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Abstract : An isothermal numerical study of effusion cooling flow is conducted using a large eddy

simulation (L ES) approach. Two main types of cooling are considered , namely tangential film cool2
ing and oblique patch effusion cooling.

To represent tangential film cooling , a simplified model of a plane turbulent wall jet along a flat

plate in quiescent surrounding fluid is considered. In contrast to a classic turbulent boundary layer

flow , the plane turbulent wall jet possesses an outer f ree shear flow region , an inner near wall re2
gion and an interaction region , characterised by substantial levels of turbulent shear st ress t rans2
port . These shear st ress characteristics hold significant implications for RANS modelling , implica2
tions that also apply to more complex tangential film cooling flows with non2zero f ree st ream veloci2
ties. The L ES technique used in the current study provides a satisfactory overall p rediction of the

plane turbulent wall jet flow , including the initial t ransition region , and the characteristic separation

of the zero turbulent shear st ress and zero shear st rain locations.

Oblique effusion patch cooling is modelled using a staggered array of 12 rows of effusion holes ,

drilled at 30°to the flat plate surface. The effusion holes connect two channels separated by the flat

plate. Specifically , these comprise of a channel representing the combustion chamber flow and a

cooling air supply channel. A difference in pressure between the two channels forces air f rom the

cooling supply side , through the effusion holes , and into the combustion chamber side. Air f rom

successive effusion rows coalesces to form an aerodynamic film between the combustion chamber

main flow and the flat plate. In practical applications , this film is used to separate the hot combus2
tion gases f rom the combustion chamber liner. The numerical model is shown to be capable of accu2
rately predicting the injection , penet ration , downstream decay , and coalescence of the effusion jet s.

In addition , the numerical model captures ent rainment of the combustion chamber mainst ream flow

towards the wall by the presence of the effusion jet s. Two contra2rotating vortices , with axes of ro2
tation along the st ream2wise direction , are predicted as a result of this ent rainment . The presence

and characteristics of these vortices are in good agreement with previous published research.
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Nomenclature

Cs 　　　Smagorinsky constant

D Full coverage effusion cooling hole diameter

H Full coverage effusion cooling channel height

i , j , k Cell indices

p Static pressure

Re Reynolds number

[ wall jet : Re = ( u1inlet ) max s/ν]

[ effusion : Re = ( u1comb ) max H/ 2ν]

s Plane turbulent wall jet case inlet slot height

S ij Mesh resolved st rain2rate tensor
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t Time

ui Instantaneous velocity Cartesian component

ui Mesh resolved velocity component along ith direction

u’i Sub2grid2scale velocity component along ith direction

u+ , v + Dimensionless inner scaled mean velocity

( u’v’) + 　Dimensionless inner scaled turbulence shear 　

　　　　　st ress

V jet Full coverage effusion cooling jet bulk velocity

[average velocity at effusion hole exit plane ]

x i Cartesian direction component ( ith direction)

y + Dimensionless surface normal coordinate

Greek Symbols

μ Dynamic viscosity

ν Kinematic viscosity

ρ Density

Subscript s

bulk Bulk velocity component

comb Effusion cooling combustion chamber property

i , j , k Cartesian direction component s

inlet Inlet condition

max Maximum velocity

supp Effusion cooling air supply chamber

∞ Free st ream property

Introduction

　　Under routine operating conditions , t he

flow field inside a modern gas t urbine combus2
tion chamber is complex , t urbulent and can

reach temperatures above 2 000 K in t he p rimary

combustion zone. U nder sustained expo sure to

t hese conditions , t he combustion chamber liner

is susceptible to buckling , f rom oxidation or

high temperat ure corrosion , or t hermal fatigue

f rom differential expansion of t he liner material ,

as described in Lefebvre[ 1 ] . In addition to devel2
op ment s in liner material p roperties t hrough

metal alloys , ceramics and heat resistant coat2
ings , modern combustion chamber designs in2
clude aerodynamic manip ulation to reduce locally

t he fluid temperat ure close to t he liner surface.

This paper models a specific class of met hod

for reducing liner temperatures , by injecting

cooler fluid f rom out side the combustion cham2
ber t hrough t he liner walls. The resulting film

of cooler fluid act s as a t hermal barrier , separa2
ting t he combustion chamber liner f rom t he in2

ternal hot gas. Common st rategies used in film

cooling include t he injection of fluid parallel to

t he liner surface , t hrough circumferential gap s

in the liner , and injecting fluid obliquely t hrough

patches of discrete eff usion holes.

