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Abstract: The present paper investig ates the impact of the velo city and densit y r atio on the turbulent mixing

pr ocess in gas turbine blade film coo ling . A cooling fluid is injected fr om an inclined pipe at �= 30� into a turbu�

lent boundar y layer pro file at a f reest ream Reynolds number o f R e � = 400000. This jet�in�a�crossflow ( JICF )

pr oblem is investig ated using lar ge�eddy simulat ions ( LES) . The governing equations comprise the Navier�

St okes equations plus additional transport equations fo r several species to simulate a non� reacting gas mix ture.

A variat ion of the density ratio is simulated by the heat�mass transfer analo gy , i. e. , gases of different density

are effused into an an air crossflow at a constant temperature. An eff icient larg e�eddy simulation method for low

subsonic flow s based on an implicit dual time� stepping scheme combined w ith low Mach number precondition�

ing is applied. The numerical results and exper imental velocity data measured using tw o�component particle�im�

age velocimetr y ( PIV ) are in excellent ag reement. The results show t he dynam ics of the flow f ield in the v icini�

ty of the jet ho le, i. e. , the recir culation r eg ion and the inclination of t he shear lay ers, to be mainly determined

by the velo city r atio . H ow ever, evaluating the cooling efficiency dow nstr eam of the jet hole the mass f lux ratio

pr oves to be the dominant simila rity parameter, i. e. , the densit y rat io between the fluids and the velo city ratio

have to be considered.
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Introduction

In modern gas turbines f ilm coo ling mecha�
nisms protect the turbine components f rom the

thermal st resses result ing f rom the exposure to

the hot g as st ream . Since the technical design

pro cess of f ilm coo ling systems depends on the

exact know ledge of the generated f low f ield, a

detailed understanding of the f low physics is a

must to improve ex ist ing cooling techniques.

In the present case, the coo ling film is gen�
erated by an injection of a coo ling fluid through a

row of stag gered holes. T he f low f ield result ing

from the inter act ion o f the inclined cooling jet

and the turbulent boundar y layer is governed by

complex vortex dynamics. The outer field is

dom inated by a counter�rotat ing vortex pair

( CVP) , w hich is the leading mechanism in the

mix ing pr ocess betw een the ho t g as and the coo l�
ant . Due to the high impact of f ilm cooling on the

thermal ef fciency o f turbines a w ide range of ex�
perimental invest igat ions on this mat ter can be

found in the literature, e. g. , Andreopoulus and

Rodi[ 1] o r the recent study Plesniak and Cusa�
no

[ 2]
. An ex tensive study of the ef fect of the den�

sity rat io has been pr esented by Goldstein and

Ecker t[ 3] . In a follow ing invest igat ion Pedersen

et al.
[ 4]

studied the impact of this parameter ap�
ply ing the heat�mass t ransfer analogy . T hey re�
ported a st rong inf luence of the density rat io on

the lo cal film cooling ef fectiveness by measuring

the concentr at ion of a high density cooling gas a�
long a plate. M easurements of cryo genically

coo led jets w ith thermocouple arrangements have

been performed by Pietr zyk et al. [ 5] and Sinha et

al. [ 6] . T he autho rs of the former paper measured
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the turbulent intensities at dif ferent density rat i�
o s and in the lat ter article the cooling effect ive�
ness w as found to be improved w ith increasing

density rat io.

Most numerical invest igat ions o f the JICF

problem have been based on Reynolds�averaged
Navier�Stokes equat ions, e. g� , Hoda and Acharya

[ 7]

or the systemat ic study of f ilm cooling phy sics

by Walter s and Ley lek [ 8] . H ow ever, since the JI�
CF problem is inf luenced by effects of w all�
bounded and free tur bulence, most standard tur�
bulence models like zero �, one�or tw o�equat ion
models fail to co rrect ly predict the result ing f low

field. For this reason, it is necessary to apply a

more gener al numerical ansatz such as larg e�eddy
simulat ion( LES ) to invest ig ate JICF problems.

Such an analysis w as performed, for instance, by

Tyag i and Acharya
[ 9]

. In this w o rk random per�
turbat ions have been intr oduced at the inlet of

the turbulent boundary layer. A n LES study that

includes an accurate treatment of the incoming

turbulent boundary lay er and a plenum area w as

performed by Guo et al. [ 10] , w ho invest igated a�
mong o ther issues the ef fects of inclinat ion angle

and blow ing ratio on the flow field. In [ 11] a

similar study has been reported based on like�
w ise ideas as far as the geometry and the numeri�
cal set�up is concerned as in the analysis dis�
cussed in the prior publicat ions by Guo et

al. [ 10, 12�14] .

