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Abstract

Film-cooling is a widsly wed method of cooling tarbine airfoils in
high performance gas turbine engines. A typical hole geometry is a short,
rownd hole that is inclined s 35% with respect 1o the extemal surface. One
charscienistic of this film-cooling flowfield is the formation of a counter-
rodanng vortex pair downstream of the jet injection. This wortex pair is
located downstream of injection and has been documented by both ex-
perimenial and compuistional snsdies. There are a number of siudies in
ity in the bowundary lavers of the cooling hole.

This paper addresses the formation mechanism of the cousber-rotst-
ing vortex pair: is it gemeraed by the varticity indide the flim-cooling
hiele or the jet-mainstream interaction? To answer this question, two dif-
ferent computational cases were compared. One case is & viscous solu-
tion with a mo-slip boundary condition applied on all walls. The other is a
visoous solution with slip boundary conditions imposed on all walls. This
snsdy considers a jet-to-mainstream density ratic of two and & mass flux
ratio of @ half. The resulis of this computational experiment indicate that
theé counter-rotaEng vortces exist in both cases. This suggeses that the vor-
1ex generation faechamsm & the interaction between the pet and the mairstream.

Introduction

Ir many gas turhine engine deslgns, nrbine airfoils are coobed using
air that has been extracted from the compressor. This bleed air is directed
into the tarbine airfoils to convectively cool the inside surface and ithe
discrete film-cooling passages placed in the blade surface. After the cool-
ing s exits from the holes, the hnd prenddes Alm-cooling on the outds surfice.

A typical film-cooling hale geometry i5 a round hole that is inclined
by 35% with respect wo the mainstream flow. The cooling hale length-o-
dirmeter rano can vary, ot typscal ranges are bepaeen | < LD < 6. Over the
years, experimental and computational studies have identified key char-
acteristics of film-cooling flows. One characteristic is the counter-rodal-
ing vortex padr formed downstream of injection. These counter-rolating
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ihe cooling effectivensess as the flow progresses downstream. Subse-
quently, there is an interest in determining the mechanism that forms
these counber-rotating voroes.

This paper presents an analysis whereby & numerical experiment
was performed using computational fluid dynamscs (CFD) 1o determine
the source of the counter-rolating vortices. Specifically this study was
designed to answer the question: ane the counter-notating vorticss formed
downstresm of je1 injection due to the jet-mainstreamn intersction or doe
0o e vorscal nature of the flow inside the cooling hole? The vorical
nature of the flow inside the cooling bole is a result of teo different
phenomens. Ome phenomenon is the vorticity contained within the bole
boundary kayers. The other phenomenaon is the coumier-rotating vortoes
formed inside the cooling hole as a result of the flow taming at the en-
trance of the hole.

Two different cases will be compared to determing the formation
mechanism. The first case is the realistc viscous solution with no-slip
boundary conditions, which has been previously published by a number
of investigators through both CFD and experiments. The supply to the
cooling hale is through a stagnant plenum. The second case is also a
viseous solution, but instead of using & no-slip boundary condition, a slip
boandary condition is imposed for all of the surfaces. A slip condition at
the walls results in mo boundary layer formation inside the cooling hole
or in the mainstream. Although the slip condition is not realiste, it will
belp to isokate the source of the voriex pair. Also for this second case, a
constant velocity profile is specified a1 the hole inlet.  This removes any
tuming of the flow ar the hole entrance,

The geometry used for this study is a round film-coaling bole thsi is
inclined at 35 with an LD = 4. The densiry ratio was DR = 2 and the
mass flux ratio was M = 0.5, These result in 2 relatively low velocity
ratio of VR = 0,25,

The following ssctions discuss past relevam smdies, the CFD
method used in this study and some benchmark resalits, present results of
the computational experiments, and finally some conclusions,
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Past Studies

Andreopoulos and Rods (1984) identified counter-rotating vortices
Wﬁhﬂwmrmlljﬁlnpfﬁnumdiﬁuirhlrdlﬁwrhnghnhlqth
of LD = 12, They stated that the generation of the vorticity at small
welocity ratios (VR < 0.5) is primarily due to the re-orientation of the
warticity formed inside the jet hole, with a small contribution due 1o the
ibear af the jot-cross-flow interface, Al higher velocity rtios, the gen-
evation of the counter-rotating vortices is primarily due to the interfacial
shear between the cross-flow and jet.

