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Abstract : Anisotherma numerical study of effusion cooling flow is conducted using a large eddy
smulation (L ES) approach. Two main typesof cooling are considered , namely tangentia film cool-
ing and oblique patch eff uson cooling.

To represent tangential film cooling, a smplified model of a plane turbulent wall jet along aflat
plate in quiescent surrounding fluid is considered. In contrast to a classic turbulent-boundary layer
flow, the plane turbulent wall jet possesses an outer free shear flow region; an inner._near wall re-
gion and an interaction region, characterised by substantial levels of turbulent shear stress trans
port. These shear stress characteristics hold significant implicationsfor RANS modelling , implica
tions that also apply to more complex tangential filmcooling flows with non-zero free stream veloci-
ties. The L EStechnique used in the current study provides a satisfactory overall prediction of the
plane turbulent wall jet flow , including the initial ‘transtion region, and the characteristic separation
of the zero turbulent shear stress.and zero shear strain-ocations.

Oblique efusion patch cooling is modelled us ng a-staggered-array.of 12 rowsof efuson holes,
drilled at 30° to theflat plate-surface. The-efuson holes connecttwo channel s separated by the flat
plate. Fecificaly, 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 from the
cooling supply side; through the efusion holes, and into the combustion chamber sde. Air from
successive eff uson rows coalesces to form an aerodynamic film between the combustion chamber
main flow and the flat plate. In practical applications, thisfilmis used to separate the hot combus
tion gases from-the combustion chamber liner. The numerical model is shown to be capable of accu-
rately predicting the injection, penetration, downstream decay , and coalescence of the eff usion jets.
In addition, the numerical model captures entrainment of the combustion chamber mainstream flow
towards the wall by the presence of the effusion jets. Two contrarotating vortices, with axesof ro-
tation aong the stream-wise direction, are predicted as a result of this entrainment. The presence
and characteristics of these vortices are in good agreement with previous published research.
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CLC number : V231.1 Document code: A
Nomenclature p Static pressure
) Re Reynolds number
& Smagorinsky constant [wall jet: Re= (Winet) mx SV ]
D Full coverage e&fuson cooling hole diameter [efusion: Re= (Uioms) mx H/ ¥ ]
H Full coverage efusion cooling channel height s Plane turbulent wall jet case inlet ot height
i, j, k Cdlindices S Mesh resolved strain-rate tensor
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t Time
Ui Instantaneous velocity Cartesan component
U Mesh resolved velodity component dong i™ direction
Ui Sub- grid- scale velocity component along i direction
u", v Dimensionlessinner scaled mean velocity
(v v)* Dimensonlessinner scaled turbulence shear
stress
Viet Full coverage effuson cooling jet bulk velocity
[average velocity at eff uson hole exit plane]
Xi Cartesian direction component (i direction)
& Dimensionless surface normal coordinate
Greek Symbols
M Dynamic viscosty
v Kinematic viscosty
p Densty
Subscripts
bulk Bulk velocity component
comb Efusion cooling combustion chamber property
i,j, k Cartesian direction components
inlet Inlet condition
max Maximum velocity
supp Bfusion cooling air supply chamber
00 Free stream property
Introduction

Under-routine operating conditions, the
flow field indde a modern gas turbine combus
tion chamber is complex, turbulent and can
reach temperatures-above’2000 K in the primary
combustion zone. _Under sustained exposure to
these conditions, the combustion chamber liner
is susceptible to buckling, from oxidation or
high temperature corroson, or thermal fatigue
from differential expanson of the liner material ,
as described in Lefebvre™ . In addition to devel-
opments in liner material properties through
metal alloys, ceramics and heat resstant coat-
ings, modern combustion chamber designs in-
clude aerodynamic manipulation to reduce locally
the fluid temperature close to the liner surface.

This paper model s a gpecific class of method
for reducing liner temperatures, by injecting
cooler fluid from outsde the combustion cham-
ber through the liner walls. The resulting film
of cooler fluid acts as a thermal barrier , separa
ting the combustion chamber liner from the in-

ternal hot gas. Common strategies used in film
cooling include the injection of fluid parallel to
the liner surface, through circumferential gaps
intheliner , andinjecting fluid obliquely through
patches of discrete effuson holes.

