributions away from the wall. The higher the 

lowing ratio is, the further away the jet is from the wall. The 

art of the jet not influenced by the presence of the wall extends 

rom y/D = 0 . 2 to the height between y/D = 0 . 6 and 0.8 for the

an-shaped hole and the height between y/D = 1 and 1 . 5 for the

ylindrical hole. The normal stresses are relatively flat in this do- 

ain. The turbulence in the fan-shaped film is very isotropic in the 

ear-wall region. The turbulent flow generated by the cylindrical 

lm is isotropic. The position of the local maximum in the normal 

tresses shows that the jet produced by the cylindrical film stands 

ownstream further away from the wall compared to the jet pro- 

uced by a fan-shaped film of similar blowing ratios. However, the 

ocations where peak stresses are attained are further away from 

he wall. 

Figs. 26 and 27 show the Reynolds stresses scaled by the corre- 

ponding Reynolds stress components at the core of the jet vs the 

all-normal distance from the core of the jet scaled by the dis- 

ance between δ99 and the core of the jet, that is (y − δ99 ) / (δ99 −
99 / 2 ) . By using this scaling, a better demonstration of the self- 

imilar pattern is discovered in each Reynolds stress component 

way from the wall in the far-field region. In the fan-shaped cases 

in Fig. 26 ), the scaled < u ′ u ′ > , < v ′ v ′ > , < w 

′ w 

′ > and < u ′ v ′ >
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Fig. 20. Instantaneous snapshot of the density gradient. 
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t different blowing ratios collapse well above the core of the jet 

or the near-field region, and collapse well both above the core of 

he jet and near the wall for the far-field region. In contrast, for 

ylindrical cases(in Fig. 27 ), the scaled Reynolds stress components 

 u ′ u ′ > , < v ′ v ′ > , < w 

′ w 

′ > and < u ′ v ′ > exhibit larger differences

mong different blowing ratios in the near-field region. This is due 

o the varying flow mechanisms attached to the wall at different 

lowing ratios, as discussed previously. The scaled Reynolds stress 

omponents tend to collapse well above the core of the jet in 

he far-field region. Overall, the scaling analysis helps to highlight 

he self-similar nature of Reynolds stresses in the far-field region. 

owever, the behavior of Reynolds stresses in the near-field region 

s more complex and depends on the blowing ratio and the geom- 

try of the film. 

.4. Turbulent heat flux 

Fig. 28 shows the distribution of turbulent heat flux along the 

all-normal direction in two types of holes. The turbulent flux is 

efined as the Favre-averaged product of the velocity fluctuation 
16 
nd the non-dimensional temperature fluctuation. The definition of 

he non-dimensional temperature is shown below: 

= 

T − T c 

T m 

− T tc 
= 1 − η (5) 

The net heat flux on the wall must be zero due to the adia- 

atic wall condition, whereas the momentum flux on the wall is 

ot zero because of friction. Therefore, the shape of the turbulent 

eat flux and the shape of the Reynolds stresses must be differ- 

nt next to the wall. However, away from the wall, the shape of 

he turbulent heat flux is identical to the shape of the Reynolds 

hear stresses (shown as in Fig. 25 ), apart from the sign. Compar- 

ng Figs. 28 and 25 , the positions of the peaks of turbulent heat 

uxes and Reynolds shear stress away from the wall are close. This 

pplies to all three blowing ratios. 

In the fan-shaped film as shown in Fig. 28 a, at M = 0 . 5 , the

eak of turbulent heat flux is everywhere negative. At x/D = 2 , 

eat is transferred from the freestream to the coolant jet, with a 

egative peak located at y/D = 0 . 4 on the centerline. This peak is

dentified as the upper edge of the jet. The direction of the heat 
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Fig. 21. Profiles of the Reynolds normal stress < u ′ u ′ > normalized by < u ′ u ′ > at the core of the jet δ99 / 2 Solid line: x/D = 2 , dashed line: x/D = 5 , dot line: x/D = 10 , 

dash-dotted line: x/D = 15 . 
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ux at the upper edge of the jet is preserved as the flow develops

ownstream from x/D = 5 to x/D = 15 . In all cases considered the

emperature of the free stream is higher than the temperature of 

he coolant. Any mixing at the edge of the jet causes a turbulent 

eat flux from the free stream to the jet. This explains the negative 

ign of the turbulent heat flux at the edge of the jet. This situation 

hould be contrasted with the change in the direction of the mo- 

entum flux, which is determined by the blowing ratio. The peak 

f turbulent heat flux is located further away from the wall as the 

lowing ratio is higher at each streamwise position. As an exam- 

le, At x/D = 2 on the centerline, the peak of turbulent heat flux 

s located at y/D = 0 . 5 for the M = 1 . 0 case and at y/D = 0 . 6 for

he M = 1 . 5 case. Similarly, the negative peak can be identified but

ith a smaller amplitude on the edge of the jet z/D = −1 . 5 of the

an-shaped film. 