Fuﬂhwﬂhlmﬂmmlhujuutﬂinﬂrmhluph
and inclined a¢ 30% - 35° with respect to the mainstream dirsction. Pistrzyk
(1989) was the first 1o present flowfield measurements showing that kid-
ney-shaped, counter-rotating vorthoes exist for an inclined jo. Pistrzyk,
et al. (198%) also postulated that a separation region occurred at the en-
mmﬂulwn'dﬁdnnlmmnmlqhhmtiﬂim
lence and & skewed velocity profile af the hole sxit. The compuzaticnal
study pressmted by Leviek and Zerkle {1994), which simulated the snsdy
ufﬁmntniitmn.mmummmm

#tream of injection, but in addition showed counter-rotating vartices in- y

side the coaling hole. The vortices inside the hole have the same sense of
rotation as the vortices downstream of the jet injaction,

There is evidence in the literature tha disagrees with the dea that
the counter-rotating vortices downstream of jet injection are due 1o the
courler-rotating vortices generated inside the cooling hole. Kohli and
Thole (1997} performed computations for & jet supplied by a plenum, as
was the condition for the cases discussed above, and for a jet supplisd by
a perpendicular cross-flow at the hols enirance. The velacity vectors
inside the bole indicated rwo different vortical pamems. For the plenum
case. a5 discussed previously, the counter-rotanng vortex motion occirred
due to the flow mming over the separation region present on the leeward
side of the hole. For the perpendicular cross-flow case, a single swirling
virtex developed inside the hole. Although the vorex stroctines insides
the hole were different for the rwo casss, counter-rotating vortices formed
downstream of injection for beth cases. This support the theory that the
Counier-rotating vortices downstream of injection are not simply the vor-
tex formed inside the cooling hole. Haven, etal. (1997) and Vogel (1998)
attribute the formation of these vortices 1o the interaction between the
Jets and the cross-flow rather than the voriex pamer inside the cooling hole.
ces formed downstream of the hole are a result of the boundary layer
vorticity inside the cooling hole. Sgarzi and Lebocuf (1997), for ex-

ample, state that the origin of the counter-rotating vortices are connected
with the vortex rings of the boundary |ayer fluid exiting the bole. Walters
and Leylek (1997) point our that the two sources causing the counter-
rotating vortices are the shear from the jet-mainstream intersction and the
vorticiry ingide the cooling hole, with the latter being more relevant. They
state several reasons why the interfacial shear {s not sigrificant, with one
reason being thar the jet s inclined theneby not bending as much a5 a normal jec

mumclmmummmlm
mensional, inviscid vortex sheet model of strong jets in cross-flows. The
solution indicated that additional axial and transverse vorneiry within the
pipe was gensrated due 1o pressure gradients imposad by the external
flow. As the flow approaches the hole exit, tangential pressure gradients
along the hole walls generate vorticity. Cliven that this is an inviscid
approach, it supports the ides that the boundary layer inside the hole does
not need o be prasent to form the eounter-rotating vortices.

Clearly, there is some disagreement as 1o the source of the counter.
rotating vortices, Bry removing the counger-rotating vortices and the boundary
layer inside the hole, it i3 possible to establish whether the counter-rotating
vorbioes downstream still form. This would sapport the theery that the soarce
of the vonex generation is the jet - mainstream interaction (Bogard, 1998),

Computational Domain and Geamaetry

The computational domain for the round cooling hode geometry,
which consists of the mainstream flow, the film-cooling hole, and the
plenum, is shown in Figure la. The flow conditions for this smdy were
& mass flux ratio of M = 0.5 and & density ratio of DR = 2,

The sirearewise extent of the computational dormain was -19 5 /D 5 30,
which is similar to the domain used in past CFD studies by Berhe and
Pazankar (1996) and Walters and Leyisk (1997). A uniform inlet velocity
of U_ = 20 m/s was applied as & boundary condition at the inlet of the
domain. An outflow boundary condition was applied ar the exit of the
domain since the gradients in the streamwise direction are expected to be
small af /D = 30, [n the vertical direction, the computational domain
extends out to WD = 10, which is sufficiently far from the film-coaling
Mﬁﬂdmﬂwlmnﬂmtbﬂmm“whwa
symmetry condition is applied on both the jet centerling and the half-
jpitch lime The: sparwiss extent of the computatonal domain was -1.5 <D<

For both cases in this snady, adiabatic boundary conditions were
applied on all wall surfaces for the energy equation. For the viscous, no-
slip case, a plenum sapplied the cooling hole. The plenum had a beight of
H/D = 3, and it extended 5D upstream and 5D downstream of the en-

Homenclature

D = holediameter Greek

DR =  density ratio defined as DR = p/p_ E = furbubem dissipation rais

H = height of plenum P = density

k = tarbulent kinetic energy N = adiabatic effectiveness, defined s = (T, -T.)/(T,-T)
L = lengrhof film cooling hole g = momentum thickness

M = blowing ratio defined as M = p U /fp_UI_ 8 = normalized temperature, defined a5 @ = (T-T_ )}/ (T,-T. }
T = bEmperature g = iﬁﬁﬁh"ﬂ"ﬂlﬂﬁ!