A common problem with all forms of &fu-
son cooling is the breakdown of the cooling film
downstream of the point of injection. This oc
curs due to turbulent mixing with the surround-
ing hot gas and through local cross stream trans
port of large, high-energy vortices. Theincrease
influid temperature with film breakdown causes
surface temperature gradients which can intro-
duce local thermal stressesin the liner, contrib-
uting to liner fatigue.

This paper_focuses-on-the application of a
large eddy-simulation (L ES) code to film cooling
by isolating-individual components of practical
film cooling designs,

1 Numerical method

The-three‘dimensional , spatially filtered,
incompressible (constant density) form of the
mass and momentum conservation equations is
given by:

ou _
aXi - 0' (1)
ou OJuwu _ 10p, O(pa ..
ot o T p ox T ax,(z’ Si - Ty
(2)
Where:
= _ 1/ 2%u , Ju
Si = Z[an " 8XJ ’ )
T = [ﬁ, TR (4)

The filtered governing equations are solved
inthis study using a cell-centred mesh approach.
The in-house research code, DEL TA , employsa
finite volume approach , solving collocated varia
bles usng a structured, curvilinear mesh ar-
ranged in a multi-block domain decompostion.
DEL TA iswell documented in a number of pre
vious research papers. This includes both its o-
riginalt RANSform, asin Page et a'® , and as a
large eddy smulation CFD code, asin Veloudis
et a® . DEL TA is capable of computing a wide
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variety of incompressble and compressble flow
problems. In the current work , theincompress-
ble (constant density) form of DELTA in
tegrates the convective terms in space usng a
second order central difference method. Pres
sure-velocity decoupling of the collocated varia
bles is avoided through Rhie-Chow smoothing,
with a smoothing factor of 0.1. An explicit time-
stepping approach is adopted using a low stor-
age, 3-stage Runge Kutta method. A constant
time step is applied uniformly throughout the
computational domain.
gridtscale (SGS) model is used to approximate

The Smagorinsky sub-

T , the turbulent stress component that remains
unresol ved by the computational mesh. Approaching
lid surfaces, near wall damping usng the van Dri-
es modification is employed in DEL TA. The origi-
nal form of the Smagorinsky SGS modd is givenin
Smagorinsky!*!. The van Driest near wall modifica
tion originates from van Driest'™ .

2 Numerical mod€

Two distinct forms of cooling are modelled
in this paper. Specifically,, a plane turbulent
wall jet film cooling model and a\full -coverage

oblique injection effuson cooling model.
2.1 The plane turbulent wall jet

A diagrammatical representation of the plane
turbulent wall jet-flow fieddis givenin FHgure 1.
Surrounding(static) fluid

N

Shear layer(iii)

Merging region (iv)
\

I ST
-\ *
>

Slot(ii) [ - smwww .|
Inlet velocity profile(i)

\\ﬂ] jet profile(v)

Fig.1 Representation of the wall jet flow field

This figure represents a two-dimensional
(x1,x2) plane at a Sngle xs location in the comr
putational domain.

Briefly, a jet of air with a plane channel
flow velocity profile (i) issuesinto quiescent air
from a dot (ii) and processes downstream along
aflat plate. A free shear layer (iii) forms be
tween the wall jet and the quiescent surrounding
fluid. Thisfree shear layer interactswith the de-

veloping boundary layer region forming an initial
merging region (iv).
stream distance, the wall jet forms a distinct ve
locity profile (v) possessing both near wall vis

With increasng down-

cous and free shear layer characteristics.