In the cylindrical film as shown in Fig. 28 b, the negative peak 

an also be identified throughout the downstream flow domain at 

ach blowing ratio, indicating the upper edge of the jet. As an ex- 

mple at x/D = 2 on the centerline of the cylindrical film, heat is

ransferred from the freestream to the jet with a negative peak at 

/D = 0 . 5 for the M = 0 . 5 case, while for the M = 1 . 0 case and the

 = 1 . 5 case, heat transfer takes place in the same direction with

he negative peak located at y/D = 0 . 6 and x/D = 0 . 8 , respectively.

n addition, a positive peak of turbulent heat flux is also identified 

t a position lower than that of the negative peak. At x/D = 2 on

he centerline, the positive peak is tiny for the M = 0 . 5 case, which

s located at y/D = 2 , but largest for the M = 1 . 5 case, which is lo-
17 
ated at y/D = 0 . 35 . Both the positive and amplitude of the posi-

ive peak for the M = 1 . 0 case are in between. The positive peak

isappears first in the lowest blowing ratio case till x/D = 5 , then

n the medium blowing ratio case till x/D = 10 , and retains the 

ongest distance at the highest blowing ratio as the jet goes down- 

tream. This positive peak is identified as the lower side edge of 

he jet. The sign of the heat flux is determined to a large extent 

y the relative position of the coolant and the cold jet. The ap- 

earance of the positive peak in the cylindrical is because the jet 

s lifted from the wall and the hot air is drawn under the jet. This

esults in turbulent fluctuations in the area under the jet moving 

ot air upwards and cold air downwards, giving a net positive heat 

ux. Similarly, the patterns of the two peaks can be discovered but 

ith smaller amplitudes on the edge of the jet z/D = −0 . 5 of the

ylindrical film. 

Fig. 29 shows turbulent heat flux in the wall-normal direction 

 v ′ t ′ > scaled by the corresponding turbulent heat flux at the core 

f the jet, vs the wall-normal distance from the core of the jet 

caled by the distance between δ99 and the core of the jet, which 

s (y − δ99 ) / (δ99 − δ99 / 2 ) . By using this scaling, a better demonstra- 

ion of the self-similar pattern can be observed in the wall-normal 

omponent of the turbulent heat flux throughout the wall-normal 

istance for the fan-shaped films. For the cylindrical cases, the tur- 

ulent heat flux curves collapse well above the core of the jet, 

hile the curve at the highest blowing ratio deviates. The curves 

lose to the wall lack self-similarity. This shows that even when 

he flow mechanism is different, the self-similar pattern also exists 
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Fig. 22. The distribution of Reynolds stresses < u ′ u ′ > normalized by the freestream velocity squared at different locations downstream of the fan-shaped and cylindrical 

films. (Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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Fig. 23. The distribution of Reynolds stresses < v ′ v ′ > normalized by the freestream velocity squared at different locations downstream of the fan-shaped and cylindrical 

films. (Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5) 
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Fig. 24. The distribution of Reynolds stresses < w 

′ w 

′ > normalized by the freestream velocity squared at different locations downstream of the fan-shaped and cylindrical 

films. (Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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Fig. 25. The distribution of Reynolds shear stresses < u ′ v ′ > normalized by the freestream velocity squared at different locations downstream of the fan-shaped and cylin- 

drical films. (Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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Fig. 26. Profiles of the Reynolds stress (a) < u ′ u ′ > , (a) < v ′ v ′ > , (a) < w 

′ w 

′ > and (a) < u ′ v ′ > normalized by corresponding Reynolds stress component at the core of the jet 

δ99 / 2 in the fan-shaped film(Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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Fig. 27. Profiles of the Reynolds stress (a) < u ′ u ′ > , (a) < v ′ v ′ > , (a) < w 

′ w 

′ > and (a) < u ′ v ′ > normalized by corresponding Reynolds stress component at the core of the jet 

δ99 / 2 in the cylindrical film(Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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Fig. 28. The distribution of turbulent heat flux in the wall-normal direction in two types of cooling films. Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5. 