A common problem with all forms of eff u2
sion cooling is the breakdown of t he cooling film

downst ream of t he point of injection. This oc2
curs due to t urbulent mixing wit h t he surround2
ing hot gas and t hrough local cross2st ream t rans2
port of large , high2energy vortices. The increase

in fluid temperat ure wit h film breakdown causes

surface temperat ure gradient s which can int ro2
duce local thermal st resses in t he liner , cont rib2
uting to liner fatigue.

This paper focuses on t he application of a

large eddy simulation (L ES) code to film cooling

by isolating individual component s of p ractical

film cooling designs.

1　Numerical method

　　The t hree2dimensional , spatially filtered ,

incompressible ( constant density) form of t he

mass and momentum conservation equations is

given by :

5 ui

5 x i
= 0 , (1)

5 ui

5 t
+

5 ui u j

5 x j
= -

1
ρ

5 p
5 x i

+
5

5 x j
2υS ij - τij .

(2)

Where :

S ij =
1
2

5 ui

5 x j
+

5 uj

5 x i
, (3)

τij = ui u j - ui u j . (4)

The filtered governing equations are solved

in this st udy using a cell2cent red mesh approach.

The in2house research code , D EL TA , employs a

finite volume approach , solving collocated varia2
bles using a st ruct ured , curvilinear mesh ar2
ranged in a multi2block domain decomposition.

D EL TA is well documented in a number of p re2
vious research papers. This includes both it s o2
riginal RANS form , as in Page et al [2 ] , and as a

large eddy simulation CFD code , as in Veloudis

et al [3 ] . D EL TA is capable of comp uting a wide
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variety of incompressible and compressible flow

problems. In t he current work , t he incompressi2
ble ( constant density ) form of DEL TA in2
tegrates the convective terms in space using a

second order cent ral difference method. Pres2
sure2velocity decoupling of t he collocated varia2
bles is avoided through Rhie2Chow smoot hing ,

with a smoot hing factor of 0. 1. An explicit time2
stepping approach is adopted using a low stor2
age , 32stage Runge2Kutta method. A constant

time step is applied uniformly t hroughout t he

comp utational domain. The Smagorinsky sub2
grid2scale ( SGS) model is used to app roximate

τij , t he turbulent st ress component t hat remains

unresolved by the computational mesh. Approaching

solid surfaces , near wall damping using the van Dri2
est modification is employed in DEL TA . The origi2
nal form of the Smagorinsky SGS model is given in

Smagorinsky[4 ] . The van Driest near wall modifica2
tion originates from van Driest [5 ] .

2　Numerical model

　　Two distinct forms of cooling are modelled

in t his paper . Specifically , a plane t urbulent

wall jet film cooling model and a f ull coverage

oblique injection eff usion cooling model .

2. 1　The plane turbulent wall jet

　　A diagrammatical representation of the plane

turbulent wall jet flow field is given in Figure 1.

Fig. 1　Representation of the wall jet flow field

This figure rep resent s a two2dimensional

( x1 , x2 ) plane at a single x3 location in the com2
p utational domain.

Briefly , a jet of air wit h a plane channel

flow velocity p rofile (i) issues into quiescent air

f rom a slot (ii) and processes downst ream along

a flat plate. A f ree shear layer (iii) forms be2
tween the wall jet and t he quiescent surrounding

fluid. This f ree shear layer interact s wit h t he de2

veloping boundary layer region forming an initial

merging region ( iv ) . Wit h increasing down2
st ream distance , t he wall jet forms a distinct ve2
locity p rofile (v) possessing bot h near wall vis2
cous and f ree shear layer characteristics.