Validation datafor the current plane turbu-
lent wall jet model isprovided by the experimen-
tal data of Eriksson et al.'® and Karlsson et
al.". A numerica comparison is also available
through the previousL ES study of Dejoan & Le
schziner ® | also based on the measurements of
Eriksson et al.!™. The current paper uses the
same dimensonless geometry as Karlsson et
al." and Eriksson et a.! | truncated to x./ s=
22 in the streamrwise direction;-asin Degoan &
Leschziner'™® . An-identical-Reynolds number of
Renet = (Uinet ) mex SV '= 9 600 is /Ao defined,
where (ine)'max =.7. 34m/ siis the maximum inlet
velpCity componentiin the\x: direction. s=0.02m
isthejet dot height\andV \is the kinematic vis
costy for-air, A turbulent'channel flow velocity
profileis defined at the inlet based on a second
order extrapolation of the experimental inlet pro-
file given in Eriksson et al.® at the same Rene:.

The computationa domain used in the current
work is shown diagrammaticaly in FHgure 2.

22 slot heights 5.5s

Entrainment boundary

Block 5{Block 6{Block 7{Block 8

&|wall Outlet
.\‘2 X:
BlockiBlock 2Block IBlock dlt , =
Inlet No-slip wall x T wall
(a) (b)

Fig.2 Wall jet computational domain.
(a) View along xi- x2 plane.
(b) View along xs- x2 plane.

Dashed lines represent multi-block boundaries.

The computational domain dimensons are
normalised usng the height of the dot used to
inject the wall jet, s=0.02m. A distance of 22
sot heights (229) defines the stream-wise length
of the computational domain in the x: direction.
A transverse height of 10s defines the height of
the computational domain in the x. direction.
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The computational domain extends 5. 5sin the
sparrwise ( xs) direction. Periodic boundary
conditions, used along each span-wise boundary ,
define an infinite span.

A jet of air issues into the quiescent sur-
rounding air from the inlet boundary with a
mean velocity in the x: direction. A wall jet de
velops along the no-dip lower wall and exits the
computational domain through the convective
outlet boundary. The mean streamwise velocity
profile and turbulence intensty imposed along
the inlet boundary are obtained from the meas
urements of Karlsson et al.!”’ and Eriksson et
a'® . Sedificaly, a value of the mean stream-
wise velocity is imposed in each computational
cell along the inlet boundary through a second
order interpolation of the experimental inlet data
at x1 =0. The mean velocity profile is augmen-
ted with a Gaussian random perturbation profile,
scaled to match turbulence intensity measure
ments. The magnitude of the randem component
issmall, lessthat 1% of the mean velocity.com-
ponent over the majority of theinlet profile. As
stated by Eriksson et ‘al!®
schziner™ | ‘the velocity' profile at. this-stream-
wise location is effectively, laminar with-a small
In accordance

and\Dejoan-& Le

temporal fluctuation, imposed.
with the approach-recommended by Deoan &
Leschziner'™ | ‘an entrainment velocity profile
based on a semi-empirical analysisof free jet en
trainment (Schlichting’®) is imposed along the
upper entrainment boundary to facilitate the
stream-wi se growth of the wall jet.

The computational domain is divided into
eight topologically orthogonal blocks. These
multi-block boundaries are highlighted in Figure
2 by dashed lines. An equal number of computa
tional cells discretise blocks 1 to 4. Smilarly, an
equal number of cells discretise blocks 5 to 8.
The computational mesh characteristics for the
wall jet model are summarized in Table 1.

It should be noted that the present mesh is
consderably coarser than the highly resolved
L ES prediction of Dejoan & L eschziner!™
used a grid of 420 (streamrwise) x 208 (trans

, who

verse) x96 (spamrwise) nodes covering the same
stream-wise distance of 22 dot heights. Such a
fine mesh will rarely be afordable in practice,
where usng more than 22 dot heights will need
to be calculated for the entire combustion film
cooled surface. The intention here is to investi-
gate the accuracy that can be achieved with L ES
on more afordable mesh szes.

Table 1 Wall jet mesh characterigtics

Parameter Current model
Mesh resolution (streamwise x 105 x 121 x 51
transverse x span-wise) nodes
Sot resolution 73 nodes
Height of first cell above wall y" =1.693

Transverse mesh spacing at_xz-=s Ax* =2.69
Transverse-mesh pacingat xo =5s A x." =16.80
Streamrwise mesh spacing at x1 =0~ A x.* =10.08

Stream-wise-mesh-spacing at xi =22s A x;* =18.81

Sanrwise cell| spacing Axs® =6.72

3.2 Full-coverage oblique eff usion coaling

A diagrammatical representation of the ob-
lique &fusion cooling configuration is shown in
Figure 3.

