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a b s t r a c t 

The paper investigates the impact of industrially appropriate inflow turbulence on the turbulent 

state, mixing capability and surface coolant distribution of film cooling flow using LES. Near-wall and 

freestream turbulence, corresponding to turbulent boundary layers and stochastic turbulent fluctuations 

away from the wall, have been investigated. In our study, we set up three main test scenarios: no inflow 

turbulence, near-wall boundary layer turbulence and freestream turbulence. Our work shows that surface 

adiabatic cooling effectiveness differs significantly with and without inflow turbulence. It is also evident 

that freestream turbulence enhances the mixing ability of a cooling flow, providing an initial enhance- 

ment of surface cooling close to the hole but with reduced cooling effectiveness downstream. Turbulent 

length scales, turbulent heat flux and turbulent anisotropy are compared and illustrate the changes in 

cooling effectiveness as a result of the upstream turbulent behaviour. As a result, despite inflow turbu- 

lence being a complex subject and problem-dependent, the importance of introducing realistic turbulent 

inflow in LES of cooling flows is demonstrated. 

© 2022 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Inflow turbulence plays a vital role in the simulation of tur- 

ulent flows and is an essential component in obtaining accurate 

imulation data with high-fidelity tools such as Large-Eddy Simula- 

ions (LES) and Direct Numerical Simulations (DNS). In film cooling 

ows, commonly found in gas turbine combustor and turbine sys- 

ems, the turbulent state of the hot gas directly impacts the cool- 

ng performance of the flow and understanding its importance is 

ritical. The present work assesses the impact of turbulent inflow 

onditions on mixing performance and cooling ability of film cool- 

ng type flows, demonstrating the importance of upstream fluctu- 

tions in simulations. For our film cooling studies, inflow turbu- 

ence can be loosely classified into near-wall turbulence, describ- 

ng turbulent boundary layers, and Free-Stream Turbulence (FST), 

hich corresponds to fluctuations away from the wall. The former 

onditions are common within experimental tests, while the latter 

s well-featured in gas turbine environments such as combustors, 

here the interacting port flow introduces large turbulent fluctua- 

ions across the cooling holes in the combustor liner. 

Film cooling describes a group of methods that provide cool- 

ng flow across the surface of components exposed to hot flu- 
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ds. Such components require advanced cooling mechanisms to im- 

rove component lifetimes, reducing the impact of creep, oxida- 

ion and softening. One cooling strategy is to introduce coolant 

hrough cooling holes distributed across the surface, providing a 

oolant film across the hot component. Adiabatic Cooling Effec- 

iveness (ACE), ηaw 

= ( T aw 

− T ∞ 

) / (T c − T ∞ 

) , is used to establish the

ooling performance, where T c and T ∞ 

are the cold and main- 

tream gas temperatures and T aw 

is the mean adiabatic wall tem- 

erature. 

A fixed inlet velocity profile, without turbulent fluctuations, was 

sed by Acharya and Leedom [1] in LES studies of a singular cool- 

ng hole. ACE results close to the hole trailing edge showed good 

greement with experiments, however, the downstream ACE was 

verpredicted. Furthermore, a strong horseshoe vortex was shown 

head of the coolant hole, entraining coolant upstream. Renze et al. 

2] numerically investigated coolant jets at low blowing ratios us- 

ng a compressible recycling-rescaling method to generate inflow 

oundary layer turbulence across the near-wall. Ahead of the cool- 

ng hole, hairpin-like structures are shown to interact with the 

hear layer between the coolant and mainstream flow. The ap- 

roach provided a good agreement to experimental cooling results. 

For Free-Stream Turbulence (FST) investigations, Mayhew et al. 

3] experimentally demonstrated that at blowing ratios between 

.5 and 1.0 a FST intensity of 10% reduced the surface averaged 

CE, but had little effect at higher blowing ratios ( BR = 1 . 5 ). Kohli
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Nomenclature 

Roman Symbols 

a i j Anisotropy Tensor 

b i Dimensional Filter Coefficients 

C w 

Model Constant 

D Coolant Hole Diameter ( m ) 

E i j Velocity Spectra ( m 

2 /s 2 ) 

f k 
i j 

Two-point Correlation Function 

g i j Velocity Gradient Tensor ( 1 /s ) 

h Enthalpy ( J/kg) 

k Turbulent Kinetic Energy ( m 

2 /s 2 ) 

l Coolant Hole Length ( m ) 

L Turbulent/Integral Lengthscale ( m ) 

L k 
i j 

Integral Length Scale ( m ) 

L i j Lower Triangular Matrix of the Cholesky Decompo- 

sisiton of R i j ( m/s ) 

p Pitch ( m ) / Pressure ( Pa ) 

q i Heat Flux Vector ( m 

3 /s 3 ) 

R i j Reynolds Stress Tensor ( m 

2 /s 2 ) 

S i j Strain-rate Tensor ( 1 /s ) 

T Temperature ( K) 

T u Turbulent Intensity 

t ∗ Convective Time ( s ) 

u i /U Velocity ( m/s ) 

v Unscaled Velocity Field 

x / X X Coordinate ( m ) 

y / Y Y Coordinate ( m ) 

z / Z Z Coordinate ( m ) 

Greek Symbols 

α Inclination Angle ( ◦) / Diffusivity ( m 

2 /s ) 

δi j Identity Matrix 

ηaw 

Adiabatic Cooling Effectiveness 

κ Wave Number 

μ Dynamic Viscosity ( kg/m/s ) 

ν Kinematic Viscosity ( m 

2 /s ) 

ρ Density ( kg/m 

3 ) 

τ Stress Tensor ( m 

2 /s 2 ) 

ξ Random Vector Field 

ζi j Symmetric Square of the Velocity Gradient Tensor 

( 1 /s 2 ) 