Validation data for the current plane t urbu2
lent wall jet model is p rovided by the experimen2
tal data of Eriksson et al . [6 ] and Karlsson et

al . [7 ] . A numerical comparison is also available

t hrough t he previous L ES st udy of Dejoan & Le2
schziner [8 ] , also based on t he measurement s of

Eriksson et al . [6 ] . The current paper uses t he

same dimensionless geomet ry as Karlsson et

al . [7 ] and Eriksson et al . [6 ] , t runcated to x1 / s =

22 in t he st ream2wise direction , as in Dejoan &

Leschziner [8 ] . An identical Reynolds number of

Reinlet = ( u1inlet ) max s/ν = 9 600 is also defined ,

where ( u1inlet ) max = 7. 34 m/ s is the maximum inlet

velocity component in t he x1 direction. s = 0. 02 m

is t he jet slot height andνis t he kinematic vis2
cosity for air . A t urbulent channel flow velocity

p rofile is defined at the inlet based on a second

order ext rapolation of t he experimental inlet p ro2
file given in Eriksson et al . [6 ] at t he same Reinlet .

The computational domain used in the current

work is shown diagrammatically in Figure 2.

Fig. 2　Wall jet computational domain.

(a) View along x12x2 plane.

(b) View along x32x2 plane.

Dashed lines represent multi2block boundaries.

The comp utational domain dimensions are

normalised using t he height of the slot used to

inject the wall jet , s = 0. 02 m. A distance of 22

slot height s (22s) defines t he st ream2wise lengt h

of t he comp utational domain in t he x1 direction.

A t ransverse height of 10s defines t he height of

t he comp utational domain in t he x2 direction.
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The comp utational domain extends 5. 5s in t he

span2wise ( x3 ) direction. Periodic boundary

conditions , used along each span2wise boundary ,

define an infinite span.

A jet of air issues into t he quiescent sur2
rounding air f rom the inlet boundary wit h a

mean velocity in t he x1 direction. A wall jet de2
velop s along t he no2slip lower wall and exit s t he

comp utational domain t hrough t he convective

outlet boundary. The mean st ream2wise velocity

p rofile and t urbulence intensity imposed along

t he inlet boundary are obtained f rom t he meas2
urement s of Karlsson et al . [7 ] and Eriksson et

al [ 6 ] . Specifically , a value of t he mean st ream2
wise velocity is impo sed in each comp utational

cell along t he inlet boundary t hrough a second2
order interpolation of t he experimental inlet data

at x1 = 0. The mean velocity p rofile is augmen2
ted wit h a Gaussian random perturbation profile ,

scaled to match t urbulence intensity measure2
ment s. The magnit ude of t he random component

is small , less t hat 1 % of t he mean velocity com2
ponent over the majority of t he inlet p rofile. As

stated by Eriksson et al [ 6 ] . and Dejoan & Le2
schziner [8 ] , t he velocity p rofile at t his st ream2
wise location is effectively laminar wit h a small

temporal fluct uation imposed. In accordance

with t he approach recommended by Dejoan &

Leschziner [8 ] , an ent rainment velocity p rofile

based on a semi2empirical analysis of f ree jet en2
t rainment ( Schlichting[ 9 ] ) is impo sed along t he

upper ent rainment boundary to facilitate t he

st ream2wise growt h of t he wall jet .

The comp utational domain is divided into

eight topologically ort hogonal blocks. These

multi2block boundaries are highlighted in Figure

2 by dashed lines. An equal number of comp uta2
tional cells discretise blocks 1 to 4. Similarly , an

equal number of cells discretise blocks 5 to 8.

The comp utational mesh characteristics for t he

wall jet model are summarized in Table 1.

It should be noted that t he p resent mesh is

considerably coarser t han t he highly resolved

L ES prediction of Dejoan & Leschziner [ 8 ] , who

used a grid of 420 ( st ream2wise) ×208 ( t rans2

verse) ×96 (span2wise) nodes covering t he same

st ream2wise distance of 22 slot height s. Such a

fine mesh will rarely be affordable in p ractice ,

where using more than 22 slot height s will need

to be calculated for t he entire combustion film

cooled surface. The intention here is to investi2
gate the accuracy t hat can be achieved wit h L ES

on more affordable mesh sizes.

Table 1　Wall jet mesh characteristics

Parameter Current model

Mesh resolution (st ream2wise×

t ransverse×span2wise)

105×121×51

nodes

Slot resolution 73 nodes

Height of first cell above wall y + = 1. 693

Transverse mesh spacing at x2 = s Δx2
+ = 2. 69

Transverse mesh spacing at x2 = 5s Δx2
+ = 16. 80

Stream2wise mesh spacing at x1 = 0 Δx1
+ = 10. 08

Stream2wise mesh spacing at x1 = 22s Δx1
+ = 18. 81

Span2wise cell spacing Δx3
+ = 6. 72

3. 2　Full2coverage oblique effusion cool ing

　　A diagrammatical rep resentation of t he ob2
lique eff usion cooling configuration is shown in

Figure 3.