U, = freestream velocity r = normalized vorticity magninade, WDVU_

U, = jet velocity t, = wall shear stress

W = wall velociny, defined as AiTwip) ¥ = |kinematc viscosity

¥V = velocity magninade

¥R = velocity ratio defined as VR = U /U_

X = sreamwise direction measunsd from hole centerline, see Figure 1a Subscripts

¥y = mﬁmm“.ﬂm“|| aw =  sdiabatic wall

y o=y W ——

r = ] = =

spanwise direction from hole center
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tum Reynolds number at two diameters upstream of the jet injection for
the viscous case was Re, = 1075. For the slip wall case, the plenum was

tices developed inside the coaling hole,

Mﬁndmmmﬁﬂmtmmh}'
Fluent, Inc., similar to that used by Walters and Leylek (1997), and Kohlj
and Thale {1597), An unstructured mesh was used for these ssudies. Grid
adaptions were based on the gradients of flow variables of the solutions
and on domain boundaries 1o achieve grid independent results. The un-
mmmmrwmsﬂip-ﬂmﬁiunhmmﬂm Ib at the
wm:mmmwmmm oo-slip wall
case is shown in Figure l¢ a2 & vertical plane through the center of the
hole. Second-order discretization was used for the governing equations
for momentam, energy, and turbubence. Turbulence closuse wis achieved
wmmwummmm; 1974) with noa-
equilibrium wall functions (Kim aad Choudhury, 1995). FlaenvUNS
solves the RANS equations with a pressure based finite-volume scheme.
Thﬁlﬂﬁlt;mmmmn-dnmudn-ﬂmundmﬁm
multi-grid acceleration.

Fig.1hﬂuumm-dwlnuhrhﬂpﬂﬂﬂu.

‘f‘u.um:pnﬂmmfnrumm-], unstructured grid for
the no-ship case was 0.42 The cells near the will maintained an average
height nfriilwﬁnhwﬂlwﬂmmpmpwul# of the wall func-
tion moded, lehempwaumﬁclrmpndlmumwuﬂj&.
mmﬂﬂumﬂwmmmamtmm the half-hole simu-
lations. Thmmmmmﬂmuwmmuﬂummm
and temperature. Ewm}dmmwﬁnaduh;mmd:mmﬂm
parameter for momentum, k and & of 0.8 far the slip wall and 0.2 for the

iterations required for convergence for each of the cases was about 1500
MHMHMWudmmww
mﬂmummwwhm%-mm and An =
0.0001 respectively over an additional 1000 iterations. Afthe same time,
mnrmwummummww
less than AV = 0003 m/s. Figure 1d shows velocity vectors at a vertical
phi:lﬂdn'iuhmﬁﬁnjmﬁmﬁulhtmmpmm 135,000 cells;
wﬁhﬁmlemnmm:umﬂumﬂwmwhmm
show the grid independence of the solution.

Flg.1cﬂnmﬂrmurld'hrﬂum-dipmm,
ghown at D =0,
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Fig. 2a Velocity profiles inside the film-cooling hole at two
diameters downstream of the hole inlet for the no-slip and
slip wall cases.

Results
In this section, results for the two different wall boundary condithons are
compared with one another to determine its effect on the counter-rocating
vortex and 1o try and discern the formative mechanism of thess vortices.
Mmmmmmmmm;-Mm{m-
ticity) generated inside the cooling hole lead to the formation of these
vortices, it ks impaortant to discuss differences in the Nowfield inside the
cooding hale for the rvoe cases,

Figure 1a shows the velocity profiles at a location that is half-way
dewn the length of the cooling hele. It is clear that far the slip condition
with the uniform inlet profile, the veloeity is constant across the hale,
For the no-slip condition, the velocity profile is skewed with higher ve-
kocities prescnt towards the upstream side of the hole. This is caused by
the flow jetting around the separation region which forms due o the flow
trning through a large angle & the entrance o the coaling hole. This
separation region is shown by the velocity vectors on the centerline of
the jet for the no-slip boundary condition &s presented in Figare 2b. (Nate
that the vectors were obtained for the unstracrured grid results and inter-

