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ABSTRACT

Literature regarding the influence of inlet conditions on
cooling hole flows is reviewed. A general failure to fully gtify
inlet conditions and an inconsistent terminology for désiag
them is noted. This paper argues for use of an inlet veloaity r
tio (IVR) defined as the ratio of the coolant passage veldoity
the jet velocity, together with additional parameters reed to
define the velocity distribution in the coolant supply passa

Large scale experimental investigations of the internakflo
field for a laterally expanded 50 times scale fan-shaped hole
are presented, together with a computational investigatibthe
flow, for three inlet velocity ratios. Inlet lip separatiomuses
a jetting effect that extends throughout the length of thaiog
hole. A low velocity region of separated fluid exists on themo
stream wall of the diffuser which deflects the jetting fluiddaads
the upstream side of the hole. This effect is most pronouated
low IVR values. The exit velocity profiles and turbulencéridis
butions are highly dependent on the IVR.

NOMENCLATURE

L Length of cooling hole

D Diameter of cooling hole throat
M Blowing ratio =p;jU;/ peUcx

Re Reynolds number £pUD/ )
Tu Turbulence intensity

U Time averaged velocity

IVR Inlet Velocity Ratio =U¢/U;
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CVR  Cross-flow velocity ratio ey,c an00/Uivean

P Pressure

Cd Discharge Coefficient mA'CTUAL/mDEAL

IFVR Inlet Friction Velocity Ratio =u* /Ujy,can

u* Wall friction velocity =+/10/p

Wall Shear Stress

Fluid density

Dynamic viscosity

Mass flow rate

Uc Coolant passage velocity component in plane of
cooling hole centerline

Ucoo Coolant passage velocity component perpendicular
to cooling hole centerline

3=os

Uj Cooling hole throat mean velocity
SUBSCRIPTS

00 mainstream

j cooling hole jet

c coolant supply passage

0 total

MEAN area average

INTRODUCTION

The aim of film cooling is to create a uniform buffer film of
cool air to protect turbine blade material from the very hatim
gas flow. It is apparent from literature that optimum coolpsg-
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formance can only be achieved through fine tuning of several here as the ratio of the coolant passage mean velocity comp
flow parameters such as jet to mainstream mass flux (blowing) nent in the plane of the cooling hole centerline to the mean ve

ratio, density ratio, mainstream and coolant Mach numtess,

locity in the cooling hole throatV R = Ug,,cay/Ujyean- There

well as geometric parameters such as hole shape, hole Jength has been some confusion in terminology used by other worker

compound angle, and inclination angle. One important asgec
the cooling design that is critical to defining the internabke
ing hole flow-field is that of the inlet conditions to the holk.
has been established by other workers that a plenum tygéddnle
not appropriate, in most cases, to model the true flow canditi
in a typical turbine blade. Coolant supply passages with&n t
blade are narrow: firstly for structural integrity, but alsopro-
mote increased passage velocities and thus higher heafdran

coefficients on the passage walls (Saumweber and Schulz [1])

In addition, the orientation of the supply passage flow ngdab
the cooling hole axis (or cross-flow angle) may vary, depemdi
on the location within the blade, from 0 up to £800ver this
range of inlet flow conditions there is a correspondinglgéar
variation of the in-hole flow structure that cannot be ovekkd
as part of the overall film cooling design.

when describing the coolant flow direction. It is more logica
define cross-flow as the velocity component normal to the-cool
ing hole centerplane. To avoid confusion, this paper wit us
the term “cross-flow” in this sense. Pure cross-flow is then th
case where the coolant passage orientation is perpendiotiee
cooling hole centerline. The inlet flow situation may vargrfr
co-flowing (Ccross-flow angle as in the present study), through
pure cross-flow (99, to counter-flow (189).

The IVR alone is not enough to fully specify the approach
flow conditions at inlet to the cooling hole. Accordingly,eth
wall friction velocity has been measured at 2 diametersrapst
of the inlet to characterize the approaching coolant suppb¢
sage boundary layer. An inlet friction velocity ratio (IFYRas
also been defined as the ratio of wall friction velocity on the
hole inlet wall to the mean velocity in the cooling hole throa

Studies from as early as 1969, such as those by Rohde etu*/Uj, ... Of course, if the coolant supply passage flow were

al. [2] and Hay et al. [3], have documented the effects of abl
passage cross-flow at the hole inlet on the discharge casiffici
for cylindrical holes. Thole et al. [4], in their 1997 papesmre
the first to present flow-field data for cylindrical holes @sam
experimental set-up that included a variable coolant efioss
Interest in the effects of internal coolant cross-flow hasagr

fully developed, the channel Reynolds number would suffice t
determine the time-mean velocity distribution and wallashef
the approaching flow.