24 
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Fig. 29. Profiles of turbulent heat flux in the wall-normal direction < v ′ t ′ > in two types of cooling films. normalized by the corresponding turbulent heat flux at the core 

of the jet δ99 / 2 (Solid line: M = 0.5; dash line: M = 1.0; dot line: M = 1.5). 
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n turbulent heat flux in the far-field region as long as the suitable 

caling method is adopted. 

. Conclusion 

A large number of published results focus on quantities of di- 

ect interest to the cooling system designer such as the film cool- 

ng effectiveness but overlook detailed distributions of the veloc- 

ty and the Reynolds stress in the flow above the cooled sur- 

ace. Velocity fields and Reynolds stress distributions are nonethe- 

ess the factors that ultimately determine the film cooling ef- 

ectiveness by deciding the concentration of coolant near the 

urface. 

This study uses LES to investigate the mean flow, Reynolds 

tress, and turbulent heat flux distributions of a well-documented 

et of experiments on film cooling. LES simulations are performed 

n fan-shaped and cylindrical films at blowing ratios of 0.5, 1.0, 

nd 1.5 when the free-stream Mach number is 0.6. The simula- 

ions are validated against 1) published discharge characteristics; 

) published velocity and turbulence intensity profiles measured 

n the same flow configurations. 

The results show that: 

• LES simulations of modest cost can reproduce with high accu- 

racy the measured discharge characteristics of cylindrical and 

fan-shaped cooling films. 
• The mean velocity and temperature fields produced by a fan- 

shaped film approach a self-similar flow profile very rapidly 

downstream of the injection point. The mean velocity and tem- 

perature fields produced by a cylindrical film only approach 

self-similar profiles at low blowing ratios or at high blowing 

ratios, but not at intermediate blowing ratios ( ∼ 1). 
• The similarity variables are the local velocity defect and tem- 

perature deficit and the jet layer thickness. These similarity re- 

lations only apply to the outer part of the jet. 
• The jets acquire a layered structure with a developing boundary 

layer confined between the jet and the wall, and a free shear 

layer separating the jet from the mainstream. 
• Analysis of the Reynolds stress and turbulent heat flux profiles 

shows that turbulent quantities do not reach self-similar be- 

havior when scaled with the local velocity defect and jet layer 

thickness. 
• The Reynolds stress and turbulent heat flux profiles show that 

the section of the jet resembling a free shear layer has essen- 

tially uniform and fairly isotropic Reynolds stress and has a dis- 

tinct behavior from the boundary layer growing between the 

wall and the jet itself. 
25 
• The Reynolds stress and turbulent heat flux profiles can show 

the self-similarity pattern as long as suitable scaling methods 

are adopted. 

Furthermore, the flow downstream of roughly 5 D is not particu- 

arly challenging to model (from the observation of self-similarity) 

nd the real difficulties of simulating accurately happen within 

he first 5 D . There have been RANS-based results ( Fig. 14 in [10] )

howing that in most cases RANS predictions contain the cor- 

ect asymptotic decay of quantities such as effectiveness, but the 

rong level. The regions where inaccuracies of previous studies 

re most likely in the near-field downstream of the film exit. It 

s in this region that deviations from self-similarity and strong 

hree-dimensional flows are encountered, and it is in this region 

hat RANS models are most likely to struggle. The evolution of the 

oolant jet far downstream of this region is not particularly prob- 

ematic because the mean flow becomes self-similar and nearly 

wo-dimensional. The indications obtained from the results in this 

aper are that the velocity and temperature profiles do not attain 

 self-similar behavior within 5 film diameters from the injection 

oint. As a consequence quality of RANS predictions is almost en- 

irely determined by the quality of the prediction in the near-field 

egion of the film, which is also the least favorable to the prop- 

rties of linear turbulence models. Therefore, in the presence of 

elf-similar flow, it is possible to match a RANS prediction of a 

lowly varying flow quantity by modifying a single parameter in a 

odel (see Wilcox [33] on asymptotic analysis in boundary layers). 

herefore, this indicates that, with the self-similarity discovered in 

his study, as long as the quality of RANS predictions within the 

istance of five diameters can be improved by modifying a single 

arameter in a model, the expensive cost of LES could be avoided 

hen maintaining the quality of prediction. More analysis regard- 

ng the self-similarity based on this study can be found in Hao and 

are [34] and Hao and Mare [35] . 
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