Combustion chamber flow (ii)

-

L Jet shear layer
~Circular hole in plate(iv)
3oundary layer(vi)

Plate(i)

= |

External cooling flow (iii)
Fig.3 Representation of the eff uson patch flow field

Brifly, a flat plate (i) separates the conr
bustion chamber (ii) and external cooling cham-
ber (iii) flows. Theflat plateis pierced by rows
of small circular holes (iv) drilled at an oblique
angle to the plate. The difference in pressure,
mai ntai ned between the combustion and external
cooling chambers, results in a net mass flux of
cooling fluid through each circular effuson hole.
A jet (v) of cooling fluid forms at each effuson
hole, interacting with the oncoming boundary
layer (vi) forming athermal barrier between the
combustion chamber bulk flow and the combus
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tion chamber liner.

The computationad domain chosen for the full-
coverage efuson ocooling modd consss of two
channd's located ether dde of a 10 mm thick flat
plate. Holes of 5 mm diameter are drilled through
the plate at 3C° to the plane of the plate. The arr
wise location of each hole row is staggered with re-
gect to adjacent streamrwise rows, such that each
second streanrwise row is in ganrwise dignment.
The computational domain for sngle pair of rowsis
shown diagrammatically in FHgure 4. The complete
wlution doman for the fuson cooling test case
condders a total of 12 rowsof holes. Thefull com-
putational domain is created by merging sx of the

row-par’ computational domain as shown in Hg

ure 4.
11.68D 6.74D
Q Block 1 Block1
S
5.84D 3.37D
e N I 4
Block 2 Block 3 Q
Block 2 N
Q
3 Block-4 Block 4
.X2 xZ
t, £
11.68D 6.74D
(a) (b)

Fig.4 Oblique effuson cooling computational domain.
(a) View along x:- x2 plane. (b) View along xs- x2
plane. First four blocks shown only. Measurements
normalized by the effuson hole diameter, D =5mm

Block 1 in Figure 4 represents the combus
tion chamber channel. Blocks 2 and 3 represent
two effuson hole tubes. Block 4 represents the
Periodic boundary
conditions, defined along the span-wise bounda

cooling air supply chamber.

riesof blocks 1 and 4, define two infinite span
wise rows of effuson holes. No-dip wall condi-
tions define the upper and lower boundaries in

blocks 1 and 4, as well as defining the circumr
ference of the effuson tubesin blocks 2 and 3.
Locally defined multi-block boundaries connect
blocks 1 and 4 with the &fuson tubes, blocks 2
and 3. Twelve rowsof effuson holes are defined
inthe current study. To accommodate this situa
tion, the computational domain shown in Figure
4 isrepeated afurther five timesin the xidirec
In addition, a further two blocks are de-
fined, aligned with blocks 1 and 4 respectively ,
inorder to allow smooth application of the con-
vective outflow boundary treatment. These two

tion.

additional blocks have the same dimensons as
blocks 1 and 4 in Figure 4. Blocks 1 and 4 con-
nect to the next row of blocks~(blocks 5 and 8
respectively) , and-0 on,-using the multi-block
boundary condition.