In the present paper the impact of the densi�
ty rat io betw een coolant and cr ossflow is ana�
lyzed by LES and compared with experimental

data. Acco rding to Pietr zyk et al. [ 5] ther e are

three dif ferent way s to vary the density r at io pa�
r ameter: a heated f reestr eam f low , cryogenically

coo led injectant f low , and foreign gas inject ion.

Since the f irst tw o opt ions require ver y complex

and expensive w ind tunnel measurements and

such experiments are perfo rmed in [ 15] for com�
parison reasons, the density r at io parameter is

studied by the heat�mass t ransfer analogy, i. e. , a

fo reigngas ( CO 2 ) jet is injected into an air cr oss�
f low .

The paper is org anized as follow s. After a

succinct descript ion o f the governing equat ions

and the numerical method the flow conf igur at ion

and the boundary condit ions are presented. In

the results sect ion the f low st ructures of a round

jet in a cro ssflow are analy zed and the impact of

velocity rat io and the density r at io w ill be stud�
ied in detail. The findings of the numerical simu�
lat ions w ill be compar ed w ith tw o�component

part icle�image velocimetry ( PIV ) measurements

of Jessen et al. [ 15] . F inally, the cooling ef f iciency

w il l be evaluated.

1  Governing equations

The simulat ion of a turbulent and non�reac�
ting mult icomponent flow is consider ed. The

governing equat ions are the Nav ier�Stokes equa�
tions including conserv at ion equations for the

part ial densit ies �n of N�1 species, w here N is the

total number o f dif ferent species. In tensor nota�
tion and in terms of dimensionless conserv at ive

variables the equat ions read in a Cartesian coor�
dinate sy stem

 Q
 t

+ ( F
C
 - F

D
 )  = 0 , Q = [�n, �, �u�, �E ]

T
,

(1)

where Q is the vecto r of the conservat ive varia�
bles and FC

 denotes the vecto r of the convect ive

and F
D
 of the dif fusiv e f lux es

F
K
 - F

D
 =

�nu  

�u  

�u �u + p!� 

u ( �E + p )

+
1

Re

j n 

0

∀� 

u�∀� + q 

(2)

The str ess tensor ∀� is w r it ten as a funct ion of

the st rain r ate tensor S� 

∀� = - #2 ( S� -
1
3

S∃∃!� ) with S� =
1
2

(u�, + u , �) .

(3)

The mass diffusion j n is described by Fick! s law

j n = -
�D n

S c0
Yn,  (4)

where Y n is the mass f ract ion of the species n, D n

is the dif fusion coeff icient computed w ith mix ing

rules f rom the binary dif fusion coef f icients, S c0=

#0 / D 0 is the Schmidt number, and the subscript 0
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indicates the reference state o f the mix ture. Fou�
r ier's law of heat conduction is used to compute

the heat flux q 

q = -
k

P r 0( ∃0 - 1)
T ,  (5)

where P r is the Pr andt l number . The system is

closed w ith the equat ion o f state fo r a mix ture of

idealg ases:

p = ∀
n

p n  w ith  p n =
T
∃0
�nR n (6)

where ∃is the rat io of the specif ic heats, T the�
temper ature, p the pressure, and R the gas con�
stant . All t ransport co ef ficients are assumed to

be apolynom ial funct ion of 4th order of the tem�
perature, e. g. , for the coef ficient o f heat conduc�
t ivity k

lnk
*
n = ∀

i

a
*
in ( lnT

*
)

i- 1
. (7)

The superscript * denotes dimensional values.

The values of the tr ansport co ef ficients fo r the

mixture o f the species are determined according

to the mixing rules of Wilke
[ 16]

and Bird
[ 17]

, fo r

the dif fusion coeff icient and the viscosity, respec�
t ively, and according to M athur [ 18] for the heat

conductivity. In the mix ing r ule fo r the diffusion

coef ficient D n the pressure dependence is taken

into account .

