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Abstract: Experimental investig ations w ere per formed on the over all co oling effectiveness � o f a flat effu�

sion wall o ver a wide range o f blow ing ratio (M= 0. 47~ 5. 27) . The effusion wall had a stag gered multi�ho le

pattern typical of g as t urbine combustor applicat ion, w ith a ratio o f hole pitch to row spacing P/ S= 1 � 2, a

por osity P S/ d2= 72, and an inclination angle �= 30�. The cur rent paper documented dist ribution of the overall

coo ling effectiveness on the wall surface, based on infr ared imag ing of the 2�D sur face temperature field. Ex�

per imental r esults indicate: ( 1) The overall � increases along w ith the streamw ise dist ance fo r the w ide range

of M due to the superpo sitio n effect o f the mult i�row film coo ling . ( 2) The overall �substantially benefits fr om

the multi�ho le inside convectiv e coo ling . The hole convective cooling no t only complements the weakest film

pro tect ion at initial r ow s but also helps mit igate the temperature g radient. ( 3) T he overall � incr eases asymp�

totica lly w ith increasing M , unlike adiabatic � mostly published in the past, which decr eased after M r eached a

specif ic level. T he cur rent wo rk show cased t he end cooling outcome jointly driv en by the filming coo ling mech�

anism and the ho le inside convect ive coo ling mechanism.
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Nomenclature

d Diameter, mm

l T urbulence lengt h scale, mm

L Length, mm

m! M ass flow rate, kg / s

M Blowing rat io

P Spanwise hole pitch, mm

Re Reynolds number

S Str eamwise hole spacing , mm

T T emperatur e, K

T u T urbulence intensity

u Velocity , m/ s

x Str eamwise location, mm

y Spanwise location, mm

� Coo ling effect iveness

 T hermal conductivity , W / ( m ! K)

! Density of air flow, kg/ m3

∀ Gradient

Subscrit

av Average

c Coo lant

g M ainstr eam gas

span Spanwise

str e Str eamwise

w Wall sur face

Introduction

  In futur e gas turbine eng ines the durability

of combustor liners is one of the primary con�
cerns for the high temperature rise combustor,

especially w ith the t rend of incr easing coolant
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temperatur e and reducing coo lant flow r ate. A d�
vanced liner cooling techniques must be devel�
oped for max imum ut ilizat ion of the coolant cool�
ing potent ial.

Ef fusion coo ling is one of the most ef fect iv e

and econom ical cooling schemes for gas tur bine

combustors, as illust rated in Fig. 1. It can sig�
nif icantly enhance convect ive heat tr ansfer ( cool�
ing ) inside a large number of inclined holes be�
fore the coo lant forms a cooling film on the hot�
side surface, isolat ing the liner w all f rom the hot

g as. Ef fusion coo ling has been w idely studied

and it is in applicat ion[ 1�2] . Nonetheless, funda�
mental resear ch on the f low and coo ling charac�
ter ist ics o f this co oling scheme is still o f gr eat in�
ter est, to enhance understanding and design.

F ig . 1  Effusion coo ling scheme

T he overall coo ling ef fect iveness is at t ribu�
ted to the adiabat ic f ilm cooling ef fect iveness,

heat tr ansfer on bo th cold�side and hot�side w all

surfaces, and the convect ion coo ling ef fect inside

the inclined holes. Dagaut and Cathonnet et

al.
[ 3�6]

conducted a series o f studies on the adia�
bat ic cooling ef fect iveness and heat t ransfer o f

the effusion cooling scheme, examining the

effect o f mult i�hole pat tern, hole inclinat ion an�
gle, hole deflect ion angle and blow ing rat io.