The flow geometry. and inlet flow parame-
ters’used in the current study are identical to the
experimental parameters ‘used by Miron et
al. "™ __Theinlet velocity profile, defined in both
the combustion”chamber and the air supply
along the Ileft-hand boundary, is
matched to the measurements of
a. .
area s used in a reference L ES study of a sngle
hole, extrapolated to f ull-coverage eff uson cool-
ing using periodic boundary conditions, by Men-
dez et al . ™,

the current study are summarized in Table 2.

chamber
Miron et
These geometrical and flow parameters

The main flow parameters used in

Table 2 Oblique effusion cooling flow parameters

Variable Value
Rewmb = ( Uieomb) max H/ 3 17750
(thoomb) max/ (MY 9) 4.55
(Uzcomb) bu/ (mM/'s) 4,29
Respp = (Urapp) max H/ Y 8900
(thspp) max/ (M/'9) 2.28
(taspp) bu/ (M/'9) 2.15
(Pspp - Pomb) / Pa 42
Jet bulk velocity (Vje) suk/ (/' s) 5.6

The computational domainis divided into 26

separate blocks. Usng the block numbering
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convention in Figure 4, the mesh resolution for
each block is givenin Table 3.

Table 3 Full-coverage oblique eff usion cooling
computational mesh resolution

Mesh resolution

SIEDEDY

Block

1,5,9,13,17,21

_ 73 x 61 x 61
(Combustion chamber blocks)
2,3,6,7,10, 11,14, 15,
_ 11 x29 x 11
18, 19,22, 23 (Bfuson tubes)
4,8,12, 16, 20, 24 (Cooling
_ 73 x 61 x 61
air supply chamber blocks)
25 (Combustion chamber
. 51 x61 x61
relaxation block)
26 (Supply chamber
(Supply 51 x61 x61

relaxation block)

The orientation of the computational mesh
is demonstrated in Figure 5, which shows a sec-
tion of the computational mesh for thefirst four
blocks, as defined diagrammatically-in_Figure 4.
The mass flux crossng the outlet boundary-of
blocks 25 and 26-i's adjusted to ensure a continu-
ous supply‘of cooling air , of the 'correct magni-
tude, passes through the &fusion tubes as-the
computation progresses.

Block 2

Block 4

Fg.5 Computational mesh for blocks 1 to 4

3 Resultsand discussion

3.1 The plane turbulent wall jet

A smplified model of tangential film cooling
is presented in this paper using the case of a
plane turbulent wall jet in quiescent air under i-

sothermal conditions. Although of smple geom-
etry , a number of complex boundary layer/free
shear flow interactions are reported for the plane
turbulent wall jet case. The interaction of the
outer free shear region with the inner boundary
layer region in aplane turbulent wall jet is docu-
mented in a number of studies, including Laun-
der & Rodi "** | Eriksson et a.!® | George et
al.™  Barenblatt et al.™ |, Dejoan & Leschzin
er®®and Dejoan, Wang & Leschziner!™ .

Downstream of x/ s=0, the wall jet under-
goes development from the essentially laminar
channel flow profile to a fully developed turbu-
lent wall jet. As reported in Eriksson et al.[® |
trangtion initially occursintheouter shear layer
region, as indicated by a-negative mean trans
verse velocity in the outer region/at xi/s=5.
Further downstream, by xi/ s=10, transtion of
the-near wall region has started. At xi/s=20,
the-start of afully developed near wall regionis
measured-by- Eriksson'et-al.!® |, and merging of
the viscous-dominated inner region with the free
shear outer-region is complete. By the next sta
tion, xi/s = 40, measurements indicate that
transition of the wall jet isvirtually complete. In
order to reduce the computational demand of the
L ES prediction, and to provide a close compari-
son with the highly resolved L ES results of De-
joan & Leschziner™ | the computational domain
isrestricted to a total length of x:/ s=22. Justi-
fication for thistruncation comesfrom the obser-
vation that the measurements of Eriksson et
al.!® | appropriately normalized, are broadly
self-amilar downstream of xi/ s=20, as reported
in Dgjoan & Leschziner'™ .

The downstream decay of the maximum ve-
locity is given for the present results in Figure
6. Overadl, the current prediction provides a
close match to the measurements of Eriksson et
a.t.
ver-predicted for xi/s>5. This over-prediction
isaso reported in the highly resolved L ES re-
sults of Dejoan & Leschziner’™ | indicating a
higher streamrwise momentum flux and dight

The maximum velocity is, however, o-

under-prediction of the wall shear stressin the
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present computation.