2  Numerical Method

The discr et izat ion of the governing equa�
t ions is based on a mixed central�upw ind AUSM

( advect ive upstream split t ing method) scheme u�
sing a centered 5�point low dissipation stencil to

compute the pressure der iv at ive in the convect ive

flux es. T his scheme is described and validated in

Meinke et al.
[ 19]

. Similar to the M ILES appr oach

as repo rted by Fureby and Grinstein
[ 20, 21]

, the in�
herent dissipat ion of the numerical scheme

serves as an implicit SGS model.

The temporal approx imat ion is based on an

implicit dual t ime�stepping scheme. A conver�
gence acceler at ion of the low M ach number prob�
lem is achiev ed using mult igrid methods and pre�
condit ioning. T his dual t ime stepping alg orithm

is descr ibed in A lkishr iw i et al. [ 22] . Therefor e, a

derivat iv e w ith respect to the pseudo�t ime % is

int roduced in Eqn. ( 1)

&
- 1  Q

 %+
 Q
 t

+ R = 0 (8)

The matrix o f the precondit ioned scheme & has

been int roduced by T urkel et al.
[ 23]

and is modi�
fied to account for the additional mass�fract ion e�
quat ions. R represents the convect iv e and v iscous

flux es. A 5�step Runge�Kutta method is applied

to propagate the vector of solut ion Q in Eqn. ( 1)

from pseudo�t ime level n to n+ 1.

3  Boundary conditions

In large�eddy simulat ions of spat ial ly devel�
oping boundary layers the tr eatment of the in�
flow boundary of the computat ional domain is

one of the most dif ficult pr oblems. In general and

in par ticular in the JICF problem, the f low de�
pends highly on the solut ion prescribed at the in�
let .

The most physical ansatz to meet this chal�
lenge is to start to compute the f low r ight at the

leading edge w here the boundar y layer ema�
nates. How ever, the computat ional costs w ould

be to o extensive for the pr esent problem . Tyagi

and Achary a[ 9] pr escribed a turbulent pro file and

superimposed random fluctuations, w hich on the

one hand, is based on minimum ef fo rt, on the

other hand, how ever, g enerates a slight ly discon�
tinuous solution, e. g. , o f the w all shear st ress.

The fo llow ing detailed analysis of the vo rt ical

st ructures in the vicinity of the jet hole does suf�
fer from such unphysical inlet condit ions o f the

boundary layer.

Therefore, in the present w ork an independ�
ent spatially developing boundary lay er simula�
tion is performed and based on a sl icing tech�
nique the inflow dist ribut ion is prescribed using

the velo city prof ile possessing the boundary lay�
er parameters necessary at the inflow boundary

of the jet�in�a�crossf low problem. T his method is

indicated in Fig . 1.

The aux iliar y f lat plate f low simulat ion gen�
erates it s ow n tur bulent inf low data using the

compressible rescaling method propo sed by El�
Askary et al. [ 24, 25] . The rescaling method is a
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F ig . 1  Schematic o f the com putational domains and

t he boundar y conditions of the JICF simulat ion

means of appro ximat ing the pr opert ies at the in�
let via a similarity approach applied to the down�
st ream solution. A detailed validation o f this in�
f low generat ion method and its applicat ion to the

JICF problem is given by Guo et al.
[ 10]

.

A sketch of the w hole computational do�
main, w hich consists of the auxiliary domain, the

JICF domain, a plenum, and a pipe, f rom which

the cooling jet is injected into the crossf low , is

show n in Fig. 1. In the spanw ise dir ection full

periodic boundar y condit ions are applied. T hus,

an inf inite r ow of staggered holes at a distance of

S= 3D betw een the centerlines is simulated. At

the inlet of the plenum area the stagnation pres�
sur e is prescribed. The coo ling f luid is driven

through the pipe by the pr essure dif ference be�
tw een crossf low and plenum. T he stagnat ion�
pressur e is cont rol led by the calculat ion of the

mass f lux through the pipe to enforce a co rrect

mass f lux rat io. At the outer cir cumferent ial sur�
face o f the plenum the mass f lux is assumed to

vanish asymptot ically .

The outf low boundary condit ions are based

on the conser vation equat ions w rit ten in charac�
terist ic variables. To damp numerical ref lect ions

at the out f low boundaries sponge zones are in�
t roduced into the computat ional domain, as indi�
cated in Fig . 1. In these r eg ions source terms are

superposed onto the r ight�hand side of the gov�
erning equations to drive the instantaneous solu�
t ion of Q to a desir ed targ et solution Qt , e. g. , the

logarithmic boundary lay er prof ile. The sour ce

terms ar e fo rmulated as

S = ∀[Q( t , x) - Qt ( x) ] (9)

where the parameter ∀ is a polynom ial funct ion

of the distance to the out f low boundary and de�

creases f rom ∀max to 0 w ithin the boundary lay er.