Fig. 2b and 2c Velocity vectors at the cocling hole
centerline for the no-slip (2b) and slip (2¢) walls.

polased an to a uniform grid ) Although not shown here, a cousiter-rotat-
ing vortex pair inside the film-cooling hole also formed. This is consis-
tent with previous investigations (for example, Leylek and Zerile, 1994),
mmuwmmmmmnwu
umnnh:hnnmmnpdﬂbru:jnﬂuidumehﬂ:
entrance. The velocity vectors for the slip wall, shown in Figare 2c,
indicate & uniform distribution across the hole. For the slip wall case
with a uniform inlet velocity profile, no counter-rotating vortices ane
formed inside the cooling hale.

The differences in the velocity fiekd, as seen in Figures 2b and Zc,
occur primarily at the bole edges. On the upstream edge of the hole,
there is & stronger penetration of the jet into the mainseream for the no-
slip condition. This is because the cooling jet has higher velocities in
that region of the hale. On the downstream edge of the hole, there is a
uronger penctration of the jef into the mainstream for the slip wall since
munbm?hyumlnddalﬂ:hd;umdﬂi&
no-slip wall. Although a plot of vorticity inside the film-cooling hole is
R0t shown bere, the counter-rotating vortices inside the cooling hole do
exis1 for the no-slip boundary condition case. Thers are no countes-rotar-

Figures 3, 6. and 8 show secandary velocity vectors and thermal
field contours in planes that are perpendicular 1o the flow direction for
the two cases at 2D m (, 1, and 5. The thermal field contours are shown
in increments of 8 = 0.1. The vectors and contours at &/D = 0, shown in
Figure 3, commespond w0 a vertical-lateral slice at the center of the hole
exit plans including the inside of the cooling hole. Note that the sdge of
the cooling hole is at oD = 0.5. The secondary velocity vectors indicate
that the vartex pair is already forming. The ship wall cass shows a signifi-
cantly stronger lateral motion of the jet fluid at the hole edge. The ther-
mal contours show a cold core with very sharp gradients ar the sdges,
ﬂﬁhhnhﬂhﬁmdmlmmmﬂhmmmH
and the mainstream flow. For the slip wall case, this shear layer is the
oaly source of voricity in the Aow and will be discussed in detail Later.
Thpﬂmmm:hmfmduulplﬂmuhﬂuuhym
contour levels being closer together.

(3a)
Fig. 3a and 3b Non-dimensional velocity vectors and

thermal fleld contours (8) at WD = 0 for the no-slip (3a) and
slip (3b) cases,
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Fig. 4a and 4b Contours of normalized vorticity magnitude

(£x") at WD = 0 for the no-slip (4a) and slip (4b) case.

Normalized vorticity magninade contours for the no-slip and skip
wall cases at WD = 0 are shown in Figures 4a and 4b. As expected the
walls are a source of vorticity both inside and outside the hole for the no-
ilip boundary condition case. For the no-slip case. the vorticity leveds
inside the hole that correspond to the counter-rotating vortices are small
compared to the vorticity generated in the boundary layer. For both cases,
vomicity is also generased by the jet-mainstream interaction, and can be
seen from the high contour levels 3t the jer-mainstream interface. There
are two major differences for the slip wall case, First, there is no vorticity
inside the hole. Second, the pesk vorticity levels are higher, with the
exception of the boundary layer, due 1o & more intense jet-mainstream
imteraction. The |amer is due to the absence of boundary layers to reduce
the velocity gradients. This can be seen clearly in Figures Sa and 5b,
which compare the velocity contours for the two cases. The velocity
COMICIES mdicae A much stronger shear krver betwesn the j&t and the main-
seream for the skip wall case, which is consistent with the higher vorticity leveds.,

Similar results at W'D = |, are shown in Figures 6a, 6b, 7a and Tb.
From the velocity veciors in Figure 6a and 6b, it is clear that the counter-
rotating vortices exist for both cases. Figure 6¢ shows secondary veloe-
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Fig. 5a and 5b Contours of normalized velocity magnitude
(V/U,) at &'D = 0 for no-slip (Sa) and slip (5b) cases.