Subscripts/Subscripts 

� Time-averaged Property 

�0 Total Property 

�t Time Step 

�aw 

Adiabatic Wall Value 

�c Coolant Property 

�rms Root-Mean-Square 

�sgs Sub-grid Scale Property 

�∞ 

Freestream Property 
˜ � Favre-averaged Property 

�′ 
Fluctuating Property 

�∗ Traceless Property 

Abbreviations 

ACE Adiabatic Cooling Effectiveness 

BR Blowing Ratio 

DNS Direct Numerical Simulation 

FST Free-Stream Turbulence 

LES Large Eddy Simulation 

RANS Reynolds-Averaged Navier-Stokes 

nd Bogard [4] conducted studies at a FST intensity of 20% , where 

he large scale turbulent structures from the mainstream flow su- 
2

erseded the turbulent structures generated by the shear layer of 

he coolant jet, elevating the mixing and reducing the cooling ef- 

ectiveness. A hybrid LES-RANS approach is used by Chen and Xia 

5] to study an effusion cooling array with FST generated with a 

ynthetic coherent eddy method at a FST intensity of 5% . Kelvin- 

elmholtz structures are observed in the shear layer of the first 

ole before breaking down into smaller, three-dimensional struc- 

ures. Spanwise-averaged ACE is well-matched to the experiment 

fter the final hole, but the development of the coolant is slower 

cross the holes. 

Busche et al. [6] investigated FST intensity from 0.7% to 13.7% 

n a slot cooling system and showed increasing FST intensity neg- 

tively affects the cooling ability of the system. The same case was 

tudied with LES by Kanani et al. [7] for slot film cooling. Results 

howed a decrease in slot cooling effectiveness and an increase in 

eat transfer coefficient with increasing FST intensity. Schroeder 

nd Thole [8] investigated the effect of FST intensities from 0.5% 

o 13% on shaped film cooling holes. The results showed the FST 

ad a minimal effect on the mean velocity field but increased the 

urbulent intensity around the jet and lateral spreading of coolant. 

A single-row film cooling geometry, experimentally investigated 

y Sinha et al. [9] and Pietrzyk et al. [10] , is studied in this paper.

hree diverse cases of different inflow conditions are compared to 

llustrate the impact on mixing behaviour and cooling performance 

f the flow across these conditions, providing a good reference for 

uture film cooling studies. This study adds to the current litera- 

ure by comparing a case with no inflow turbulence with a case 

ith near-wall turbulence to highlight the importance of the near- 

all turbulence in experimental configurations. A high freestream 

urbulence case is pursued to provide a case with industrial focus 

here cooling flows are exposed to large turbulent intensities. 

The results of the paper highlight differences in time-averaged 

CE, the mixing capability and the turbulent state of the flows 

cross these distinctly different cases. Turbulent anisotropy, heat 

ux and length scales are used to assess the mixing capabilities of 

he flows. Correct inflow turbulent conditions in LES simulations 

or near-wall turbulent flow is shown to be crucial to accurately 

redict the complex mixing behaviours of coolant flow. 

. Numerical details 

.1. Geometry 

The single-row film cooling geometry studied features a cylin- 

rical hole with a diameter of 12 . 7 mm and an inclination angle, α,

f 35 ◦. The coolant holes are short, with a length-to-diameter ra- 

io, l/D , of 1.75, and laterally distributed with a pitch-to-diameter 

atio, p/D , of 3. Parameters are illustrated in Fig. 1 . The simulation

s performed at a blowing ratio of 1.0 and density ratio of 2.0, as 

tudied by Sinha et al. [9] . Under these conditions, the momentum 

f the coolant jet is large enough to provide jet lift-off and thus 

he mainstream-coolant interaction is a critical mechanism driving 

urface temperatures. 

.2. Governing equations and solver 

LES simulations are performed using OpenFOAM v1712 [11] and 

ts rhoPimpleFoam finite volume solver. The pressure-based solver 

s used for transient simulations of turbulent flow. For the present 

imulations, the solver is run using the Pressure Implicit Split Op- 

rator (PISO) mode for coupling the continuity and momentum 

quations. Conservation equations for continuity, momentum and 

nergy are solved with the following forms respectively: 

∂ ρ̄

∂t 
+ 

∂ ρ̄ ˜ u i 

∂x 
= 0 , (1) 
i 
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Fig. 1. Coolant hole domain parameters. 
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∂ ρ̄ ˜ u i 

∂t 
+ 

∂ ρ̄ ˜ u i ˜ u j 

∂x j 
= − ∂ p̄ 

∂x i 
+ 

∂ 

∂x j 

(
2 μ ˜ S ∗i j − ρ̄τ sgs 

i j 

)
, (2) 

∂ ρ̄ ˜ h 0 

∂t 
+ 

∂ ρ̄ ˜ u j 
˜ h 0 

∂x j 
= 

∂ 

∂x j 

(
ρ̄α

∂ ̃  h 

∂x j 
− ρ̄q sgs 

j 

)
, (3) 

here, 

i j = −2 νsgs ̃  S ∗i j , (4) 

nd, 

˜ 
 

∗
i j = 

1 

2 

(
∂ ̃  u i 

∂x j 
+ 

∂ ̃  u j 

∂x i 

)
− 1 

3 

∂ ̃  u k 

∂x k 
. (5) 

In the above equations, sub-grid scale stresses, τ sgs 
i j 

, are mod- 

lled with the Wall-Adaptive Local Eddy-viscosity (WALE) of 

icoud and Ducros [12] , where the tensor is described by the mod- 

lled sub-grid scale viscosity, νsgs , and the mesh resolved traceless 

train rate tensor, ˜ S ∗
i j 

. Correct y 3 near-wall scaling of the sub-grid 

cale viscosity is achieved with the WALE model without the need 

or dynamic formulations. WALE has been successfully used within 

onjugate heat transfer simulations of cooled turbine blades [13] , 

he flow and heat transfer of two cylinders in tandem [14] and rib- 

oughened internal turbine blade cooling channels [15] . The sub- 

rid scale viscosity is obtained from Eq. (6) where the cube root 

f the cell’s volume is used for the filtered length scale, �, and 

he model coefficient, C w 

, of 0.325 is used. The definition of ζ ∗
i j 

is 

hown in Eq. (7) forming the traceless symmetric component of 

he square of the velocity gradient tensor, ḡ i j . 