1.0
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Fig.6 Downstream development of the wall jet

maximum velocity

The over-prediction of the streamwise mo-
mentum flux is also evident in the mean streanr
wise velocity profile at xi/s =20, as given in
Figure 7. Thisfigureis scaled udng viscous wall
properties, defined asinner scaling. Figure 7 al-
s0 highlights a number of important differences
in the wall jet development from that of aclassc
turbulent boundary layer.~The nhear wall region
of the wall jet in Figure 7 closely approximates
u" =y" (dashed line) over the region y*<5. A-
bove y* =5 the wall jet\and classic viscous sub-
layer profiles diverge. The viscous sublayer re-
gion of the wall jet velocity profile is smaller
than that of a classtc turbulent boundary layer ,
which starts to\diverge from the u* = y* profile
at y* =8- 10. The reduced viscous sublayer
height predicted in the LES results matches
closely the measurements of Eriksson et al.!®
and the highly resolved L ES results of Dgjoan &
L eschziner'® .

Further from the surface, the height over
which the measurements (square symbols) fol-
low the log-law approximation (dash-dot line) is
restricted to the region 30 < y* <80. This log
law range is reported in Eriksson et al.'® | and
in Dgjoan & Leschziner'™ |, who also report an o-
ver-prediction of the velocity maximum for the
highly resolved L ES study.

The mean transverse velocity profile at
x1/ s=20is given in Figure 8, normalized usng
inner scaling properties. A good match of the

L ES data with the measurements of Eriksson et
al.!®isevident. The absenceof a negative veloc-
ity in theinner regionindicates that transition of
the near wall region is complete. A negative
transverse velocity occurs above y* = 1000 as
fluid is entrained from the surrounding quiescent
fluid into the wall jet outer region.

LES
s y
10 Experiment!®!
e U'FY
— u'=2.44log(y)+5
10 F
. I0°F
10! E
E
‘OU
llellllllJllllllJ;llIALL_J
0 S 10 15 20 25
u'
Fig.7 Wall jet streamrwise velocity at xi = 20s
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Fig.8 Wall jet transverse velocity at x1 =20s

A well-known characteristic of the plane
turbulent wall jet is the difference in the height
at which the turbulent shear stress and turbulent
shear strain are zero. This shift of the zero shear
stress and zero shear strain location is evident by
comparing the mean stream-wise velocity profile
in Figure 7 with the turbulent shear stress pro-
file givenin Figure 9.

The rate of turbulence production by shear
strainis widely reported to be zero in the region
of the mean streamrwise velocity maximum. The
velocity maximumin the L ESresultsof Figure 7
occur at y* = 165. In contrast, the height at
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which the turbulence shear stress crosses zero in
Figure 9is y* =118, marginally lower than the
measurements of Eriksson et al.®. As reported
in Dgjoan & Leschziner'™ | the didocation of the
zero shear stress (y* = 118) and zero shear
strain (y* =165) implieslarge scale transport of
the turbulent shear stress in the interaction re-
gion, located between the wall jet inner and out-
er regions.

10*
10°
.10
-
10'
LES (Resolved stress)
—— LES(Total stress)
Experiment!®!
10°
-2 -1 0 1 2 3 4 5 6
vy

Fig.9 Wall jet turbulent shear stress at x; =20s

The L ES results in Figure 9 demonstrate a
good overall match of\ the'turbutent shear stress
with the measurements.of Eriksson et al.*®. over
the majority of the wall jet height: The contri-
bution to the total turbulent shear stress (mesh
resolved and sub-grid:scale/stress) from the sub-
grid-scale component is_small and, as expected,
is confined to the near wall region (y* <80).

In addition to the didocation of the zero tur-
bulent shear stress and shear strain locations,
larger turbulent length scales are reported fur-
ther towards the inner region, when comparing
the plane turbulent wall jet to the classc turbu-
lent boundary layer.
modelling, this has a significant impact on the
range of methods that are potentially able to ac-
curately predict the turbulent wall jet. Dgoan &
L eschziner'® and Dejoan , Wang & L eschziner'™®

In terms of turbulence

conclude that a turbulence model must account
for turbulent shear stress transport in the inter-
action region to model the turbulent wall jet de-
velopment accurately. Even RANS turbulence
model s based on the Reynolds stress transport e
quation indicate a condderably inferior prediction

compared to L ES predictions, as reported in De-
joan, Wang & Leschziner™ .