T hey found that smaller pitch helped on span�
w ise coo ling uniformity, the staggered mult i�
hole pattern had better co oling protect ion than

the in�line pattern, and blow ing rat io had smal�
ler inf luence on cooling ef fectiveness of st ream�
w ise inject ion than r everse inject ion. T he cooling

and heat t ransfer characterist ics w ere presented

w ith data interpolat ion, instead of continuous 2�
D mapping of the w all surface, as the measure�
ment w as conducted at discr ete spat ial points,

either using a gas analyzer to measure the con�
centr at ion o f CO 2 ( a heat�mass analo gy method)

or a larg e number of thermocouples to detect the

w all sur face temperatur e ( a direct thermal meth�
od) . A s such, the presented coo ling or heat

t ransfer results w ere not so cer tain in the inter�
polated region, par ticularly near the holes w her e

the highest gr adient existed.

Brankovic et al. [ 7] obtained the film cooling

effect iveness and heat t ransfer coeff icient for a

full co ver age f ilm cooling w al l w ith an inclina�
t ion ang le of 20� and hole spacing of 16d to 10d,

using the t ransient liquid crystal technique. Ex�
pensive liquid cry stal paint was applied on the

measured sur face and complicated liquid crystal

color analysis was conducted after the experi�
ment. T hey found that the plate w ith a smaller

hole spacing offered higher coo ling ef fectiveness

g iv en the same blow ing rat io. Increasing blo�
w ing rat io led to low er cooling ef fect due to f ilm

lif to ff f rom the surface. The exper imental re�
sults indicated that coo ling film coverage w as

fully developed at about 80d from the f irst row .

Probably due to high expense and inconvenience

of the experiment, L ing�s research only dealt

w ith the f irst several r ow s and farther down�
st ream row s, w ith a few row s betw een skipped.

A steady�state w ide band liquid crystal technique

w as also used to study film cooling ef fectiveness

and heat t ransfer by M art inez�Botas[ 8] T his stud�
y show ed that film cooling ef fect iveness in�
cr eased as the f ilm remained at tached to the w all

surface, w ith the opt imum blow ing rat io close to

0. 5.

T he infrared ( IR ) imag ing technique has

been w idely used for non�int rusive sur face tem�
perature measurements in film cooling stud�
ies [ 9�12] . Compared to the liquid cry stal tech�
nique, advantag e of IR technique w as evident, as

a w ider temper ature range could be dealt w ith

and more detailed 2�D temperature f ield informa�
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t ion could be obtained w ith higher accuracy.

Gustafsson et al. [ 9] invest igated the temper�
ature dist ribut ion on effusion�cooled plates w ith

dif ferent temperature rat ios and velocity rat ios

betw een the hot g as and coolant, dif ferent ho le

spacing, inclinat ion angle, and thermal conduc�
t ivity of the test plates. Fo r a g iven amount o f

cooling air, the w al l temperatur e decreased w ith

reducing the injection ang le due to more attached

jets. H igher thermal conduct ivity of the plates

led to decreased surface temperature in front o f

the f irst r ow of ho les. Almost linear relat ionship

w as found betw een the temperature r at io and the

surface temperature at a lar ge velocity rat io.

Harrington et al. [ 10] perfo rmed an experimental

and computational inv est ig ation on the adiabat ic

effect iveness o f larg e�scaled full coverage f ilm

cooling plates w ith normal ho les, considering

the ef fect of the mainst ream turbulence. T he

separation of the coolant jet f rom the surface w as

found by both measurement and predict ion at

blow ing r at ios higher than 0. 65. Aver aged cool�
ing ef fect iveness decreased when the mainstream

turbulence w as elevated. With 7. 14d hole spac�
ing , cooling coverage w as fully developed at the

str eamw ise locat ion of 30d for the blow ing r at io

of 0. 25 and at 50d for the blow ing r at io of 0. 65.

Both f ilm cooling effect iveness and heat t ransfer

coeff icient dow nst ream of a single ho le w ere ob�
tained from a test by means o f the t ransient IR

thermog raphy technique[ 11] .