The cross-flow velocity ratio CVR, although not relevant for
the present co-flowing inlet situation, can be defined asdtie r
of the component of coolant passage mean velocity normal t

significantly in recent years and more studies have been pub-the cooling hole center-plane to the cooling hole throab iy,

lished covering discharge coefficients, coolant flow-fieddd
cooling performance results for different inlet configioas.

In reviewing this literature, as detailed in the followinecs
tion, it becomes apparent that there has been a distinctofack
consistency in terminology and specification of the coofsas-
sage flow conditions. The majority of studies specify a cobla

CVR=Ugycano0/Yinean: The coolant passage flow direction or
cross-flow angle is therefore given By= arctariCV R/IVR).

The present study is believed to be the first to present de
tailed flow field measurements within a fan-shaped coolirig.ho
A large scale cooling hole model at 50 times scale permits thi
resolution. The combined experimental and numerical inyas

passage Mach number or Reynolds number, and a handful oftion is conducted for a co-flowing {Ocross-flow angle) coolant

studies provide a wall boundary layer thickness at a distaipe
stream of the hole inlet. However, none of these studieseaxpl
itly define the wall shear at the cooling hole entrance. In-con
trast, the flow conditions at hole exit have been well definel a
specified in the majority of papers, with the commonly acedpt
blowing or mass flux ratid/1 being used in conjunction with exit
cross-flow Mach number and boundary layer information. What
is lacking for the coolant passage flow is information abbet t
relationship between coolant and jet flows, and importadiy
tails on the velocity distribution on the inlet-side passagll.
The latter is critical to the development of the in-hole flag,
the size of the coolant passage boundary layer and wall itygloc
gradients will, within limits, determine the condition dfa hole
inlet flow.

One parameter which to this point has not been explicitly in-
vestigated for film cooling flows is that of the inlet velocitgtio
(IVR), although the related inlet momentum ratio has somesi
been used, such as in Gritsch et al. [5]. The IVR will be defined
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passage orientation. This situation is closely analogoute
hydrodynamic problem of flow in a flush-type inlet for a wagrj
propulsor used on high speed ferry vessels, as reportedandBr
ner and Walker [6]. The results presented here provide aueniq
look at the in-hole flow-field, and reveal the effects of thietin
velocity ratio (IVR) on the in-hole flow development and thus
the exit profile of the coolant. An associated computatidlioi
dynamics (CFD) investigation permits a greater understayaf
the flow to be obtained.

LITERATURE REVIEW

A 1998 review by Hay and Lampard [7] examined pub-
lished literature on discharge coefficients of film coolimgds
and compiled an extensive list of investigations up to thaet
The authors noted that the majority of work completed was ex
perimental, with several including internal cross-floweets, but
little attention had been paid to shaped cooling holes. More
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recently, Bunker [8] presented a comprehensive review ef th
state of film cooling research listing around 2700 relatediss,
mostly published since 1970. Bunker also observed that rela
tively little attention had been given to the effects of theeinal
coolant passage flow.

Previous studies of cooling hole inlet effects have employe
parameters such as the coolant passage to jet “velocityraead
tio” (Poc — Pj)/(Poc — Pc) used to correlate discharge coefficient
data by Rohde et al. [2], and the internal “jet-to-crossflong-
mentum flux ratiopjU?/pcU¢ used by Gritsch et al. [9]. For
isothermal incompressible flows the latter reduces to therge
square of the IVR used in the present investigation. Hay. ¢3l
stated that the “velocity head ratio” was difficult to use hwit
cross-flows on either side of the hole. Indeed, it seems tla@-'s
dard” parameter for correlating discharge coefficient datang
researchers is the pressure rddig/Ps.

Hay et al. [3] published one of the first studies of the effects
of cross-flows at inlet and exit of a cooling hole. They used a
row of cylindrical holes I(/D = 6,D = 10 mm) supplied by a

passage Mach number, Reynolds number and turbulence inte
sity being specified. These studies make use of the interoal m
mentum flux ratio, which is related to the IVR, giving a tested
IVR range of 0- 3. A following paper from Gritsch et al. [15]
looked at the effect of coolant passage Mach number on dowr
stream cooling effectiveness, specifying the same pammas
in previous studies. In this case the internal momentum #tin r
was not used, so the range of tested IVRs cannot be determine
These studies give no information on the coolant passagedsou
ary layer.