Launder & Rodi ™ report that increasing
the velocity of the flow outside of the wall jet
causes the wall jet inner region to increasngly
resemble the classc turbulent boundary layer
profile. The wall jet case represents, therefore,
a sound basswith which to test an L ES code be-
fore progression to other jet/ main flow velocity
ratios and more complex geometries.

3.2 Full-coverage oblique eff usion coaling

Aswith the tangential film cooling analys's,
a smplified model of oblique eff uson patch cool-
ing is consdered usng staggered rows of effu-
sion holes drilled at 30° toaflat plate. An exanr
ple of the instantaneous-velocity is\given in Fig
ure 10 for-the region covering effuson rows sev-
ento twelve:

Figure 10 shows a sngle iso-surface level e
qual to 1. 05Vje , Where Vet is the bulk velocity in
the effuson tube./ Grey-planes define the upper
and lower-surfaces of the flat plate. Ellipses de-
fine the radial extent of each hole on the plate
upper and lower surfaces. Figure 10 highlights
the penetration of each jet into the combustion
chamber mainstream flow , as well as the break-
down of each jet into small-scale turbulence and
the downstream coalescence of successve jets a
long the same span-wise alignment.

The streamrwise development and coales
cence of the jets, highlighted in Figure 10, can
be analysed further through consideration of the
change in the distribution of stream-wise velocity
across each efuson hole. The mean stream-wise
velocity at four streamrwise locations across ef-
fuson row nine, of the twelve row effuson
case, is given in Figure 11. The mean stream-
wise velocity profile three diameters downstream
of the ninth row is shown in isolation in Figure
12, for greater clarity.

Identification of the mainfeaturesin Figures
11 and 12, labelled (i) - (iii) , and analyss of
their downstream development is possble. The
maxi mum streamwise velocity for profiles (b) -
(d) in Figure 11 is labelled (i). This local peak
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shows the location and magnitude of the jet in-
jected at the ninth effuson hole row ,i.e. in the
location of profile (b) in Figure 11.

Fig.10
Sngleiso-surface at 1.05Vje. Grey planes define

Instantaneous total velocity across rows 7 - 12.

the upper and lower surfaces of the plate

LA S B B B

[39)

LI I B B B B B B B B B

(a) ' (b)
Fig.11 Mean streamrwise velocity profiles across the 9"
streamrwi se &ff uson row. Profiles located at (a) 3 hole
diameters upstream 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!*"! | dashed line:
effusion tube bulk velocity (Vie) used as reference
for profiles (a) - (d). Locationof w =0 a0
explicitly labelled for profiles (b) - (d)

The transverse penetration of the jet into
the combustion chamber flow and the down-
stream decay of the stream-wise velocity compo-
nent is evident by tracking thisfeature over pro-

files (b) - (d) in Figure 11. By extenson, the
flow feature labelled (ii) is the mean streamr
wise velocity contributionfrom the jet injected at
row seven. This feature is more clearly defined
in Figure 12 due to the aspect ratio used in plot-
ting this figure. A coalescence of the two jet
contributionsis evident in Figure 11 (c) - (d).
Downstream of the station used in Figure 11
(d) , afurther &fudon hole row injects cooling
fluid into the combustion chamber. In terms of
the mean stream-wise velocity profile therefore,
the region above (i) represents a coalescence of
jetsfrom all upstream e&ffuson hole rows along
the same span-wise aignment. The contribution
of the upstream jets gradually diminishes as the
jets decay and spread with_increasng streanr
wi se distance.