Coulthard et al.
[ 12]

studied the ef fect of jet

pulsing on the coo ling ef fect iveness, f low tem�
perature and heat t ransfer of the film cooling

w ith a row of 35� inclined holes. In the steady

blow ing case, w hen the blow ing ratio w as low er

than 0. 5 the f ilm coo ling jet w as at tached to the

w all surface, result ing in high coo ling ef fective�
ness. Increasing blow ing rat io reduced the cool�
ing ef fect due to the f ilm lif toff . Low convect iv e

heat tr ansfer coeff icient o f the f ilm corresponded

to high cooling ef fect iveness, and the overall

heat flux thr ough the w all was dependent mor e

on f ilm cooling ef fect iv eness than convect ive heat

t ransfer. T w o kinds o f vo rt ices, horseshoe vor�

t ices w rapping around the f ilm coo ling jets and

kidney vort ices associated w ith the jets, had a

larg e inf luence on the cooling effect iveness and

heat t ransfer dow nst ream o f the cooling holes.

Similar f indings are seen from computat ional f lu�
id dynamics ( CFD) studies of f ilm jets[ 13�14] .

T he inf luence of the blow ing rat io on the

f ilm coo ling w as also studied through the veloci�
ty pro file measurements for a full coverage ef fu�
sion cooling w all

[ 15]
. In this 4. 9d ho le spacing

full coverage effusion cooling scheme, the veloc�
ity prof ile w as fully developed at the st reamw ise

lo cat ion of 70d, w hile the fully developed ther�
mal state did not occur at the same lo cat ion. It

w as found that the str eamw ise velocity and tur�
bulence prof iles w ere on scale w ith the blow ing

rat io for all locat ions and blow ing r at ios. T he jet

separation downstr eam of the ho les w as show n

in the velocity prof ile, w ith counter�rotating
vo rt ices ent raining hot mainst ream flow tow ard

the w all surface, leading to low coo ling ef fective�
ness. T he coo ling jet penet rat ion into the hot

mainst ream was also studied by another CFD ef�
fort [ 16] . U sing a t racer g as in the coo lant , this

study nicely displayed the f ilm jet lif toff at high

blow ing rat ios, w hich corresponded to low adia�
bat ic cooling ef fect iveness.

Among the inf luencing facto rs on the adia�
bat ic cooling effect iv eness for ef fusion w alls, the

blow ing ratio, defined as M = !cuc /!gug , w as

found to have the g reatest ef fect . While the adi�
abat ic cooling effect iv eness increases w ith in�
cr easing blow ing r at io at low blow ing r at ios, the

t rend turns to the opposite af ter blow ing rat io is

elevated to some level, due to the coolant lif t of f

f rom the w al l surface. Such ef fects of blow ing

rat io on coo ling ef fectiveness have been w idely

seen in prev ious research[ 7�8, 10, 12, 15�16] .

It is no ted that prior research dealt w ith va�
rious ranges of blow ing ratio w ith dif ferent

mult i�hole arrangements and geometries. It is

hard to quant ify the ef fect o f blow ing rat io

though the qualitat ive t rend is evident . To com�
plement the lack o f research on this topic, the

curr ent w o rk extended measur ements to a w ide
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range o f blowing rat io (M = 0. 47~ 5. 27) on the

same mult i�hole ef fusion conf iguration such as a

consistent and complete documentat ion on the

effect o f blow ing rat io w as made available. Oth�
er than adiabat ic f ilm cooling ef fect iveness,

w hich w as most ly published in the past, the cur�
rent paper presents the overall co oling ef fective�
ness o f the ef fusion w all, pro viding an addit ional

per spective to inspect the effusion cooling char�
acterist ics. Consider ing its merit as rev iew ed a�
bove, IR imaging w as adopted to measure the

w all surface temperature, allow ing for a com�
plete mapping of the 2�D temperature f ield and

hence the over al l cooling effect iveness dist ribu�
t ion.

1  Experimental methods and

conditions

1. 1  Parameters and equations

  T he overall cooling ef fect iveness is def ined

as a no rmalized temper ature rat io, involving

temperatur e of the hot mainstream, coolant air,

and w all surface, as show n in Eq. 1[ 11, 13] . It ad�
dresses the total cooling effect that the coolant

provides to keep the wall sur face f rom heating

up by the hot mainst ream. T hree temperatures

needed in Eq. 1 can be direct ly measured by the

heat tr ansfer experiment .