sgs = (C w 

�) 2 
(ζ ∗

i j 
ζ ∗

i j 
) 3 / 2 

( ̄S i j ̄S i j ) 5 / 2 + (ζ ∗
i j 
ζ ∗

i j 
) 5 / 4 

(6) 

d 
i j = 

1 

2 

(
ḡ 2 i j + ḡ 2 ji 

)
) − 1 

3 

δi j ̄g 
2 
kk (7) 

¯
 i j = 

∂ ̄u i 

∂x j 
(8) 

Sub-grid scale contributions to thermal diffusivity are achieved 

ith a sub-grid scale Prandtl number of 0.4, providing successful 
3 
esults in Schindler et al. [16] and Ellis and Xia [17] . Contributions 

o the energy equations are shown by Eq. (9) where the sub-grid 

cale turbulent diffusivity is defined by Eq. (10) . 

 j,sgs = −αsgs 
∂h 

∂x j 
(9) 

sgs = 

νsgs 

P r sgs 
(10) 

In the present study, numerical schemes are selected to achieve 

he highest accuracy without compromising the numerical stabil- 

ty of the finite volume solver. A second-order blended scheme 

s used for the convective terms. A pure second-order scheme is 

lended with a second-order upwinding scheme where the factor 

ontrolling the blending is set to use 80% of the pure second-order 

cheme within and close to the jet and the wall with a smooth 

ecrease to a value of 20% towards the far-field flow and outlet. 

his benefits the simulation by providing more of the numerically 

table second-order upwinding scheme in regions away from the 

oolant jet with the accuracy of the pure second-order scheme 

esolving the turbulent fluctuations. A first-order Euler scheme is 

sed for the temporal discretisation to ensure the numerical sta- 

ility of the simulation while a very small time step provides 

igh temporal resolution. The selected time step provides a ra- 

io of t ∗/ �t of 1270, where the convective time step is defined 

s t ∗ = D/U ∞ 

. The maximum CFL in the simulation from the se- 

ected time-step is 0.7. The statistical data presented in this work 

as been obtained over a period of 625 t ∗. 

.3. Mesh and domain 

A mesh with hexahedral elements ( Fig. 2 ) is generated across 

he domain. Near-wall cells are sized to achieve a maximum �y + 
f 1 across the coolant plate in the near-wall inflow turbulence 

ase and streamwise and spanwise cell sizes obtain a �x + < 26 

nd �z + < 11 in the upstream boundary layer flow. Aft of the hole 

railing edge a cell size of �x + < 23 and �z + < 23 is obtained. 

he resulting mesh size is 20.6 million cells. The sensitivity of the 

esh resolution was assessed in a preliminary investigation before 

he upstream turbulent inflow and velocity profile were finalised 

or the present study. The 80 million cell mesh added further re- 

nement in all spatial directions. The finer mesh and its solution 

howed negligible differences in surface ACE when compared to 

he results of the 20.6 million cell case. 

The resolved-to-total ratio of turbulent kinetic energy, r k 
 Eq. (11) ) also known as Pope’s criterion, is shown across stream- 

ise planes in Fig. 3 . For much of the simulated domain, the high

esh-resolution achieves values of r k greater than 0.96, with the 

owest values of 0.9 seen at the edge of the coolant hole, where 

he coolant hole intersects the coolant plate. 

 k = 

k res 

k sgs + k res 

(11) 

The computational domain is set up across a single hole with 

eriodic boundaries at the spanwise planes ( Fig. 1 ) to simulate the 

ow of holes. A fixed pressure outlet is used far downstream and 

 freestream boundary condition is applied to the top of the do- 

ain. No-slip adiabatic walls are applied across the plate, coolant 

ole, and the top of the coolant plenum. Coolant is supplied via the 

oolant plenum, where a constant mass flow is supplied to achieve 

he required blowing ratio. Upstream of the coolant hole, the inlet 

oundary condition supplies a turbulent hot mainstream flow. In- 

ow turbulence is generated at the inlet using a modification of 

lein et al. [18] digital-filtered technique published by Immer [19] . 
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Fig. 2. Hexahedral mesh showing (a) the plate surface mesh and (b) the centre plane cross-section of the mesh. 

Fig. 3. Contours showing the ratio of resolved to total turbulent kinetic energy at three streamwise planes for 01NWL1 . 
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late a random noise field at the inlet. Such a method is attractive 
igital filtering techniques provide an efficient method for corre- 

ated turbulent fluctuations. 

.4. Digital filtering turbulence 

Many different methods exist to supply turbulence at the in- 

et boundary condition. White noise methods apply a random ve- 

ocity perturbation that yields the desired first and second-order 

tatistics at the inlet but fails to establish the classic energy cas- 
4 
ade and the correct length and time scales of the turbulent fluc- 

uations. Precursor simulations provide a physical description of 

urbulence with turbulent statistics and coherence providing the 

esh is sufficiently fine, but these methods are computationally 

xpensive. Synthetic eddy methods mimic the structure of the ed- 

ies that are then randomly distributed across a virtual box and 

onvected through the inlet boundary to simulate turbulent spots. 

igital filtering techniques aim to spatially and temporally corre- 
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Table 1 

Table of cases and inflow turbulent information. 

Case Name Inflow Turbulence State Tu L 

NoTurb No Fluctuations - - 

01NWL1 Near-wall Developing Turbulent Boundary Layer 0.1% 1D 

20FSTL1 High Freestream Turbulence 20% 1D 
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ecause of its ability to create realistic turbulence for small inlet 

rids. 