Adami et al. [16] presented a numerical study of the in-hole
flow field for a cylindrical, fan-shaped, and laid-back holighw
a 90 cross-flow at inlet. They examined the flow-field for one
test configuration and specified only an external blowinigprat

Kissel et al. [17] introduced ribs to a cross-flowing coolant
passage and examined passage and main-flow Reynolds numl
effects on downstream surface cooling performance. The pa:
sage Reynolds number and hole pressure ratio were specifie
but there were no details on the passage boundary layert{whic

co-flow and a cross-flow coolant passage. The coolant passagewould certainly have been influenced by the wall ribs) andfins
Mach number was set and a general range of coolant Reynoldsficient data to determine the tested IVRSs.

number provided. No coolant passage boundary layer informa
tion was included. Another paper by Hay and Lampard [10] ex-
amined discharge coefficients for fan shaped cooling holds w
a co-flow coolant passage, but again specified only the cbolan
passage Mach number and pressure ratio across the hole.

A study by Thole et al. [4] was the first in open literature
to look specifically at the effect of a co-flowing coolant pgs
on the exit flow field of a cylindrical cooling hole. The author
provided comprehensive details on the coolant passagefithv,
Mach number, mean velocity, Reynolds number, and upstream
boundary layer thickness being specified. Although noestat
the provided information enabled the tested IVRs to be ¢ated
as 0, 1.2, and 2.0. The condition of the coolant passage boyind
layer was not given, and the wall shear at the hole entry was no
defined.

Kohli and Thole [11] performed a computational investiga-
tion for a forward-lateral shaped cooling hole with a pleniam
let, as well as coolant passage orientations of 0, 90 antl 1@0
a blowing ratio ofM = 1.0. Although not stated explicitly, an
IVR of 0.7 can be deduced for test cases where a coolant gassag
velocity existed at the hole inlet. Further work from Kohtica
Thole [12] used CFD to investigate the effect of coolant pges
Reynolds number and orientation for the same forwarddhter
shaped hole geometry. The effect of coolant passage Reynold
number was investigated only for a90ross-flow and a blowing
ratio of M = 2. Here again, the inlet velocity ratio was undefined
and only the inlet wall boundary layer thickness was prodide

A series of papers by Gritsch et al. [5, 13, 14] examined dis-
charge coefficients for both shaped and cylindrical codtiokgs
with a co- or cross-flowing coolant passage. The same test fa-
cility was used for these studies with parameters such damio
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The most recent study that includes the effects of the ctolar
passage flow is that by Saumweber and Schulz [1]. This inves
tigation looked at a cross-flowing coolant passage, andetffe
data for a range of coolant passage Mach numbers and blowir
ratios for a fixed exit cross-flow Mach number. Again, the IVR
was not quantified, but could be calculated from data pralide
Tests covered a range from-8.5 at the highest coolant passage
Mach number of 0.59 for a blowing ratio of 1.0.

General findings from previous research

Despite an obvious increased interest in the effects o
coolant passage flow on film cooling in the past decade, itiis ev
dent that the works published to date have in the majorityasés
failed to provide details on the IVR and the incoming bougdar
layer condition in the coolant passage. Although this compl
cates the direct comparison of results from different resesas,
several common key points regarding the inlet flow have bee
identified.

The most prominent inlet flow phenomenon is that of sepa-
ration from the inlet edge of the cooling hole. The typicdl 30-
clination angle of cooling holes changes the inlet flow cdesi
ably from that of a sudden contraction or orifice type flow, as
discussed by Hay et al. [3]. Work by Pietrzyk et al. [18] pre-
sented exit velocity and turbulence information for an imed
cylindrical hole fed by a plenum inlet. The skewed exit peotf
the jet led to the conclusion that a separation region must ex
the downstream side of the cooling tube as a result of the larg
turning angle. A numerical study by Leylek and Zerkle [19],
replicating the work of Pietrzyk et al., predicted the exigte of
this separated region and associated jetting of fluid tosvtrd
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upstream side of the exit. Further works of Thole et al. [4hK
and Thole [11], Kohli and Thole [12], Gritsch et al. [13], K&

et al. [17], and Saumweber and Schulz [1], have discussed thi
inlet separation and implied from exit data or numericadpre
tions that such a separation exists. There has been no fdll fie
experimental data presented from within the hole to confimis t
so far.