Fig. 3　Representation of the effusion patch flow field

Briefly , a flat plate (i) separates t he com2
bustion chamber (ii) and external cooling cham2
ber (iii) flows. The flat plate is pierced by rows

of small circular holes (iv) drilled at an oblique

angle to t he plate. The difference in p ressure ,

maintained between t he combustion and external

cooling chambers , result s in a net mass flux of

cooling fluid t hrough each circular eff usion hole.

A jet (v) of cooling fluid forms at each eff usion

hole , interacting wit h t he oncoming boundary

layer (vi) forming a t hermal barrier between t he

combustion chamber bulk flow and t he combus2
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tion chamber liner .

The computational domain chosen for the full2
coverage effusion cooling model consists of two

channels located either side of a 10 mm thick flat

plate. Holes of 5 mm diameter are drilled through

the plate at 30°to the plane of the plate. The span2
wise location of each hole row is staggered with re2
spect to adjacent stream2wise rows , such that each

second stream2wise row is in span2wise alignment .

The computational domain for single pair of rows is

shown diagrammatically in Figure 4. The complete

solution domain for the effusion cooling test case

considers a total of 12 rows of holes. The full com2
putational domain is created by merging six of the

‘row2pair’computational domain as shown in Fig2
ure 4.

Fig. 4　Oblique effusion cooling computational domain.

(a) View along x12x2 plane. (b) View along x32x2

plane. First four blocks shown only. Measurements

normalized by the effusion hole diameter , D = 5 mm

Block 1 in Figure 4 rep resent s the combus2
tion chamber channel . Blocks 2 and 3 rep resent

two eff usion hole t ubes. Block 4 rep resent s t he

cooling air supply chamber . Periodic boundary

conditions , defined along the span2wise bounda2
ries of blocks 1 and 4 , define two infinite span2
wise rows of eff usion holes. No2slip wall condi2
tions define t he upper and lower boundaries in

blocks 1 and 4 , as well as defining t he circum2
ference of the eff usion t ubes in blocks 2 and 3.

Locally defined multi2block boundaries connect

blocks 1 and 4 wit h t he eff usion tubes , blocks 2

and 3. Twelve rows of eff usion holes are defined

in the current st udy. To accommodate t his sit ua2
tion , t he comp utational domain shown in Figure

4 is repeated a f urt her five times in the x1 direc2
tion. In addition , a f urther two blocks are de2
fined , aligned wit h blocks 1 and 4 respectively ,

in order to allow smooth application of t he con2
vective outflow boundary t reatment . These two

additional blocks have t he same dimensions as

blocks 1 and 4 in Figure 4. Blocks 1 and 4 con2
nect to t he next row of blocks ( blocks 5 and 8

respectively) , and so on , using t he multi2block

boundary condition.

The flow geomet ry and inlet flow parame2
ters used in t he current study are identical to t he

experimental parameters used by Miron et

al . [10 ] . The inlet velocity p rofile , defined in bot h

t he combustion chamber and the air supply

chamber along t he lef t2hand boundary , is

matched to t he measurement s of Miron et

al . [10 ] . These geomet rical and flow parameters

are also used in a reference L ES st udy of a single

hole , ext rapolated to f ull2coverage eff usion cool2
ing using periodic boundary conditions , by Men2
dez et al . [11 ] . The main flow parameters used in

t he current st udy are summarized in Table 2.

Table 2　Oblique effusion cooling flow parameters

Variable Value

Recomb = ( u1comb ) max H/ 2ν 17 750

( u1comb ) max / (m/ s) 4. 55

( u1comb ) bulk / (m/ s) 4. 29

Resupp = ( u1supp ) max H/ 2ν 8 900

( u1supp ) max / (m/ s) 2. 28

( u1supp ) bulk / (m/ s) 2. 15

( psupp - pcomb ) / Pa 42

Jet bulk velocity (V jet ) bulk / (m/ s) 5. 6

The comp utational domain is divided into 26

separate blocks. U sing the block numbering
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convention in Figure 4 , t he mesh resolution for

each block is given in Table 3.