On the w all the no�slip condit ions are pre�
scr ibed, the pressure gr adient is assumed to be

neg lig ible, and adiabatic condit ions are imposed.

4  Flow configuration

The domain o f integ rat ion of the JICF simu�
lat ion is show n in Fig. 2. The dashed lines mark

the outer boundaries of the computat ional do�
main. The coo ling f luid is driven by a pressure

gradient fr om a plenum into the boundary layer

flow through a 30� str eamw ise inclined pipe. The

origin o f the frame of reference is located at the

jet ho le center. T he coordinates x , y , z repr esent

the st reamw ise, normal, and spanw ise direction.

F ig . 2  Schematic of t he flow configur ation in

the x�y�plane( t op) and the x�z�plane( bo ttom)

To mimic the f low parameters in a gas tur�
bine a cool ing f luid is injected f rom a complete

row of jets into a turbulent f lat plate boundary

layer at a M ach number M a = 0� 2 and a local

Reynolds number of Re � = 400 000 based on the

leng th from the leading edge of the flat plate to

the hole. T he r at io of the lo cal boundary layer

thickness to the hole diameter is !0 / D = 2. The

relev ant f low parameters and the geometrical pa�
rameters are summarized in table 1. T he veloci�
ty , density, and mass f lux rat io are def ined as

VR =
uj

u �
, DR =

�j

��
, and MR =

�j u j

�� u �
(10)
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where the subscripts j and � denote the jet and the

crossflow f luid. The mass flux is varied as three dif�
ferent velocity rat ios are investigated VR= 0� 1, 0� 28
and 0� 48. Tw o different values of the density ratio

DR, an air�to�air inject ion w ith DR= 1 and a CO2�
to�air injection with DR= 1�53, are considered. All

cases are listed in table 1.

Table 1 Flow and geometry parameters

case Re � M a �/ (�) D / mm !0 / D VR DR M R

1 4 # 105 0. 2 30 10 2 0. 1 1 0. 1

2 4 # 105 0. 2 30 10 2 0. 28 1 0. 28

3 4 # 105 0. 2 30 10 2 0. 48 1 0. 48

4 4 # 105 0. 2 30 10 2 0. 1 1. 53 0. 153

5 4 # 105 0. 2 30 10 2 0. 28 1. 53 0. 43

5  Results and discussion

The result sect ion po ssesses the fo llow ing

st ructure. F irst , some computational details are

explained. Then, the impact of the velo city and

the density rat io on the f low f ield is discussed.

Subsequent ly, the finding s are compared w ith ex�
perimental data to show the quality of the com�
putat ional method. Nex t, the instantaneous mix�
ing process is analyzed and the char acteristic

propert ies of the jet�crossf low interact ion ar e ex�
plained. Finally, the cooling ef ficiency is studied

by means of the mix ture f ract ion dist ribut ion of

the denser gas.

5. 1  Computational details

All simulat ions have been performed on a

blo ck�st ructured mesh shown in Fig. 3. It con�
sists of 5� 65 m illion cells dist ributed over 24

blo cks. T he purpo se of the blocks upst ream of

the jet hole is to deliver an independent boundary

layer simulat ion as ment ioned above. T he gr id

points are clustered near the so lid w al ls of the

flat plate and the pipe. The w all�no rmal distance

of the contro l volume at the flat plate has a di�
mension of ∋y = 0� 004D, which corresponds to

∋y
+
= 1� 0.
The physical t ime step is ∋t = 0� 02D/ U � .

To obtain the t ime�averaged stat ist ics the f low

field has been sampled over 8 t ime per iods.

Her e, one period is the t ime the crossf low f luid

needs to pass over the leng th of the plate.

F ig . 3  Block�st ructur ed mesh used fo r the JICF

simulation; left: 3d v iew of the pipe�to�plate

junction; right: cr oss section at y / D= 0;

every second node show n.