The digital filtering method takes a random vector field, ξi , with 

 normal distribution generated across a virtual cartesian grid. The 

irtual grid is imposed over the unstructured inlet mesh. Two- 

imensional spatial filtering of the random vector field is per- 

ormed for each component of ξi , across the two dimensions of 

he cartesian grid: 

m,n = 

N y ∑ 

j= −N y 

N z ∑ 

k = −N z 

b j,k ξm + j,n + k , (12) 

here the two-dimensional filter coefficients are: 

 j,k = b j ∗ b k . (13) 

For the present study, a Gaussian filter is used, establishing the 

lter coefficients as: 

 j = 

e −π j 2 / 2 L 2 

˜ b 
, (14) 

here L is the specified integral length scale and, 

˜ 
 = 

√ 

N ∑ 

i =0 

b 2 
i 
. (15) 

The correlation in the third spatial dimension is performed in 

he temporal domain with an Autoregressive model, where �t and 

 t are the simulation timestep and integral time scale. The un- 

caled velocity field, v t , is calculated in Eq. (16) with the previous 

imestep’s field and the current random filtered velocity field, υt , 

etermined from Eq. (12) . 

 t = v t−1 e 
−�t/I t + υt 

√ 

1 − e −2�t/I t (16) 

Finally, the correlation between the components of the filtered 

ector field v i is sought to achieve the prescribed Reynolds stresses 

rom the fluctuating velocities, u i . The correlation provides the 

uctuating velocities from the following transformation: 

 i = L i, j v i , (17) 

here L i, j is the lower triangular matrix of the Cholesky decom- 

osition of the prescribed Reynolds stress tensor, shown to be: 

 i j = 

⎡ 

⎣ 

√ 

R 11 0 0 

R 12 

L 11 

√ 

R 22 − L 2 
21 

0 

R 13 

L 11 

R 23 −L 21 L 31 

L 22 

√ 

R 33 − L 2 
31 

− L 2 
32 

⎤ 

⎦ . (18) 
Fig. 4. Inflow turbulence conditions: (a) NoT

5 
The fluctuating velocities are then computed at every timestep 

nd added to the prescribed mean velocities, obtaining correlated 

nflow turbulent fluctuations to user-specified profiles. 

Three inlet condition scenarios are investigated: NoTurb , 
1NWL1 and 20FSTL1 . A summary of the conditions are provided 

n Table 1 . First, NoTurb ( Fig. 4 a) is a fixed velocity profile with-

ut turbulent velocity fluctuations. Second, 01NWL1 ( Fig. 4 b) uses 

easured velocity and Reynolds stress profiles, that replicate the 

urbulent near-wall fluctuations associated with the turbulent flow 

pstream of the wind tunnel. Finally, 20FSTL1 ( Fig. 4 c) demon- 

trates the elevated fluctuations akin to a gas turbine environment, 

ith a FST intensity of 20%. At the inflow boundary, a turbulent 

ength scale of 1 D is specified away from the wall. Although the 

ength scales in gas turbine flows surpass the size of the intricate 

oolant holes, the specified length scale accounts for the smaller 

cales closer to the walls in wall-bounded flows. Towards the wall, 

he specified length scale reduces to a value of 0 at the wall and 

rovides a length scale to local wall distance ratio of 2.5 in the 

ear-wall region [20] . Experimental velocity and Reynolds stress 

rofiles are taken from Pietrzyk et al. [10] preceding the work of 

inha et al. [9] . To provide an adequate development length be- 

ween the inflow boundary and the cooling hole required for the 

igital filtering technique, the inflow boundary is placed 7 D up- 

tream of the coolant hole leading edge. 

To demonstrate that the digital filtering method provides real- 

stic turbulence and that the distance between the coolant hole 

nd the inlet boundary is sufficient for synthetic turbulence devel- 

pment, Fig. 5 compares case 01NWL1 profiles to the experimen- 

al profiles [10] 1 D upstream of the coolant hole. The streamwise 

elocity profile shows the LES captures the developing turbulent 

oundary layer well. Streamwise, normal, spanwise and shear tur- 

ulent stresses show close agreement with the experiment. How- 

ver, the near-wall region exhibits a small increase in u ′ u ′ while 

ther profiles show a closer agreement with the experimental 

easurements. For comparison, the streamwise velocity profile is 

hown for case NoTurb where when only the experimental veloc- 
urb , (b) 01NWL1 and (c) 20FSTL1 . 
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Fig. 5. Profiles downstream of inlet illustrating the behaviour of turbulent fluctuations introduced using the digital filtering turbulent inlet. NoTurb [ ], 01NWL1 [ ] 

and Pietrzyk et al. [10] [ ]. 

Fig. 6. ACE comparisons of 01NWL1 [ ] with comparisons to experimental measurements of Sinha et al. [9] [ ]. (a) Centreline, (b) Laterally-averaged and (c) Lateral 

x = 15 D . 
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ty profile is provided to the mainstream inlet boundary condition 

nd turbulent fluctuations are neglected. 

. Results and discussions 

.1. Cooling effectiveness 

ACE is an effective indicator of well-captured dynamics and 

ixing in film cooling flows. Figure 6 presents results for case 

1NWL1 , replicating the turbulent boundary layer of the experi- 

ent, where a good agreement to the published data of Sinha et al. 

9] is found. Across the centreline ( Fig. 6 a), the numerical approach 

orrectly captures the primary decline in coolant distribution and 

he local peak at x = 6 D , associated with the jet reattachment

hich is not accurately captured in previous studies [1] . Good cen- 

reline effectiveness is presented in the work of Renze et al. [2] , 

here the near-wall fluctuations are provided upstream. Lateral 

oolant spread is also well-captured by case 01NWL1 , shown in 

ig. 6 b and c, which is shown to be difficult to capture in numeri-

al studies [1] . 

To illustrate the impact of the distinct cases of inflow turbu- 

ence Fig. 7 presents the time-averaged surface ACE showing the 

oolant distribution across the surface. For NoTurb and 01NWL1 , 
he surface coolant distribution can be described by a primary 

nitial spreading of coolant from the trailing edge of the coolant 

ole followed by an increased lateral spreading from 1 . 5 D down- 

tream. NoTurb ( Fig. 7 a), shows minimal downstream lateral 

pread, whereas the addition of near-wall turbulent fluctuations in 

1NWL1 ( Fig. 7 d) provides an increase in lateral spread. In com- 

arison, the enhanced freestream turbulence of 20FSTL1 ( Fig. 7 g), 

oes not exhibit the same trends as NoTurb and 01NWL1 but fea- 

ures greater lateral spreading immediately aft of the coolant hole, 

riven by the increased mixing ability of the flow. This trend repli- 
6 
ates the results of the coolant slot flow in Busche et al. [6] . Up-

tream of the coolant hole, Fig. 7 a shows that the absence of inflow 

urbulence provides upstream entrainment of coolant, arising from 

he horseshoe vortex as present in the contours shown by Acharya 

t al. [1] . 