Stagnation Point  The location of the stagnation point at
the hole entrance is critical in defining the location anaépkbf
the separated region. Hay et al. [7] noted this in relatioarte
derstanding the variation of discharge coefficients, rgetiat as
the coolant passage mean velocity (in the present ternggplo
increases, the stagnation point moves upwind to the doearstr
inlet edge, and then into the hole at still higher cross-flelowi-
ties. This is in line with a study by Brandner and Walker [6]ovh
experimentally investigated a flush mounted water jet propu
sor inlet, commonly used in high speed ferries. Brandner and
Walker found that incidence angle on the inlet lip has sigaiit
effect on non-uniformity at the duct exit, with large velyogra-
dients for low and high IVRs. As IVR was increased from 0 to 3,
the stagnation point, measured by lip static tappings,nessed
from outside to inside the duct. In addition, the DC60 pariame
used to quantify distortion at the duct outlet, showed anoatm
linear variation with IVR over the range from-12, with min-
imum distortion at an IVR of 1. Indeed, all studies incorgera
ing coolant passage cross-flow have noted a significanatitiar
of exit flow-field, cooling performance, or discharge codédfnts
with varying coolant passage Mach number or Reynolds number

The literature review presented here effectively covees th
current offerings of experimental and computational itiges
tions into the effects of flow at the cooling hole inlet. It do@
seen that the inlet velocity ratio has not been previousfindd
for film cooling flows, despite its importance in defining time i
hole flow. Several studies, such as Saumweber and Schulz [1],
Thole et al. [4] and Gritsch et al. [14] have hinted at the i
tions of such a ratio, but have not characterized the flowrimge
of IVR. An important point to note is that experiments contedc
by increasing the blowing ratio for a fixed exit flow and fluichde
sity must produce associated changes in the IVR: thus tdtses
obtained must depend on the combined effects of blowing rati
and IVR, and it is therefore incorrect to attribute the olsdr
changes to the influence of blowing ratio alone.

EXPERIMENTAL FACILITY AND INSTRUMENTATION

The low speed wind tunnel at the University of Tasmania
that was used for this research is shown schematically inlFig
This facility achieves similarity with aeroengine turbibtade
values for numerous flow parameters, including mainstreaan a
coolant passage Reynolds numbers, jet to mainstream mass flu
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Figure 1. WORKING SECTIONS OF TEST FACILITY. ARROWS INDI-
CATE FLOW DIRECTION

(blowing) ratio M, and geometric parameters as shown in Ta
ble 1. The wind tunnel is an open circuit design using an axia
flow fan to draw air through the main working section. As shown
in Fig. 1, there are two working sections connected by the film
cooling hole model, each drawing air from atmosphere. Bott
of these can be traversed by probes to take measurements of t
flow, and are constructed from clear acrylic. The main sactio
representing the hot gas path over the surface of a turbadzbl
is 1000 mm long and 22% 225 mm in cross-section, and is pre-
ceded by a smooth two-dimensional contraction. The boyndar
layer is tripped 200 mm upstream of the working section itdet
ensure a fully developed turbulent boundary layer through t
working section. Mainstream turbulence intensity 08%, a
maximum mainstream velocity of 20 msflow direction uni-
form to within +0.5°, and velocity uniform to withint0.5% is
achievable.

The design of the facility, as detailed in Porter et al. [20};

Par ameter Enginevalue | Test value
D (hole diameter) 0.7—1.2mm 50 mm
a (inclination angle) 20— 6C° 30
L/D 3-6 5

Fan expansion angle 14-32 30

DR (density ratio) 15-2 1

V R (ext velocity ratio) 05-2 05-19
M 08-4 05-19

I 09-2 0.25—2.25
Rep; 1-3x10* 3x 10

Table 1. COMPARISON OF ENGINE AND EXPERIMENTAL PARAME-
TERS FOR CURRENT STUDY

Copyright © 2009 by ASME



Figure 2. FAN-SHAPED COOLING HOLE GEOMETRY

ables independent control of flow conditions in the coolad-p
sage, cooling hole, and mainstream, in a similar fashioré¢o t
facility described by Wittig et al. [21]. This is achieveddigh

a re-circulating coolant loop driven by an axial fan, and & se
ondary radial flow fan (not shown) to supply and control make-
up air that exits through the cooling hole. The mass flow réte o
this additional jet fluid is measured by a calibrated nozzkh w
an uncertainty of less than 2%. Figure 2 shows the cooling hol
geometry tested in the present study. It is a typical laeex-
panded fan-shaped cooling hole, witfiD = 5, and a metering
(throat) length oL /3. The included angle of the diffuser section
is 3C°. A novel aspect of this work is the 50 times scale cooling
hole geometry which allows aerodynamic probes access for de
tailed measurements. The metering section diam{&gof the
cooling hole model is 50 mm. Blowing ratios of 0.5 and 1.0 are
tested in this study, together with inlet velocity ratiog0a3, 0.6,
and 0.9 for a co-flowing (Q coolant passage orientation.
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Figure 3. COMPUTATIONAL MESH

number of elements was approximatel & 10°. The mesh can
be seenin Fig. 3.