— LES\(Row 9)
Expet.!'/(Row'9)

x,/D

(i)

S = D W R U NN 0 O

01 03 05 07 09 11 1.3
”I/le

Fig.12 Development of the stream-wise velocity at 3
hole diameters downstream of row 9

A further local velocity peak is evident in
Figure 11 (c) - (d) and Figure 12 below the lo-
cation of the jet labelled (i). This local peak is
labelled (iii) in Figures 11 and 12 and is a sec
ondary effect resulting from the presence of the
primary jet (i). Thisflow featureis analysed in
a number of published numerical and experi ment
research studies, including Yavuzkurt et al.™
and Tyag & Acharya™ . The local maximum
(i) is caused by entrainment of the main comr
bustion chamber flow towards the wall by the
transverse rotation of the effusion jet. This en-
trainment , which is captured in the current L ES
prediction, is shownin Figure 13.
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Fig.13 Spanwise distribution of the mean stream-wise
and transverse velocities at 3 effusion hole diameters
downstream of row 9. Flood colour plot: Transverse

velocity. Dotted black line: Iso-contours of streamrwise
velocity , timin =0.5Vje , Wmex =Vier ,A th = 0. 25Vja.

Solid black line: Q-criterion iso-contour at Q=2Va/ D?.

Span-wise distance referenced to hole centre at row 9

The Q-criterion iso-contours in Figure 13
highlight the centre of two contrarotating vorti-
ces, with axes of rotation along the main flow
direction. These are shown in Figure 13 as-solid
black lines. The-Q-criterion, or.L aplacian-of

pressure, is defined as:

Q= 'Jz"[QiiQ i - Sii Sij (5)
where:
Al ou  Qu
Q= Z[axj 8XJ (6)
o _ 1| Ou  Qu
Si = Z[an * axJ (7)
Further detail s and application of the Q-cri-

terion are given in Dubief & Delcayre®

& Acharya™ and Luo et al. .

A negative mean transverse velocity high-

, Tyagi

lights an entrainment of the main flow towards
the wall.
outer edges of the two contrarotating vortices,

This is evident in Figure 13, at the

as dark grey regions. A positive transverse ve
locity , between the two contrarotating vortices,
moves fluid away from the wall towards the
main flow region. This region of podtive trans
verse velocity is highlighted by two small regions
of grey contours surrounded by white contour
ringsat x’/ D=0.

With regard to the current L ES results, a
dight under-prediction of the maximum streanr
wise velocity labelled (i) in Figures 11 and 12 is
evident , along with a dight over prediction in
the transverse spreading of thejet in thisregion.
A dight under-prediction of the fluid entrained
by the effuson jet is also evident at the location
labelled (iii) in Figures 11 and 12. Overall ,
however , the match of the L ES prediction to the
measurements of Miron ' is good.

4 Concluding remar ks

Based on the results presented in this pa
per , the following conclusons may be drawn:

1) Two isothermal medel's-have been devel-
oped to study two-diff erent-methods of film cool-
ing typically found in_gas turbine combustion
chamber designs. \The current L.ES methodis cer
pable of accurately reproducing the essential
flow—physics of an isothermal plane turbulent
wall jet-and-eblique effuson patch cooling.

2) Transtion of anisothermal plane wall jet
to fully developed turbulent behaviour in both
the outer free shear layer region and the inner
boundary layer region is reproduced by the cur-
rent L ES model. The separation of the zero tur-
bulent shear stress and zero turbulent shear
strain locations, which indicate sgnificant tur-
bulent shear stress transport between the inner
and outer regions, is captured in the current re-
sults.

3) The surface norma penetration and streanr
wise decay of isothermal jets of air, injected
through oblique effuson holes, is well predic
ted. In addition, the prediction captures the coa
lescence of each jet with subsequent jets injected
upstream.

4) Close to the combustion chamber sur-
face, an entrainment of fluid from the main
stream flow towards the wall by the &fusion jet
is captured. Contrarotating stream-wise vorti-
ces that form as a result of this entrainment are
also well resolved.

5) The present results have been computed
with what may be argued are a&fordable L ES me-
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shes (regarding a significant number of &fuson

hole rows, for example) in practical design cal-
culations. Thisis encouraging for the extended
use of large eddy s mulation techniques to impor-

tant industrial engineering applications.
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