Table 3　Full2coverage oblique effusion cooling

computational mesh resolution

Block
Mesh resolution

( 6 i × 6 j × 6 k )

1 , 5 , 9 , 13 , 17 , 21

(Combustion chamber blocks)
73×61×61

2 , 3 , 6 , 7 , 10 , 11 , 14 , 15 ,

18 , 19 ,22 , 23 ( Effusion tubes)
11×29×11

4 , 8 , 12 , 16 , 20 , 24 (Cooling

air supply chamber blocks)
73×61×61

25 (Combustion chamber

relaxation block)
51×61×61

26 (Supply chamber

relaxation block)
51×61×61

The orientation of t he comp utational mesh

is demonst rated in Figure 5 , which shows a sec2
tion of the comp utational mesh for the first four

blocks , as defined diagrammatically in Figure 4.

The mass flux crossing t he outlet boundary of

blocks 25 and 26 is adjusted to ensure a continu2
ous supply of cooling air , of t he correct magni2
t ude , passes t hrough t he eff usion t ubes as t he

comp utation progresses.

Fig. 5　Computational mesh for blocks 1 to 4

3　Results and discussion

3. 1　The plane turbulent wall jet

　　A simplified model of tangential film cooling

is p resented in t his paper using t he case of a

plane turbulent wall jet in quiescent air under i2

sot hermal conditions. Although of simple geom2
et ry , a number of complex boundary layer/ f ree

shear flow interactions are reported for t he plane

t urbulent wall jet case. The interaction of t he

outer f ree shear region wit h the inner boundary

layer region in a plane t urbulent wall jet is docu2
mented in a number of st udies , including Laun2
der & Rodi [12213 ] , Eriksson et al . [ 6 ] , George et

al . [14 ] , Barenblatt et al . [15 ] , Dejoan & Leschzin2
er [8 ] and Dejoan , Wang & Leschziner [16 ] .

Downst ream of x/ s = 0 , t he wall jet under2
goes develop ment f rom t he essentially laminar

channel flow p rofile to a f ully developed t urbu2
lent wall jet . As reported in Eriksson et al . [6 ] ,

t ransition initially occurs in t he outer shear layer

region , as indicated by a negative mean t rans2
verse velocity in t he outer region at x1 / s = 5.

Furt her downst ream , by x1 / s = 10 , t ransition of

t he near wall region has started. At x1 / s = 20 ,

t he start of a f ully developed near wall region is

measured by Eriksson et al . [6 ] , and merging of

t he viscous dominated inner region with the f ree

shear outer region is complete. By t he next sta2
tion , x1 / s = 40 , measurement s indicate t hat

t ransition of t he wall jet is virt ually complete. In

order to reduce t he comp utational demand of t he

L ES prediction , and to provide a close compari2
son wit h t he highly resolved L ES result s of De2
joan & Leschziner [8 ] , t he comp utational domain

is rest ricted to a total lengt h of x1 / s = 22. J usti2
fication for t his t runcation comes f rom t he obser2
vation t hat t he measurement s of Eriksson et

al . [6 ] , app ropriately normalized , are broadly

self2similar downst ream of x1 / s = 20 , as reported

in Dejoan & Leschziner [ 8 ] .

The downst ream decay of t he maximum ve2
locity is given for t he p resent result s in Figure

6. Overall , t he current p rediction provides a

close match to t he measurement s of Eriksson et

al . [6 ] . The maximum velocity is , however , o2
ver2predicted for x1 / s > 5. This over2prediction

is also reported in t he highly resolved L ES re2
sult s of Dejoan & Leschziner [ 8 ] , indicating a

higher st ream2wise moment um flux and slight

under2p rediction of t he wall shear st ress in t he
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present comp utation.