(S REEE L LT E LT T Ty,
FEifrrrpasFdremmanmame Ty
TRV PR PR R E e s a s eE
L TEREEEFE A A
TrEEFeTrRY PR F R R Ea @
TPITFRYPEFras P prsamanmn
FTITFEFFRO PR R Fd R m s ass

L S T e

F ;Frrt!FJli ....... -
FPFFPEmppEsssaeann
wo ;*ffi#!!i ---------
L T TP
o T A ——
e T L T ]
L el T T T T R,
----------

=

¥

1=
[ (T 15

'E'l'l:]

1.0
' X
4 F w ¥ Jq'!
L] i (]
[ ] [} P W § ¥
] FF
. L] ¥ L]
&k X
; L & [ ®
L
FFrea o , " ®
F rrae - ® @ »
AT P - = = -
#2222 21 4
a. 5 1.08 1.5
/o
(62)

Fig. 6a,6b and 6c Non-dimensional veloocity vectors and
thermal field contours (8) at XD = 1 for the no-slip (6a) and
slip (6b) cases, as well as Pietrzyk data (1989) (6c).

ity vectors as measured by Pietrzyk (1989). Note that Pietrzyk's data
indicates an oD of 2. In Pieteryk's work, x-dimension measuremenis
were taken from the upstream side of the hole: therefore, an w/D of 2 in
Figure 6ic corresponds to an x/D of 0.875 in the present study. Figure fc
can be compared 1o the predictions in Figure 6a. Good agreement can be



Fig. nwmmuﬂmmmmm
(£17) &t %D = 1 for the ne-slip (Ta) and slip (Tb) cases.

mhuwumﬁmmﬂm;hlmuf:hmnMﬂ
very similar. Thess mﬂutunmmuﬁ:vmddq'mmmm-
roMating vorex inside the film-cooling hole do not form the counter-
rotating vortices downstream of the hole exit. Instead the formation of
ﬁ;mmwwrirmwmmmﬂm
tion beétween the jet and mainstream. Thiis is consistent with the stronger
vortex motion for the slip wall case. The vorticity contours af x/D = |,
lhﬂwiuﬁlm‘n?lhﬂfb,lﬂmhhnﬂmﬂllhﬂﬂlﬂdh The
mtvuﬁdm%hhﬁpﬂhﬂ'-#mﬁmﬂ'-ifu
the no-slip wall (disregarding the boundary layer vorticity bevels),
Th:mmuhmbeuminmmhthum:
%D = 3, a5 shown in Figares 8a, 8b, 9o, and Sb. The velocity vectors
immm:mmmuwi:mmﬁmanm.
Miﬁ:qdmmﬁmihu]mmmmm-mﬂn;w
itself have diluted the thermal field and the thermal field contowrs look
much the same for the two cases. Omnce again, the vorticity magnimds
mmmmﬂhmhhhmﬁm&nﬂmtm-
smmmmmmmmnumm
mvm“mu:fwm:ﬁpmudunmmm:udju
centerline compared 1o the no-skip wall case, This i illestrated in Figuns
10, which wracks the center of the counter-rotating voriex as it moves
downstream of the hale exit, As the jet moves further downstream, ihe
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Fig. 8a and 8b Non-dimensional velocity vectors and
thermal field contours (6) at XD = 5 for the no-slip (Ba) and
slip (Bb) cases.
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Fig. 10 Canter of counter-rotating vortex as it moves
dowmigtream for both no-slip and siip wall cases.

Fig. 11 Surtace effectiveness for the ne-slip and slip cases,

paths diverge fusther. As the voniex pair is stronger and closer together
for the slip wall case, the two counter-rotating vartex cores pentrate fiar-
ther into the mainstream. Due 1o the vortces being bocated further from
the wall, the jet mixes with buuqmlimuumllu.id.nmumummmd



Conclusions
Results from this stody indicate that the formation of the coumter-

rotating vomices is dictated by the shear layer between the cooling jet and
mainstream. The counter-potating vortices were shown o form in the
absence of boundary layers and vorticity inside the cooling hole, These
conclusions were possible becawse of a numerical analysis where slip
walls were used 1o remove boundary layers and vorticity ingide the hole.
This allowed us io isolate the effect of the jet-mainstream interaction.

The vorticity in the hole region was shown to comelate with the
velocity gradients at the jet-mainstream interface. With a stronger shear
layer, the slip wall results showed higher vorticity levels than the no-slip
wall. Counter-rogating vortices are detrimental to the cooling effective-
ness of film-cooling jets. Based on the results of this stady, any effors ©
minimize the effect or swength of these vortices should focus towards
reducing the strength of the shear layer between the jet and the main-
stream. This shear layer has been identified as being the key mechanism
im the formation of counter-rotating vortices.
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