The near wall flow was modeled using “automatic” wall
functions, which automatically switches between a low Réys
number approach to scalable wall functions depending oal loc
conditions and the wall normal element spacing [22]. The y+
value of the mesh element adjacent to the wall varied betwee
10 - 50 in all cases. Post processing showed that the bounda
layer was resolved by around 10 elements, as recommended
the software documentation for the code used, which was CF:
11.0 [22].

The Shear Stress Transport (SST) turbulence model we
used for turbulent closure as it is regarded as one of therett
two-equation turbulence models at predicting separatioan
adverse pressure gradient [22]. A second order accuratcadv

Velocity and turbulence intensity measurements were made tion scheme was used. The six equations solved were u, v ar

using a single sensor Dantec type 55P11 miniature hot wirteepr
with wire axis normal to the average mainstream flow directio

w-momentum equations, and conservation of mass, turbkient
netic energy (k) and turbulent frequenay)( A convergence

The probe was operated by a TSI IFA100 constant temperature criterion for maximum RMS residual of 16 was set, which

anemometer with standard bridge, and calibrated in sitinaga
Pitot-static tube in the plane of the sensor tip. Turbulénten-
sity values were calculated from the measured root-meaarsq
(rms) velocity fluctuations scaled by the mean velocity galu
at the measurement location. Measurements were corremted f

electrical noise in the anemometer.

COMPUTATIONAL MODEL

The computational domain was divided into 7 regions to al-
low independent mesh controls to be applied to each. Albregi
were meshed using a hybrid method consisting of tetrahetiral
ements in the far wall flow and inflated prismatic elementi@n t
near wall flow to improve boundary layer modeling. The total

is two orders of magnitude below the default level used by the
solver [22]. The solution times were generally around 3 kour
using 10 processors of a SGI ALTIX 4700 system (64-bit Ita-
nium 2, 1.6 GHz).

EXPERIMENTAL RESULTS

Contour plots of normalized velocity /Uj,,,, and turbu-
lence intensityUrms/U for IVR values of 0.3, 0.6 and 0.9 are
presented in Fig. 4.Uj,,, is defined as the mean velocity
through the throat of the hole. This quantity was held cartsta
at 9 ms! for all tests, and the corresponding Reynolds numbel
at standard conditions wasx310*. The mainstream velocity,
U, was held constant at 18 mhsvith M = 0.5; for M = 1.0 the
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Figure 4. CONTOURS OF (a) NORMALISED MEAN VELOCITY AND (b) TURBULENCE INTENSITY ON PLANE Yh=0, FOR BLOWING RATIO M=0.5

value ofU., was 9 mg'. The measurement plane is located along
the hole centerline and oriented in a lateral direction.uFég2
shows the hole coordinate system, subscripted h, withroggi
the center of the hole inlet plane, aiXg axis aligned with the
hole centerline. The measurement plane is thus inghe Z,
plane atY;, = 0. Results presented here are for one half of the
hole with the data mirrored to provide better visualizatidnthe
flow pattern. It should be noted that the single axis hot-wé@e-
sor detects an effective velocity which represents a vestor of
individual velocity components normal to the sensor. Foame
surements here, the sensor was aligned in the mid-planeahorm
to the hole axis, and parallel to the side wall. There is an-ass
ciated uncertainty in the experimental turbulence valudsch
essentially indicate the velocity fluctuation componenippe-
dicular to the hot-wire sensor.

The normalized velocity contours reveal a distinct change i
flow pattern within the hole as the IVR is increased from 0.3 to
0.9. At an IVR of 0.3 there is a marked inlet lip separatiort tha
produces a region of high velocity fluid starting midway a@on
the throat and splitting either side of a central low velci-
gion at the throat outlet. The maximum throat velocity in the

inlet has a normalized value of more than one, demonstrating

that considerable acceleration of the flow has occurred due t
the blocking effect of the inlet separation. As the flow rezch
the diffuser section, the flow decelerates; but the highkrcity

region continues to hug the lateral walls of the hole as the lo
velocity region dramatically increases to fill the majoritfythe
diffuser. Velocities in this region are approaching zemuli¢at-
ing that there is incipient re-circulation of fluid in thisgien.

As the IVR is increased to 0.6 there is a reduction in peak
fluid velocity, but still a similar pattern with higher veliog fluid
deflected to the sides of the diffuser around a central lowozel
ity blockage. At IVR=0.9 the effect is reduced further, te th
extent that the higher velocity fluid does not follow the dsér
walls as closely and low velocity fluid occupies the near wall
region. The associated turbulence intensity contoursatehat
the low velocity region produced by the cooling hole inlgtse
ration is highly turbulent and occupies a large percentdgleo
diffuser space in the measurement plane, particularlyhietdaw
IVR case. As with the velocity contours, the turbulenceristyy
contours show a progressive variation as IVR is increasée. T
highly turbulent region in the diffuser becomes smaller kass
intense at higher IVR, and the flow near the walls of the défus
starts to show high turbulence, indicating some separétanm
the start of the diffuser section.