Fig. 6　Downstream development of the wall jet

maximum velocity

The over2prediction of t he st ream2wise mo2
ment um flux is also evident in the mean st ream2
wise velocity p rofile at x1 / s = 20 , as given in

Figure 7. This figure is scaled using viscous wall

p roperties , defined as inner scaling. Figure 7 al2
so highlight s a number of important differences

in t he wall jet develop ment f rom t hat of a classic

t urbulent boundary layer . The near wall region

of t he wall jet in Figure 7 closely approximates

u + = y + (dashed line) over t he region y + < 5. A2
bove y + = 5 , t he wall jet and classic viscous sub2
layer p rofiles diverge. The viscous sublayer re2
gion of t he wall jet velocity p rofile is smaller

t han that of a classic t urbulent boundary layer ,

which start s to diverge f rom t he u + = y + profile

at y + = 8 - 10. The reduced viscous sublayer

height p redicted in t he L ES result s matches

closely t he measurement s of Eriksson et al . [6 ]

and t he highly resolved L ES result s of Dejoan &

Leschziner [8 ] .

Furt her f rom t he surface , t he height over

which t he measurement s ( square symbols) fol2
low t he log2law app roximation (dash2dot line) is

rest ricted to the region 30 < y + < 80. This log

law range is reported in Eriksson et al . [ 6 ] , and

in Dejoan & Leschziner [ 8 ] , who also report an o2
ver2prediction of t he velocity maximum for t he

highly resolved L ES st udy.

The mean t ransverse velocity p rofile at

x1 / s = 20 is given in Figure 8 , normalized using

inner scaling properties. A good match of t he

L ES data wit h t he measurement s of Eriksson et

al . [6 ] is evident . The absence of a negative veloc2
ity in t he inner region indicates t hat t ransition of

t he near wall region is complete. A negative

t ransverse velocity occurs above y + = 1 000 as

fluid is ent rained f rom t he surrounding quiescent

fluid into t he wall jet outer region.

Fig. 7　Wall jet st ream2wise velocity at x1 = 20s

Fig. 8　Wall jet t ransverse velocity at x1 = 20s

A well2known characteristic of the plane

t urbulent wall jet is t he difference in t he height

at which the t urbulent shear st ress and t urbulent

shear st rain are zero . This shif t of t he zero shear

st ress and zero shear st rain location is evident by

comparing t he mean st ream2wise velocity p rofile

in Figure 7 wit h t he turbulent shear st ress p ro2
file given in Figure 9.

The rate of turbulence production by shear

st rain is widely reported to be zero in t he region

of t he mean st ream2wise velocity maximum. The

velocity maximum in the L ES result s of Figure 7

occur at y + = 165. In cont rast , t he height at
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which the t urbulence shear st ress crosses zero in

Figure 9 is y + = 118 , marginally lower t han t he

measurement s of Eriksson et al . [6 ] . As reported

in Dejoan & Leschziner [8 ] , t he dislocation of t he

zero shear st ress ( y + = 118 ) and zero shear

st rain ( y + = 165) implies large scale t ransport of

t he t urbulent shear st ress in t he interaction re2
gion , located between the wall jet inner and out2
er regions.

Fig. 9　Wall jet turbulent shear st ress at x1 = 20s

The L ES result s in Figure 9 demonst rate a

good overall match of the t urbulent shear st ress

with the measurement s of Eriksson et al . [ 6 ] over

t he majority of the wall jet height . The cont ri2
bution to t he total t urbulent shear st ress ( mesh

resolved and sub2grid2scale st ress) f rom t he sub2
grid2scale component is small and , as expected ,

is confined to t he near wall region ( y + < 80) .

In addition to t he dislocation of the zero t ur2
bulent shear st ress and shear st rain locations ,

larger t urbulent lengt h scales are reported f ur2
t her towards t he inner region , when comparing

t he plane t urbulent wall jet to t he classic t urbu2
lent boundary layer . In terms of t urbulence

modelling , this has a significant impact on t he

range of met hods t hat are potentially able to ac2
curately p redict t he t urbulent wall jet . Dejoan &

Leschziner [8 ] and Dejoan , Wang & Leschziner [16 ]

conclude t hat a t urbulence model must account

for t urbulent shear st ress t ransport in t he inter2
action region to model t he t urbulent wall jet de2
velop ment accurately. Even RANS t urbulence

models based on the Reynolds st ress t ransport e2
quation indicate a considerably inferior p rediction

compared to L ES predictions , as reported in De2
joan , Wang & Leschziner [16 ] .