Streamwise slices reveal the counter-rotating vortices that are 

ell documented within these flows. The strength of these vor- 

ices, shown in Fig. 7 c, f and i, decreases with the additional 

nflow turbulence. The local peaks of vorticity define the iconic 

idney-bean shape of the counter-rotating vortices present in the 

on-dimensional temperature contour of cases NoTurb ( Fig. 7 b) 

nd 01NWL1 ( Fig. 7 e). Comparing the non-dimensional tempera- 

ure contour of 20FSTL1 shows a shift towards a circular-shaped 

ontour of coolant. Additionally, the streamwise slices of non- 

imensional temperature show the inflow turbulence of 01NWL1 
 Fig. 7 e) provide an increasing contribution to the vertical coolant 

pread and a further increase is evident in case 20FSTL1 ( Fig. 7 h).

Figure 8 shows quantitative time-averaged ACE distributions for 

he three inflow cases. Centreline results ( Fig. 8 a) show similar 

lots between NoTurb and 01NWL1 . The contrast between the 

wo cases becomes apparent in the plots of lateral distribution 

 Fig. 8 b and c). The addition of turbulent fluctuations in the up- 

tream boundary layer promotes lateral spreading of coolant while 

aintaining a consistent centreline profile to NoTurb , shown in 

he contours of Fig. 7 . With high FST, the trends of the ACE dis-

ribution shown in the preceding cases are no longer apparent. 

entreline distributions ( Fig. 8 a) show a decaying trend with no 

ownstream peak. This case provides an enhanced ACE distribution 

mmediately aft of the hole trailing edge, shown in the laterally- 

veraged distribution ( Fig. 8 b) and the ACE map ( Fig. 7 g). Down-

tream distributions show a greater degree of lateral spread com- 

ared to the other cases, but a reduced ACE in the centreline, pro- 

ucing a near-uniform lateral distribution ( Fig. 8 c). 
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Fig. 7. ACE surface distributions, time-averaged non-dimensional temperature and streamwise vorticity ( x/D = 1 . 5 ) comparing the three inflow conditions. 

Fig. 8. ACE comparisons of NoTurb [ ], 01NWL1 [ ] and 20FSTL1 [ ]. (a) Centreline, (b) Laterally-averaged and (c) Lateral x = 15 D . 
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.2. Flow structures 

In the previous section, the time-averaged nature of the 

oolant distribution and comparisons between the three cases 

ere formed. A detailed insight into the turbulent flow and its 

tructures are sought in the present section to describe the change 

n cooling behaviours across the inflow turbulent conditions. 

Figure 9 shows the comparisons of the instantaneous flow with 

sosurfaces of λ2 criterion, showing highly vortical structures, and 

he instantaneous non-dimensional temperature across the centre 

lane. For NoTurb ( Fig. 9 a), the λ2 criterion reveals a horseshoe 

ortex ahead of the coolant hole when no fluctuations are present 

n the inflow. The vortex wraps around the coolant stream provid- 

ng a streamwise vorticity component away from the wall, shown 

n Fig. 7 c. At x = 3 D , these vortices are shown to break down

nto hairpin-like structures on both sides of the jet. The interac- 

ion between the mainstream and the coolant flow provides coher- 

nt, two-dimensional structures that form in the shear layer before 

reaking down at x = 3 D , shown in Fig. 9 a and b. These shear layer

nstabilities are also present in the effusion case of Chen and Xia 

5] , while Bogey et al. [21] discusses these linear instabilities form- 

ng in laminar jet flow. 

Unlike NoTurb , the fluctuations of 01NWL1 ( Fig. 9 c) provide 

he near-wall three-dimensional hairpin-like structures that are 

resent in turbulent boundary layer flow. These structures can 
7 
ualitatively be seen to interact with the shear layer ( Fig. 9 d), 

estabilising the flow’s ability to form coherent structures as 

hown in NoTurb . These structures are also present across the 

ides of the jet promoting lateral mixing from an earlier stream- 

ise location. Case 20FSTL1 ( Fig. 9 e and f) highlights the extent 

t which the upstream turbulence interacts with the coolant jet. 

omparing Fig. 9 f with the other two cases, a qualitatively more 

haotic field is seen. The large scale structures in the mainstream 

 Fig. 9 e) dominate the flow and the turbulent structures gener- 

ted within the shear layer as also discussed by Kohli and Bog- 

rd [4] . Small scale structures are visible in cases NoTurb and 

1NWL1 ( Fig. 9 b and d), in the near-wall region downstream of 

he coolant hole trailing edge, whereas case 20FSTL1 shows qual- 

tatively larger scales. 

.3. Reynolds stresses and anisotropy 

Root-mean-square (RMS) velocity fluctuations and the turbulent 

hear stress u ′ v ′ are shown in Fig. 10 and compared for the three 

ases over a spanwise profile across the coolant jet. Close to the 

entreline, the RMS velocity fluctuations for NoTurb and 01NWL1 
re similar. The differences are first shown in Fig. 10 a where the 

nflow turbulence of 01NWL1 provides local maxima at the edge 

f the coolant jet. However, the greatest difference is exhibited in 

he fluctuations away from the jet centreline. All four figures show 
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Fig. 9. Comparison of unsteady flow features using the λ2 criterion (a, c, e) and normalised temperature (b, d, f) for (a-b) NoTurb , (c-d) 01NWL1 and (e-f) 20FSTL1 . 

Fig. 10. Lateral comparisons of (a) u rms /U ∞ , (b) v rms /U ∞ , (c) w rms /U ∞ and (d) u ′ v ′ /U 2 ∞ at x = 2 . 5 D , y = 0 . 5 D . NoTurb [ ], 01NWL1 [ ] and 20FSTL1 [ ]. 

8 
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Fig. 11. Barycentric triangles of anisotropy comparing the anisotropic state of turbulence across the centreline profile at x = 5 D . Plane-strain line [ ]. 
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his region has greater fluctuations for case 01NWL1 compared 

o the negligible fluctuations of case NoTurb . The greater mag- 

itude of spanwise fluctuations in Fig. 10 c, will provide increased 

ateral diffusion and provide the increased lateral spread shown in 

igs. 7 and 8 . 