COMPUTATIONAL RESULTS

Further insight into the flow structure can be gained from
examination of the results from the computational simatati

Copyright © 2009 by ASME
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Figure 5. COMPUTED CONTOURS OF (a) NORMALISED VELOCITY AND (b) TURBULENCE INTENSITY ON PLANE Yh=0, FOR BLOWING RATIO

M=0.5

Firstly, a comparison of velocity contours in Figs 4 and 5vgho
good qualitative agreement with the experimental measemésn
with the same high velocity region splitting at the starthad tif-
fuser around a large region of low velocity fluid. A brief irstie
gation of variations in the height of thvg plane cut demonstrated
quite high sensitivity of the velocity distribution, whigha pos-
sible source of slight differences in the plots. The progjs
of flow patterns is also strikingly similar to experimenttiihe
simulation showing the same region of low velocity fluid nier
diffuser walls atVR = 0.9.

The computed turbulence intensity values were derived
from the turbulent kinetic energy by making the assumptibn o
isotropic turbulence. Although the turbulence will exhibdome
anisotropy, the resulting computed distribution stillegva use-
ful indication of the streamwise turbulence intensity meed
by the hot wire sensor. The similarity to the experimentdahda
is good, though there is perhaps a slight over-predictiothef
turbulence intensity in the central diffuser region. Thosildl be
due to the very low velocities in the diffuser in the compused
lution. The patches of high turbulence in the near wall negib
the start of the diffuser, present in the experimental tssare
not evident here.

Further validation of the numerical results can be obtained
by comparing normalized velocity profiles along the cooliote
centerline. Figure 7 presents the measured and computect vel

7

ity profiles atXh/D = 2.2 and 38 for IVR= 0.9 andM = 0.5.
The similarity of the profiles aXh/D = 2.2 is good; aiXh/D =
3.8 there is still good agreement. The inability of the turlpgle
model to fully capture the effects of the adverse pressuadigr
ent and increased turbulence level in the diffuser may beecau
for the discrepancies. The good agreement of the compnégdtio
results with experiment provides confidence in the solutan
the entire flow field, which will be examined in the following
discussion.

ANALYSIS OF FLOW DYNAMICS
In-Hole Flow Field

Figure 6 shows velocity magnitude vectors in the= 0
plane through the hole for the IVRs tested. These images ir
dicate a prominent jetting of the coolant fluid originatingrh
the downstream lip of the hole inlet. This jetting effect hagn
shown by previous numerical simulations such as those ofiKoh
and Thole [11] and Leedom and Acharya [23]. These worker:
found the effect to be most prominent for plenum inlet or low
coolant passage velocity cases, which correspond to lowAlR
ues. Figure 6 demonstrates that the strength of the jetigigm
decreases with increasing IVR. Streamlines from the coetput
results show a roll-up of fluid from the sides of the hole inlet
into a pair of counter rotating vortices in the throat sectidhe

Copyright © 2009 by ASME



height of these vortices directly affects the strength ef jet-
ting region: at low IVR, the vortices occupy over half the eub
height at the start of the diffuser, pushing the jetting fliidhe
upstream wall and causing increased local velocities.

The adverse pressure gradient imposed by the diffuser cre-
ates a tendency for the flow to separate. In the current cage, h
ever, the flow is already split due to separation at the infée
adverse pressure gradient acts to disperse the vortiesging a
separation bubble on the center of the downstream diffuaélr w
This forces the jetting fluid to remain near the upstream efde
the hole, but also to deflect laterally around the separated fl

M=0.5, IVR=0.3

and remain attached to the diffuser side walls. This behaaio- e = L
trasts with the typical wall separation observed at theagite of e e 0.075 [m]

a two-dimensional diffuser with a large area ratio; it is aneo
bined result of the jetting effect produced by the inlet lgpa-
ration and the associated separation on the downstreanofvall
the diffuser entrance. Saumweber and Schulz [24] and Adami
et al. [16] also identified the downstream wall separatioh-bu
ble in their numerical results. Saumweber and Schulz used th
flow feature to explain the typical bi-modal pattern of cagli
effectiveness surface distributions downstream of thesfaaped
hole exit. Peak effectiveness values at the lateral siddheof
surface distribution agree with the deflection of the inehiddw
around the separation bubble. Saumweber and Schulz ppose
that such a separation is beneficial to cooling performasdé a