Launder & Rodi [12213 ] report t hat increasing

t he velocity of t he flow out side of the wall jet

causes t he wall jet inner region to increasingly

resemble t he classic t urbulent boundary layer

p rofile. The wall jet case rep resent s , t herefore ,

a sound basis wit h which to test an L ES code be2
fore p rogression to other jet/ main flow velocity

ratio s and more complex geomet ries.

3. 2　Full2coverage oblique effusion cool ing

　　As wit h t he tangential film cooling analysis ,

a simplified model of oblique eff usion patch cool2
ing is considered using staggered rows of eff u2
sion holes drilled at 30o to a flat plate. An exam2
ple of t he instantaneous velocity is given in Fig2
ure 10 for the region covering eff usion rows sev2
en to twelve.

Figure 10 shows a single iso2surface level e2
qual to 1. 05V jet , where V jet is t he bulk velocity in

t he eff usion tube. Grey planes define t he upper

and lower surfaces of the flat plate. Ellip ses de2
fine t he radial extent of each hole on t he plate

upper and lower surfaces. Figure 10 highlight s

t he penet ration of each jet into t he combustion

chamber mainst ream flow , as well as t he break2
down of each jet into small2scale t urbulence and

t he downst ream coalescence of successive jet s a2
long t he same span2wise alignment .

The st ream2wise develop ment and coales2
cence of t he jet s , highlighted in Figure 10 , can

be analysed f urt her t hrough consideration of t he

change in t he dist ribution of st ream2wise velocity

across each eff usion hole. The mean st ream2wise

velocity at four st ream2wise locations across ef2
f usion row nine , of the twelve row eff usion

case , is given in Figure 11. The mean st ream2
wise velocity p rofile three diameters downst ream

of t he ninth row is shown in isolation in Figure

12 , for greater clarity.

Identification of t he main features in Figures

11 and 12 , labelled (i) - (iii) , and analysis of

t heir downst ream develop ment is possible. The

maximum st ream2wise velocity for p rofiles (b) -

(d) in Figure 11 is labelled (i) . This local peak
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shows t he location and magnit ude of t he jet in2
jected at t he ninth eff usion hole row , i . e. in t he

location of p rofile (b) in Figure 11.

Fig. 10　Instantaneous total velocity across rows 7 - 12.

Single iso2surface at 1. 05V jet . Grey planes define

the upper and lower surfaces of the plate

Fig. 11　Mean st ream2wise velocity profiles across the 9th

st ream2wise effusion row. Profiles located at (a) 3 hole

diameters upst ream of the hole centre , (b) directly

above the hole centre , (c) 3 hole diameters downstream

of the hole centre , (d) 6 hole diameters downstream

of the hole centre. Solid line : L ES prediction , Square

symbols : measurements of Miron[17 ] , dashed line :

effusion tube bulk velocity (V jet ) used as reference

for profiles (a) - (d) . Location of u1 = 0 also

explicitly labelled for profiles (b) - (d)

The t ransverse penet ration of t he jet into

t he combustion chamber flow and the down2
st ream decay of t he st ream2wise velocity compo2
nent is evident by t racking t his feat ure over p ro2

files ( b) - ( d) in Figure 11. By extension , t he

flow feat ure labelled ( ii ) is t he mean st ream2
wise velocity cont ribution f rom the jet injected at

row seven. This feat ure is more clearly defined

in Figure 12 due to the aspect ratio used in plot2
ting t his figure. A coalescence of t he two jet

cont ributions is evident in Figure 11 (c) - ( d) .

Downst ream of the station used in Figure 11

(d) , a f urther eff usion hole row inject s cooling

fluid into t he combustion chamber . In terms of

t he mean st ream2wise velocity p rofile t herefore ,

t he region above (i) rep resent s a coalescence of

jet s f rom all up st ream eff usion hole rows along

t he same span2wise alignment . The cont ribution

of t he up st ream jet s gradually diminishes as t he

jet s decay and spread with increasing st ream2
wise distance.