5. 2  Time�averaged quantities

  The inter act ion of the tur bulent boundary

layer w ith a high density coo ling jet is show n in

Fig. 4. The velo city rat io is VR = 0� 28 and the

density r at io is DR= 1� 53, w hich resembles the

CO2�air mass rat io. The upper lef t view displays

the JICF part of the computat ional domain. The

velocity f ield is emphasized by st ream lines to

show the def lect ion of the crossf low by the jet

and the sw irling mo tion o f the jet f luid being en�
trained by the cr ossf low . In several cro ss sec�
tions at dif fer ent x / D locations contours of the

mean mix ture fraction f of the jet f luid are

show n. The cross sect ions are enlarged and vec�
to rs to ev idence the secondary velo city f ield are

added. At x / D= 0 the high density fluid star ts to

penet rate into the crossf low and the shear lay ers

start to ro ll up at the jet hole edges. At x / D =

1� 5 the counter�ro tat ing vortex pair ( CV P) re�
sulting fr om the shear of the crossf low f luid by

the jet [ 26] is already fully developed. T he mix ing

between both fluids follow s the development of the

vortex pair. The maximum values of the mixture

fract ion f mark the center of the unmixed jet fluid.

This is lifted off the w all as low density fluid from

the crossflow is entrained between the wall and the

jet by the CVP. The cross sect ion at x / D= 3 show s

the streamwise development of the CVP that cont in�
ously grows. The vort icity magnitude is decreased,

the centers of the CVP approach each other and drift

away from the surface.

  T o figure out the impact of the velocity

ratio and the density r at io on the cooling eff i�
ciency the parameters VR and DR are varied in
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F ig . 4  VR = 0� 28 and DR= 1� 53, str eamlines and contours o f the mixtur e f raction f at different cr oss

sections( upper left) , contoursof f and velocity vector s in t he cr oss section at x / D= 0( upper r ight) ,

cross sect ion at x / D= 1� 5( low er left) , and cross sect ion at x / D= 3( low er r ight) .

F ig . 5  Mach number cont ours in the JICF symmetry plane and st reamlines at VR= 0� 28 and DR= 1( left) ,

at VR = 0� 48 and DR= 1( center ) , at VR = 0� 28 and DR= 1� 53( right) .

the large�eddy simulat ions. In Fig . 5 M ach num�
ber contours and str eamlines are ex tracted in the

JICF symmetry plane for three different cases. It

is obvious f rom the left and center illust rat ions

that a variat ion of the velocity rat io has a large

impact on separation and reat tachment behav io r

as w ell as the st reng th of the penet ration into

the crossf low . How ever, a v ar iat ion o f the densi�
ty rat io at a constant v elo city r at io, w hich is g iv�
en in the left and right il lustr at ions, has only a

mino r ef fect on the dynamics o f the flow f ield in

the vicinity of the jet ho le. T he size of the recir�
culat ion region, the w all normal v elo city gr adi�
ents, and the penetr at ion depth show only small

dif ferences if the velocity r at io is kept constant.

Just the lateral spreading of the jet f luid is

slight ly incr eased at a higher jet density. T his re�

sult agrees w ith the conclusion repo rted in [ 5] .

The same behav ior becomes evident w hen

turbulent quant it ies are considered. In Fig . 6 the

contours of the t ime�averaged st reamw ise veloci�
ty f luctuat ion( u∃2)

1/ 2
/ U � are show n in the sym�

metry plane at DR= 1 and VR= 0� 28. T he high�
est turbulence levels are clearly located at the

w indw ard side of the jet exit , i. e. , just upst ream

of the jet hole, and in the shear layer betw een the

recirculat ion region and the jet . In the latter zone

the majo r part of the m ix ing betw een both fluids

takes place. T he high shear betw een the jet and

the w ake reg ion also po ssesses a high density

gradient since cro ssf low f luid is ent rained be�
tw een the w all and the jet .

  Prof iles of the st reamw ise velocity fluctua�
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F ig. 6 Contour s o f the st reamw ise velo city fluctuation ( u∃2 ) 1/ 2 / U � in t he symmetr y plane

at DR= 1, VR = 0� 28 ( left) and pro files of the str eamw isevelocit y fluctuation fo r

DR= 1 and DR= 1� 53 at different x / D locations

t ion at differ ent x / D lo cat ions also are show n in

Fig. 6 at tw o dif ferent density rat ios DR= 1 and

DR= 1� 53. The w all normal dist ribut ion and the

peak levels almost match at both density rat ios.

This is expected as the velocity gradients in the

mean flow field are almost ident ical.