M=0.5, IVR=0.6

promotes lateral spreading of the coolant. o '
0.075 [m]

Centerline Velocity Profile Comparisons

Velocity profiles atZ = 0 for each of the three IVRs tested
are presented in Figure 7. The decrease in height of theatepar
region on the downstream wall of the throat as IVR is incrdase
can be clearly seen from these plots. The jetting region gt hi
velocity fluid is prominent in the upstream portion of the ol
with the maximum peak velocity occurring for the lowest IVR
case. Turbulence intensity plots not presented here stavitté
peak turbulence occurs in the region of highest velocityligrat
dU/dy, consistent with findings of Andreopoulos and Rodi [25] 0 0.150
and Pietrzyk et al. [18] at the exit plane for a normal round je 0.075 [m]

M=0.5, IVR=0.9

Contours of velocity at the saméh/D locations, presented
in Fig. 8 reveal further information about the nature of thele ; . ; ;
ing hole flow. In the throatXh/D = 2.2), the contours clearly T ]
show the vortex pair discussed above; these closely resembl
the kidney-shaped vortex seen downstream of a cylindratal
in cross-flow. These vortices persist into the diffuser, rettbey Figure 6. VELOCITY VECTORS IN THE CENTERLINE (Z=0) PLANE
spread and reduce in intensity. Vector plots indicate soemg v. = FOR DIFFERENT IVR
low velocity fluid in this region suggestive of incipient flowg-
circulation. The reduction in height and size of the vortex p
structure with increasing IVR is evident from these images.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 7. COMPARISON OF NORMALIZED VELOCITY PROFILES IN
HOLE CENTERPLANE. Zh=0, M=0.5

Effect of Blowing Ratio

To examine the effect of blowing ratio on the cooling hole
flow, tests were done at a blowing ratiolf= 1.0 by adjusting
the mainstream velocity alone. Figure 9 shows contour [iots
an IVR of 0.6 at blowing ratios of 0.5 and 1.0 from measurement
and computation. The flow fields for these two blowing rati@s a

9
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CONTOURS OF NORMALIZED VELOCITY AND TURBULENCE INTENSITY IN HOLE THROAT LATERAL PLANE. Xh/D=2.2 M=0.5

essentially similar, demonstrating that blowing ratioredchas
little influence on the in-hole flow. Changes in flow structure
with blowing ratio generally result from a change in coolhe
Reynolds number as the pressure ratio is adjusted to acthieve
desired blowing ratio.

DISCHARGE COEFFICIENTS

Values of discharge coefficients Cd (defined as the ratio o
actual to ideal cooling hole mass flow) were derived from the
measured data for IVR cases of 0.3, 0.6, and 0.9 and plotted i
Fig. 10. The trend of increasing Cd with IVR is immediately
obvious. A similar trend was found by Gritsch et al. [5] with
varying coolant passage Mach number for an external flow Macl
number of 0. Their results showed a peak in discharge coeffi
cients for a particular coolant passage Mach number. Grisc
al. [14] presented normalized discharge coefficient dateyfin-
drical holes in terms of the internal momentum flux ratio, &ord
a co-flowing coolant passage showed a peak Cd at a mome
tum flux ratio of about 1. This result can be explained through
the increasing contribution of the coolant passage flow ohyoa
pressure, and a reduction in the extent of the separateahregi
the stagnation point moves upstream to the hole inlet lipl&h
et al. [4] and Gritsch et al. [13] made similar deductions loa t
basis of their experimental observations. It is expected -
tension of the present measurement range of IVRs would als
reveal a “peak” IVR for which the discharge coefficient rezgh
a maximum. The maximum practical value of IVR will be deter-
mined by the limit at which blow-off of the emerging coolaat |
occurs; depending on the cooling hole geometry, this limaym

Copyright © 2009 by ASME
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Figure 9. COMPARISON OF VELOCITY CONTOURS FOR A BLOWING RATIO OF M=0.5 (left) AND 1.0 (right). IVR=0.6.

be reached before the Cd value attains a maximum. DISCUSSION
The present results clearly demonstrate the influence of IVF
on the in-hole flow field and discharge coefficients for a fan-
shaped cooling hole with co-flowing coolant passage at.idlst