Fig. 12　Development of the st ream2wise velocity at 3

hole diameters downstream of row 9

A f urt her local velocity peak is evident in

Figure 11 (c) - (d) and Figure 12 below t he lo2
cation of t he jet labelled (i) . This local peak is

labelled (iii) in Figures 11 and 12 and is a sec2

ondary effect resulting f rom t he presence of t he

p rimary jet (i) . This flow feat ure is analysed in

a number of p ublished numerical and experiment

research st udies , including Yavuzkurt et al . [18 ]

and Tyagi & Acharya[ 19 ] . The local maximum

(iii) is caused by ent rainment of t he main com2
bustion chamber flow towards t he wall by t he

t ransverse rotation of t he eff usion jet . This en2
t rainment , which is capt ured in t he current L ES

prediction , is shown in Figure 13.
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Fig. 13　Span2wise dist ribution of the mean st ream2wise

and transverse velocities at 3 effusion hole diameters

downstream of row 9. Flood colour plot : Transverse

velocity. Dotted black line : Iso2contours of st ream2wise

velocity , u1min = 0. 5V jet , u1max = V jet ,Δu1 = 0. 25V jet .

Solid black line : Q2criterion iso2contour at Q = 2V 2
jet / D2 .

Span2wise distance referenced to hole centre at row 9

The Q2criterion iso2contours in Figure 13

highlight t he cent re of two cont ra2rotating vorti2
ces , with axes of rotation along the main flow

direction. These are shown in Figure 13 as solid

black lines. The Q2criterion , or Laplacian of

p ressure , is defined as :

Q =
1
2
ΩijΩij - S ij S ij (5)

where :

Ωij =
1
2

5 ui

5 x j
-

5 uj

5 x i
(6)

S ij =
1
2

5 ui

5 x j
+

5 uj

5 x i
(7)

Furt her details and application of t he Q2cri2
terion are given in Dubief & Delcayre[20 ] , Tyagi

& Acharya[19 ] and L uo et al . [ 21 ] .

A negative mean t ransverse velocity high2
light s an ent rainment of the main flow towards

t he wall . This is evident in Figure 13 , at t he

outer edges of t he two cont ra2rotating vortices ,

as dark grey regions. A positive t ransverse ve2
locity , between the two cont ra2rotating vortices ,

moves fluid away f rom t he wall towards t he

main flow region. This region of positive t rans2
verse velocity is highlighted by two small regions

of grey contours surrounded by white contour

rings at x3 / D = 0.

Wit h regard to t he current L ES result s , a

slight under2prediction of the maximum st ream2
wise velocity labelled (i) in Figures 11 and 12 is

evident , along wit h a slight over p rediction in

t he t ransverse sp reading of t he jet in t his region.

A slight under2prediction of t he fluid ent rained

by the eff usion jet is also evident at t he location

labelled ( iii ) in Figures 11 and 12. Overall ,

however , t he match of t he L ES prediction to t he

measurement s of Miron [ 17 ] is good.

4　Concluding remarks

　　Based on t he result s p resented in t his pa2
per , t he following conclusions may be drawn :

1) Two isot hermal models have been devel2
oped to st udy two different met hods of film cool2
ing typically found in gas t urbine combustion

chamber designs. The current L ES met hod is ca2
pable of accurately rep roducing t he essential

flow p hysics of an isot hermal plane t urbulent

wall jet and oblique eff usion patch cooling.

2) Transition of an isothermal plane wall jet

to f ully developed t urbulent behaviour in bot h

t he outer f ree shear layer region and t he inner

boundary layer region is rep roduced by t he cur2
rent L ES model . The separation of t he zero t ur2
bulent shear st ress and zero t urbulent shear

st rain locations , which indicate significant t ur2
bulent shear st ress t ransport between the inner

and outer regions , is captured in t he current re2
sult s.

3) The surface normal penetration and st ream2
wise decay of isothermal jet s of air , injected

t hrough oblique eff usion holes , is well p redic2
ted. In addition , t he p rediction captures t he coa2
lescence of each jet with subsequent jet s injected

up st ream.

4) Close to t he combustion chamber sur2
face , an ent rainment of fluid f rom t he main2
st ream flow towards t he wall by t he eff usion jet

is capt ured. Cont ra2rotating st ream2wise vorti2
ces t hat form as a result of t his ent rainment are

also well resolved.

5) The present result s have been comp uted

wit h what may be argued are affordable L ES me2
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shes ( regarding a significant number of eff usion

hole rows , for example) in p ractical design cal2
culations. This is encouraging for t he extended

use of large eddy simulation techniques to impor2
tant indust rial engineering applications.
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