5. 3  Comparisons with PIV measurements

The LES technique of the present study is

validated by comparing the t ime�averaged f low

field w ith the part icle�image velocimetr y ( PIV)

measurements of Jessen et al.
[ 15]

. In F ig. 6. 3

pro files of the st reamw ise velo city are compared

fo r tw o diff ier ent density rat ios ( DR= 1, DR=

1� 53) and at tw o dif ferent velocity rat ios VR =

0� 1 and VR = 0� 28. T he prof iles ar e located in

the spanw ise symmetry plane( z / D = 0) at differ�
ent st reamw ise locat ions( x / D = - 1, 0, 1, 1� 5,
and 2) . T he locat ion x / D = - 1 corr esponds to

the upst ream edge of the jet ho le. T he boundary

layer f low is nearly undistur bed at this locat ion

and the velocity pr ofile matches the fully devel�
oped turbulent prof ile at the co rresponding

Reynolds number. At x / D = 0 and x / D = 1 the

boundary layer is lif ted by the jet . In the case of

the higher velocity rat io the jet is separated at x /

D= 1� 5 and reat tached at x / D= 2. In all four ca�
ses the predicted flow field is in excellent agree�
ment w ith the PIV measurements. As ment ioned

before, the velo city field in the v icinity of the jet

inject ion is very similar fo r both density ratio s.

5. 4  Characteristics of the jet�crossflow
interaction

  T he coupling of the flow dynamics to the

turbulent mix ing process of the different species

is closely connected to the format ion of the

counter�rotat ing vortex pair ( CV P) downst ream

of the jet hole. T here are dif ferent explanat ions

fo r the generat ion of the CVP, e. g. , those f rom

Kelso and Smit ts[ 27] or Mo rton and Ibbetson[ 28] .

The present study ag rees w ith the hypothesis

discussed in detail by Peter son and Plesniak[ 26] .

They state the reason for the init ial format ion of

the CVP to be the shear of the boundary layer

fluid by the jet .

Due to the high reso lut ion as w el l as the

t ime accuracy of the present numerical scheme

and the po ssibility to t rack the passiv e mix ture

fraction scalar a detailed analy sis of the forma�
tion of the CVP and the initial mix ing pr ocess

can be performed. In Fig. 8 tw o cross sections at

x / D= 1, i. e. , direct ly at the t railing edge of the

ho le, and further dow nst ream at x / D= 1� 5 dis�
play contours of the m ix tur e f ract ion f and vec�
to rs of the secondary velocity f ield at the same

instantaneous t ime level. T he velocity ratio is

VR= 0� 28 and the density rat io is DR = 1� 53.
The vort icity, w hich o riginates fr om the span�
w ise edges of the jet hole, causes the init ial roll�
up in the shear zone. T he result ing eddies are al�
ready lif ted of f the plate at x / D= 1. The mix ture

fraction on the plate w all is reduced as crossf low

fluid is ent rained under the jet by the large�scale
vort ices. Further downstr eam, in the zone that is

governed by oscillat ing separation and reat tach�
ment the vort ical st ructures possess a smaller

scale, ar e mor e intense and int ricate, and as such

the m ixing process is accelerated.
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F ig . 7  Profiles of streamw ise velo city in the symmet ry plane at differ ent str eamw ise locations, top left: VR = 0� 1,

DR= 1, bottom left: VR = 0� 28, DR= 1, top right: VR= 0� 1, DR= 1� 53, bo ttom r ight: VR = 0� 28, DR= 1� 53,

experimental data % : x / D= - 1, & : x / D= 0, ! : x / D= 1, ∋ : x / D= 1� 5, ( : x / D= 2, solid lines: LES data.

Fig. 8 Instantaneous mix ture fr act ion contours and velocit y vecto rs at X / D= 1 ( left)

and X / D= 1� 5( right) , VR = 0� 28, DR= 1� 53

  T he separation�reat tachment zone can be i�
dent ified in Fig . 9. The mix ture f ract ion f is

show n at an instantaneous t ime level in the st re�
amw ise symmetry plane. On the right , coherent

st ructures indicated by the (2 criterion
[ 29]

w ith

mapped on m ixture f ract ion dist ribut ion f are

depicted. The selected view s in Fig . 9 visualize

the interaction of the inherent hairpin vor tices of

the turbulent boundary layer w ith the effusing

jet f luid. T he hairpin�like st ructures in the upper

part o f the boundary lay er ar e lif ted and entr ain

jet f low f luid only after they passed the t railing

edge. T he low er part of the boundary layer is de�
flected by the blo ckage ef fect o f the jet . The

small scale str uctures lead to the init ial mix ing in

the shear zones. Further dow nst ream the mix ing

pro cess is signif icant ly accelerated in the separa�
tion r eg ion.