Case 20FSTL1 shows turbulent fluctuations that exceed those 

easured in 01NWL1 across the span profile. For w rms , 20FSTL1 
s up to 2.5 times greater than 01NWL1 , facilitating an increased 

ateral coolant spreading ability. These increases are also shown in 

treamwise and normal components in Fig. 10 a and b showing the 

levated fluctuations that promote jet mixing. Figure 10 d shows el- 

vated turbulent shear stress within the jet core for the FST case; 

owever, away from the jet centreline, the results show the cor- 

elation between streamwise and normal velocity fluctuations is 

omparable to case 01NWL1 . 
The anisotropy of the turbulence, described by Eq. (19) , is a 

undamental feature of the turbulence in both turbulent bound- 

ry layer and free-shear flows, influencing the turbulent transfer 

f the flows momentum and its mixing ability. Visualisation of the 

nisotropy and the anisotropic state of the flows is achieved us- 

ng barycentric triangles of anisotropy. These triangles portray the 

ealizable limits of the turbulent anisotropy bounded by the three 

orners and sides of the triangle. The three corners represent one- 

omponent, two-component and isotropic (three-component) tur- 

ulent states in the flow. Formation of the barycentric triangles is 

chieved by mapping the eigenvalues of the anisotropy tensor to 

he coordinates of the triangle and can be found in Banerjee et al. 

22] . 

 i j = 

u 

′ 
i 
u 

′ 
j 

2 k 
− 1 

3 

δi j (19) 

Figure 11 compares the anisotropy over the three cases across a 

rofile on the jet-centreline downstream of the coolant hole trail- 

ng edge. All three cases exhibit similar near-wall behaviour with 

rofiles ascending from the two-component limit state of turbu- 

ence to the axisymmetric contraction state. Diverging behaviours 

re then present in the remaining portion of the profile. First, case 

0FSTL1 shows close alignment to the line of plain-strain tur- 

ulent behaviour, where the Reynolds stress components are pro- 

ortional to the strain-rate components before increasing to near- 

sotropic turbulent behaviour. 

Cases NoTurb and 01NWL1 show similar trends as the turbu- 

ence progresses towards the axisymmetric expansion state away 

rom the near-wall region. This state signifies major fluctuations 
9 
n a dominant direction and two minor, nearly equal fluctuat- 

ng components in orthogonal directions to the major direction 

s would be expected in the outer layer of a turbulent boundary 

ayer flow. The end of the profile at y = 2 D , outside of the coolant

et, shows the deviation between cases NoTurb and 01NWL1 , 
here the case without turbulence shows that the turbulent state 

rogresses to the two-component corner, where the omission of 

hree-dimensional fluctuations shows the flow is not turbulent in 

his outer boundary layer for case NoTurb . Case 01NWL1 at the 

nd of the profile shows the turbulent state tends to an isotropic 

tate in the freestream analogous to the behaviour of the high FST 

ase. 

Figure 12 provides comparisons across an off-centreline profile 

here large differences are seen in the Reynolds stresses shown 

n Fig. 10 . Near-wall trends are similar between the three cases 

lthough the state of turbulence is closer to the two-component 

orner for the high FST case. Similar behaviours, close to the plane- 

train line, are evident between cases 01NWL1 and 20FSTL1 , al- 

hough for some portion of the profile the 20FSTL1 case is closer 

o the axisymmetric contraction state. Away from the wall, case 

oTurb shows turbulent behaviour that progresses towards ax- 

symmetric expansion and back towards the non-turbulent, two- 

omponent corner of the triangle, diverging from the behaviour 

hown in cases 01NWL1 and 20FSTL1 . 

.4. Turbulent heat flux 

Quantifying the differing turbulent behaviour on the flow’s mix- 

ng ability is sought by investigating the turbulent heat flux, u ′ 
i 
T ′ , 

cross the three cases. The turbulent heat flux represents the lo- 

al correlation of velocity and temperature fluctuations. Figure 13 

ompares the turbulent heat flux components across the three 

ases for a slice positioned 1 D downstream of the cooling hole 

railing edge. 

The early stage of jet development, 1 D downstream of the 

oolant hole trailing edge, shown in Fig. 13 , portrays the ini- 

ial coolant mixing behaviour across the three cases. The mag- 

itudes of the turbulent heat flux vector components are shown 

o increase with the increasing turbulent intensity of each case. 

omponent-wise, contrasting streamwise distributions are shown 

etween the three cases, where negligible values are seen for the 

oTurb case. The region of elevated turbulent heat flux compo- 

ents aligns with the shear layer for all three cases. Comparing 

ase 01NWL1 to the high FST case 20FSTL1 shows the region of 



C.D. Ellis and H. Xia International Journal of Heat and Mass Transfer 195 (2022) 123172 

Fig. 12. Barycentric triangles of anisotropy comparing the anisotropic state of turbulence across the off-centreline profile at x = 5 D , z = 1 D . Plane-strain line [ ]. 

Fig. 13. Turbulent heat flux vector components compared across the three turbulent inflow cases at 1 D downstream of the hole trailing edge. 
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igh streamwise turbulent heat flux has an increased spread and 

ntensity in case 20FSTL1 , demonstrating its enhance mixing abil- 

ty shown in ACE distributions of Figs. 8 and 7 . 

Spanwise components of turbulent heat flux, representing the 

orrelation of spanwise fluctuating velocity with temperature fluc- 

uations, show increasing magnitudes and spread of the parameter 

cross the spanwise extent of the slice for the increasing intensities 

f each case. Comparisons between the spanwise turbulent heat 

ux and the cooling distribution contours shown in Fig. 7 show 

he locations of the elevated spread of coolant correspond to the 

levated regions of turbulent heat flux in both the spanwise and 

ormal components. 
10 
Figure 14 compares the centreline profiles of the streamwise 

nd normal components of turbulent heat flux as the jet devel- 

ps across the plate. The spanwise component is zero along planes 

f time-averaged symmetry. The largest contrast between the three 

ases is present at the x = 0 D and x = 1 D locations where the jet

hear layer is in the early stages of development. At x = 0 D , case

0FSTL1 shows the normal and streamwise components are of 

early equal, but opposite values across the profile, while case 

1NWL1 shows a bias towards the normal component. 