0.96 : : : : : : : the mainstream and cooling hole flows were held constant fo
all tests, the observed behavior must be primarily atteitub
0.94] f changes in the IVR. It seems, from the few studies for which
an IVR can be determined from the published data, that maxim
0.92} ] of discharge coefficient values and exit velocity unifoynénd
3 minimum exit turbulence levels can be expected at an IVReclos
€ o9t , to 1. This value of IVR positions the stagnation point close t
(] . . . . . .
S the center of the inlet lip and minimizes separation at tha-co
Q 0.8} 1 ing hole entry. The present results of in-hole velocity coins
% and profiles demonstrate the development of a more uniform in
2 0.86] 1 hole flow as the IVR increases. Waterjet propulsor inlet mea:
El surements by Brandner and Walker [6] further support this co
a 0.84r
0.82r 1 5/D | IFVR | Rep (x107%)
IVR=0.3 | 0.143 | 0.026 0.9
0'%.2 03 04 05 06 07 08 09 1 IVR=06 | 0.157 | 0.103 1.8
VR IVR=0.9 | 0.161 | 0.178 25
Figure 10. VARIATION OF DISCHARGE COEFFICIENT WITH INLET Table 2. COOLANT PASSAGE BOUNDARY LAYER CONDITION AT IN-
VELOCITY RATIO LET
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clusion, reporting the lowest flow distortion at the ductt dar investigation, the degree of flow separation at the coolioig h
an IVR of 1. Brandner and Walker also examined the effect of inletis strongly influenced by the ratio of the coolant sygms-
approach flow boundary layer thickness with tests for tdtiakt sage velocity to the cooling hole jet velocity (or inlet vely
nesses of 13.3% and 30% of the inlet duct diameter. The thicke ratio IVR).
boundary layer reduced both the strength of secondary flow in The IVR therefore becomes an important parameter fol
the duct and the distortion of velocity distributions at thect cooling system design. Previous studies, together with th
exit. present investigation, indicate that the degree of flow rsejmen
These results emphasize the need for a full specification of from the cooling hole inlet lip, and therefore the associdlew
the approaching coolant passage flow. Coolant passagedgund distortion at the cooling hole exit, are both minimized aRIV
layer data for the present tests are presented in Table 2. Thevalues of around unity.
boundary layer thickness in the present study varies oty Specification of the approaching flow distribution in the
across the three test cases, between 14% and 16% of the inlecoolant supply passage will require additional paramesach
diameter. The wall friction velocity upstream of the holéein as the passage Reynolds number, if the flow is fully developed
shows a much greater variation with the IVR. inlet wall boundary layer thickness and Reynolds numbenrahe
The limiting cases for condition of the coolant passage flow the supply passage has a uniform core flow. An extensive liter
are inviscid flow, and fully developed passage flow. For tite fo  ature review has indicated that this data is lacking in [esi

mer case the passage flow can be fully defined by the IVR for publications on this subject; the data is either incompbeteot
incompressible flow, or a momentum ratio for compressible.flo  explicitly specified.

For the latter case the velocity distribution near the walh c The present detailed study of in-hole flow behavior for a typ-
be solely determined from knowledge of the passage Reynolds jca| fan-shaped cooling hole geometry has shown that coanput
number or wall friction VelOCity ratio. In the general casiee tional predictions rep"cating measured coolant supp[gsp_ge
coolant passage flow will not be fully developed and a boundar  jyjet conditions gave useful descriptions of the in-holevflze-
layer will be present on the passage wall preceding the hie i havior. The extent of lip separation and associated jetirthe
Full specification of the flow condition approaching the tril hole entrance was found to be strongly influenced by the IVR
then require knowledge of both the boundary layer thickaess  yajue. The associated low velocity region at the center ef th
boundary layer Reynolds number. diffuser entrance caused the flow to remain attached to tee si
If the hole inlet diameter is sufficiently small for the inlet  \yals of the exit fan.
flow to be totally drawn from the wall similarity region of the The situation will be more complex for a cross-flow situation
boundary layer, specification of the wall friction velocitf the where there is a component of the coolant supply passage-velo
approaching flow should be sufficient to determine the intst fl ity normal to the cooling hole center plane. An additionaéin

behavior. Where the boundary layer thickness is comparable \gocity ratio based on the cross-flow velocity componetittye
with the hole diameter, the ratio of these two lengths also be reqyired in this situation. A variety of terminology has besed

comes relevant, and the velocity distribution of the whalerig- in previous publications to describe internal cross-flofes,

ary layer region needs to be defined. L . and a more consistent approach would be desirable to redece t
In summary, a comprehensive description for all possible ,tential for confusion and facilitate comparison betweifer-

flow regimes requires in general, the wall friction velocity ent studies. The present publication has made some suyesti

tio (IFVR), the passage Reynolds number or boundary layer , this regard.
Reynolds number of the approach flow, and ratio of boundary
layer thickness or passage half width to the cooling holet idi-
ameter. The combination actually required will depend an th
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