Fig. 9  Left: Instantaneous contours o f the mixtur e f raction f in the symmet ry plane at a v elocit y r atio o f VR = 0� 28,

DR = 1� 53, r ight: coherent st ruct ur es indicated by the (2 cr iter ion w ith mapped on mixtur e fraction f
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5. 5  Cooling efficiency

Fol low ing the heat�mass tr ansfer analogy

the penet ration of the CO 2 jet into an air cr oss�
f low mimics the density rat io betw een the coo l�
ing fluid and the hot boundary lay er f low in a gas

turbine. Hence, the dist ribut ion o f the mean mix�
ture fraction f along the f lat plate dow nst ream

of the jet hole r esembles the f ilm�coo ling eff i�
ciency . T he contours of the mixture fr act ion f

along the plate at tw o dif ferent velocity rat ios

VR= 0� 1 and VR= 0� 28, respectively, and a den�
sity rat io of DR= 1� 53 ar e show n in Fig . 10. The

coverage of the plate is signif icant ly improved at

a higher mass f lux rat io. T he low er figur e on the

lef t show s a st ronger lateral spreading of the

dense fluid and higher peak values that exist fur�
ther dow nst ream .

F ig . 10  Left: contour s o f the mean mix ture tr action f along t he flat plate at M R= 0� 153( top) and at

M R= 0� 43( bottom) ; right: mean mix ture fraction along the centerline at M R= 0� 43 compared

with the film coo ling efficiency )measured at M R= 0� 5 by Sinha et a l. [ 6]

  T he graph on the r ight show s the mean

mixture fr act ion along the plate centerline as a

funct ion of the st reamw ise coo rdinate for the

higher velocity ratio case VR = 0� 28 that co rre�
sponds to a mass flux rat ion MR= 0� 43. T he da�
ta is compared w ith the f inding s o f Sinha et

al. [ 6] . T he symbo ls represent the measur ed f ilm

coo ling eff iciency ), w hich is a temperature based

variable. The mass fraction of the dense gas is

related to the coo ling ef ficiency for the analogous

heat t ransfer situation. It is )= f as stated in

[ 4] . In the experiments the density rat io is DR=

2 and VR= 0� 25, w hich leads to a slight ly higher

mass f lux ratio of M R= 0� 5. N evertheless, it can

be concluded that the good agreement betw een

bo th curves show s the mixture f ract ion distr ibu�
t ion along the plate to correct ly predict the f ilm

coo ling eff iciency of such flow conf igurat ions.

6  Conclusion

Large�eddy simulat ions o f the jet�in�a�cr oss�

flow pr oblem have been perfo rmed to investig ate

in detail the impact of the density rat io parame�
ter on the phy sics of film coo ling flow s. T he high

resolut ion of the computat ional domain, the t ime

accuracy , and the possibility to t rack the passive

mix ture fraction scalar f of the coo ling f luid al�
low s a detailed analysis of the mean and the in�
stantaneous f low f ield. T he numerical simula�
tions are conducted using the same f low parame�
ters as the simultaneously performed PIV meas�
urements. The LES predict ions for the velocity

dist ribut ions are in excellent agreement w ith the

experimental data.

Var iat ions of the velocity rat io parameter

significant ly impacts the f low f ield w ith respect

to the dynamic separation and reat tachment

pro cess, the turbulence stat ist ics, and the cooling

ef f iciency , w hereas a variat ion of the density rat i�
o has only a mino r influence, if the velocity rat io

is kept constant.

The f low physics is discussed by ident ifying
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the dominant vo rtical str uctures. The format ion

of the CVP is generated by the initial shearing of

the boundar y layer by the jet . F inally, the cooling

ef f iciency along the f lat plate is ident ified by the

mean mixture fr act ion dist ribut ion. Comparisons

w ith findings fr om the liter ature conv incingly

show the validity of the heat�mass t ransfer anal�
ogy to invest igate such flow s. T he evaluat ion of

the coo ling ef f iciency is st rongly dependent on

density ef fects and thus, the mass f lux rat io has

to be considered.
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