For case NoTurb , Fig. 14 shows a singular peak in the normal 

omponent of the turbulent flux at x = 0 D . However, the stream-

ise component exhibits a double bump profile. The trend is a 
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Fig. 14. Streamwise and normal turbulent heat flux ( u ′ T ′ and v ′ T ′ respectively) development across profiles along the centreline. NoTurb [ ], 01NWL1 [ ] and 

20FSTL1 [ ]. 
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Fig. 16. Streamwise integral lengthscales, L (1) 
11 

, across centreline profiles. NoTurb 
[ ], 01NWL1 [ ] and 20FSTL1 [ ]. 
eature of the shear layer instability, where vortices roll up in the 

hear layer. The fluctuations of the velocity parallel to the shear 

ayer are present on either side of the shear layer, but in the lo- 

ation between the two peaks, the parallel velocity component is 

teady with negligible parallel velocity fluctuation. This behaviour 

s shown again at x = 1 D . At x = 5 D the double peak behaviour is

eplaced by a singular peak, reflecting the turbulent transition that 

s also visible in the λ2 isosurfaces of Fig. 9 . 

At x = 1 D , the impact of the separated, rotating vortex flow

rom the trailing edge of the coolant hole provides a positive nor- 

al turbulent heat flux, shown below y = 0 . 5 D . In this region, the

agnitude of the normal turbulent heat flux is greater for cases 

1NWL1 and NoTurb than case 20FSTL1 . This shows the high 

ST impacts the mixing of the immediately separated flow from 

he coolant hole trailing edge. 

The greatest turbulent heat flux magnitude is exhibited by 

ase 20FSTL1 at x = 0 D and x = 1 D . Downstream, the shear

ayer peaks of streamwise turbulent heat flux for cases NoTurb 
nd 01NWL1 are of similar magnitude and greater than that of 

ase 20FSTL1 . However, the turbulent heat flux vector for case 

0FSTL1 at x = 5 D shows the turbulent heat flux is spread and

iffused across the profile, providing greater components of turbu- 

ent heat flux near the wall and into the freestream. 

.5. Length scales 

A further quantitative assessment of coolant mixing can be 

ade by assessing and comparing integral length scales across the 

oolant jet. Two-point correlations used to calculate the integral 

ength scales, provide a value describing the correlation of a vari- 

ble at one point in space to another variable at a second point 

n space. The streamwise integral length scale calculated from the 

wo-point correlation function, Eq. (20) . Similarly, the transverse 

ength scales are calculated with Eq. (21) . 

 

(1) 
11 

( � x ) = 

1 

2 

∫ �
 x +5 D 

�
 x 

f (1) 
11 

(x ) dx where f (1) 
11 

(x ) = 

u 

′ ( � x + x, t) u 

′ ( � x , t) 

u 

′ ( � x , t) u 

′ ( � x , t) 
(20) 

 

(3) 
33 

( � x ) = 

1 

2 

∫ 1 . 5 D 

−1 . 5 D 

f (3) 
33 

(z) dz where f (3) 
33 

(z) = 

w 

′ ( � x + z, t) w 

′ ( � x , t) 

w 

′ ( � x , t) w 

′ ( � x , t) 
(21) 

Figure 15 shows the results of the two-point correlation func- 

ion for the streamwise and spanwise length scale calculations at 

 location of 1 D downstream of the cooling hole trailing edge at 

 height 0 . 1 D above the coolant plate on the jet centreline. The
11 
wo-point correlation, f (1) 
11 

, correlates the streamwise velocity fluc- 

uation with itself in the streamwise direction, while f (3) 
33 

shows 

he correlation of the spanwise velocity with itself in the span- 

ise direction. Results for Fig. 15 a shows equivalent correlations 

etween case NoTurb and 01NWL1 , indicating similar streamwise 

urbulent length scales at this location. For case 20FSTL1 , the 

orrelation persists further downstream illustrating longer stream- 

ise structures. The spanwise correlations in Fig. 15 b, show sim- 

lar correlations that reflect turbulent structures that have simi- 

ar spanwise scales for all three conditions in this region of the 

ow. 
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Fig. 17. Comparisons of transverse integral length scale, L (3) 
33 

, across transverse profiles for (a) NoTurb , (b) 01NWL1 and (c) 20FSTL1 . Profiles located at x = 1 . 0 D [ ], 

x = 2 . 5 D [ ] and x = 6 . 5 D [ ]. 
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The length scales associated with the incoming boundary layers 

re shown in the first profile of Fig. 16 increasing from the wall 

o a size of 1 D . Away from the wall, L (1) 
11 

becomes large for cases

oTurb and 01NWL1 where the fluctuating velocities approach 

ero. At the trailing edge of the hole (profile x = 0 . 0 D ), L 1 11 shows

maller streamwise scales where the turbulent flow is driven by 

he separated flow within the coolant hole and aft of the sharp 

railing. In this region, cases NoTurb and 01NWL1 show similar 

rofiles demonstrating that the approaching turbulent boundary 

ayer of 01NWL1 does not influence the scales of the structures 

ithin this region, while the larger fluctuations of case 20FSTL1 
how greater scales. Figure 16 shows that these smaller length 

cales persist in the downstream profile of x = 1 . 0 D before an in-

rease in L (1) 
11 

is exhibited at x = 5 . 0 D for NoTurb and 01NWL1 .
he influence of the inflow near-wall fluctuations of 01NWL1 show 

 greater rate of L (1) 
11 

growth, compared to NoTurb , as shown by 

he downstream profile at x = 10 . 0 D . The growth of L (1) 
11 

across the

entreline is greater for 20FSTL1 . At x = 1 . 0 D the length scales

re equal to the length scales of 1 D measured in the upstream 

ow and imposed at the inlet of the computational domain with 

he inflow turbulence generation. 

Comparing the transverse integral length scales in Fig. 17 shows 

omparative trends to L (1) 
11 

. Blanking is performed for regions with 

ery small fluctuations as shown by the scales away from the wall. 

ase NoTurb ( Fig. 17 a) demonstrates smaller scales when com- 

ared to the cases 01NWL1 ( Fig. 17 b) and 20FSTL1 ( Fig. 17 c),

howing the introduction of upstream turbulence impacts the tur- 

ulent scales within the developing cooling jet. In profile y = 0 . 1 D

f Fig. 17 a, similar scales can be seen towards the jet centre, for 

ll three streamwise profiles as the coolant jet interacts with the 

all. At profiles away from the wall, the downstream progression 

f the coolant jet shows increasing values of L (3) 
33 

, demonstrating 

hat within the coolant jet the length scales governing the turbu- 

ent mixing increase as the jet develops. This behaviour is most 

pparent for case NoTurb , but for cases 01NWL1 and 20FSTL1 , 
his is only evident at positions closer to the wall. 

Comparing cases NoTurb and 01NWL1 , Fig. 17 a and b respec- 

ively, the length scales remain similar downstream at y = 0 . 1 D .

t y = 0 . 5 D and 1 . 0 D the length scales of 01NWL1 are greater

han NoTurb showing at these positions in the jet, the impact 
r

12 
f turbulence in the inflow boundary is critical to the mixing 

ehaviour. The largest length scales of L (3) 
33 

are shown in case 

0FSTL1 , where the length scales are shown to be near-uniform 

cross the spanwise profiles apart from profiles near the wall 

t X = 1 . 0 D . 

Further comparisons of the turbulent energy are made by in- 

estigating the streamwise velocity spectra, E 11 , in Fig. 19 . In the 

ear-wall region at the trailing edge of the hole ( Fig. 19 a), all

ases show similar spectra. This demonstrates that within this re- 

ion, the impact of main flow inflow turbulence is negligible and 

he turbulent behaviour is driven by the separated region con- 

ected from the coolant hole, where the coolant inflow is con- 

tant across all cases. At y = 0 . 5 D and 1 . 0 D , 20FSTL1 shows a

arger magnitude at low wavenumbers. At y = 1 . 0 D , NoTurb pro-

ides a peak at κ1 = 29 . 9 , which is likely to be associated with

he coherent vortex roll-up in the shear layer, shown by λ2 sur- 

aces in Fig. 9 a. Figure 19 b shows all cases align to the −5 / 3 slope,

n the downstream region, highlighting the full three-dimensional 

ehaviour of the turbulence associated with the inertial transfer of 

nergy. 

Figure 19 c, away from the jet centre shows contrasting be- 

aviour between the cases. As expected, the higher energy fluctu- 

tions of 20FSTL1 provide greater magnitudes in the spectra. For 

oTurb , the peak shown in Fig. 19 a is also present at y = 0 . 5 D and

 . 0 D . This highlights that the coherent structures shown in Fig. 9 a

re also providing a repeating behaviour along the sides of the jet 

ather than turbulent fluctuations that promote lateral mixing. 
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Fig. 19. Streamwise velocity spectra across jet development. (a) x = 0 D & z = 0 D , (b) x = 5 D & z = 0 D and (c) x = 1 D & z = 5 D , further shown in Fig. 18 . NoTurb [ ], 

01NWL1 [ ], 20FSTL1 [ ] and −5 / 3 slope [ ]. 
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. Conclusions 

The work presented shows a well-motivated study of the im- 

act of inflow turbulence on LES of film cooling flows. A well- 

ocumented cooling hole was chosen for our tests. Three different 

cenarios were investigated. First, NoTurb , with a mean velocity 

rofile absent of turbulent inflow fluctuations. Then, 01NWL1 , with 

ear-wall turbulent fluctuations reflecting the experimental turbu- 

ent boundary layer conditions, and finally, 20FSTL1 with 20% FST 

kin to combustor-like environments. 

Centreline ACE profiles remain comprehensively similar be- 

ween the case without inflow turbulence ( NoTurb ) and the case 

ith only near-wall turbulence ( 01NWL1 ). However, case 01NWL1 
rovides turbulent fluctuations and coolant jet behaviour that re- 

roduces the lateral spread demonstrated in the results of Sinha 

t al. [9] . 

Unsteady flow features are distinctly different between NoTurb 
nd 01NWL1 . Laminar shear layer instabilities manifest across the 

oolant-hot gas shear layer when upstream turbulent fluctuations 

re absent. These flow features are not present when near-wall and 

0% FST is introduced and the shear layer is turbulent. These two 

urbulent inflow cases show increased velocity fluctuations away 

rom the jet centreline promoting lateral coolant spread while 

he turbulence conditions show contrasting states of turbulence 

nisotropy in the near-wall and coolant jet regions. 

In the early stages of the coolant jet development, the high FST 

ase ( 20FSTL1 ) shows an increased turbulent heat flux, quantify- 

ng the increased mixing capability of the flow. However, in the 

ownstream region, the streamwise and normal components of 

urbulent heat flux reduced to below case NoTurb and 01NWL1 . 
long the centreline, cases NoTurb and 01NWL1 show similar be- 

aviour downstream, but contrasting behaviour is shown where 

he laminar instabilities are present in case NoTurb . 
The impact of FST shows large integral length scales across the 

oolant jet that maintain a similar scale consistent with the up- 

tream flow. At the coolant hole trailing edge, the near-wall length 

cales are driven by the smaller scale turbulent flow from the 
13 
oolant hole for all three cases. Case 01NWL1 shows larger scales 

han NoTurb , with greater transverse length scales off the centre- 

ine, promoting the lateral mixing away from the coolant jet. 

In summary, it is shown that inflow turbulence can have a 

trong impact on coolant distributions downstream as a conse- 

uence of the turbulent state of the coolant jet and the incoming 

ow. Hence, it is recommendable to always prescribe the inflow 

oundary conditions as accurately as possible in this regard. Tur- 

ulent boundary layer fluctuations are a key factor promoting lat- 

ral coolant spread. FST, which is commonly present in industrial 

pplications and which can be highly variable, leads to drastically 

ifferent coolant distribution across the cooled surface. While the 

atter can be highly problem-dependent, e.g. its integral scale and 

nisotropy, its impact on coolant mixing should be taken into ac- 

ount in simulations of film cooling flows. 
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