�=
T g - T w

T g - T c
( 1)

  Both maximum temperature and tempera�
tur e gradient o f the liner w all af fect the durabili�
ty of a g as turbine combustor. Therefor e, not

only the value of coo ling ef fect iveness but also

it s gradient of a cooling scheme is of gr eat inter�
est . The str eamw ise g radient and spanw ise gra�
dient of co oling effect iveness are defined as Eq. 2

and Eq. 3 respectively.

∀stre ( �) =
#�

#( x / d)
( 2)

∀span( �) =
#�

#( y / d)
( 3)

  To view the over al l co oling variat ion tr end

in the st reamw ise direct ion, the spanw ise aver�

aged coo ling effect iveness at each st reamw ise lo�
cat ion ( x / d) is calculated as Eq. 4:

�span�av = ∀
N

span

j= 1
�j / N span ( 4)

  Where N span is the number of data points in

the spanw ise direct ion.

By further averaging in the str eamw ise di�
rect ion, Eq. 5 calculates the total averaged cool�
ing ef fect iveness of the ef fusion coo ling w all.

�av = ∀
N

st re

i= 1
�span�av, i / N str e ( 5)

1. 2  Experimental faci lity and techniques

  In the pr esent experiments, temperature o f

the hot mainst ream and coolant air w as measured

using thermocouple probes. Temperature dist ri�
but ion on the w all surface w as measured w ith an

IR imaging camera in steady state and calibr ated

by reference thermocouples embedded in the test

effusion plate. The measured surface w as paint�
ed w ith a high�emissiv ity mat t black paint , w ith

thickness less than 50∃m to ensure unifo rm heat

emission. Al l of the thermocouples used w ere o f

type K.

F ig . 2 show s a schemat ic of the experimen�
tal setup. T he size of the test section w as 220

mm # 80 mm # 100 mm ( length # w idth #

height) , and the opposite side to the test surface

had a 200mm # 30 mm ( leng th # w idth) rectan�
gular w indow opening for the inf rared imaging

measurement. As no glass w as used, it w as en�
t irely t ranspar ent to inf rared radiat ion. The air�
f low leakage through the w indow opening w as

checked by silk threads and found to be very

w eak compared to the mainstr eam . CFD simu�
lat ion w as also conducted to inspect the ef fect o f

Fig . 2  Schematic o f the experimental setup
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the leakage on the mainst ream. It w as found that

less than 5% o f the total f low f led through the

w indow opening and the mainst ream flow field

w as hardly affected by the leakage f low .

T he mainstr eam air w as supplied by an air�
blow er at atmospher ic pressure, and heated to

373 K by an elect rical heater, w ith Reynolds

number being 57 000. In order to simulate actual

combustor tur bulence condit ions
[ 10]

, a g rid tur�
bulence generator w as placed 240mm upstream

of the test plate, w hich led to the mainstream

turbulence intensity T u = 14. 7% and leng th

scale l= 9mm
[ 17]

. An orifice f lowmeter w as used

to measure the mainstream flow rate.

Coolant air w as pr ovided by a high�pressur e
air tank, led into a chamber assembled on the

test plate, and w as kept at atmospheric tempera�
tur e. T o eliminate the impingement ef fect of the

coolant air at the chamber intake, multiple lay�
ers of gr ids w ere placed in the chamber. A ther�
mocouple probe w as placed at the entrance of the

chamber to measure the coolant temperature.

T he coo lant f low rate w as measured w ith a ro ta�
meter.

A T hermaCAM P60 infr ar ed camera w as

used to measure the ef fusion w all surface tem�
perature, w ith the thermal sensit ivity of 0. 08 ∃

at 30 ∃ , accuracy of % 2 ∃ , 7. 5∃m to 13 ∃m

spectral range and 320 # 240 pix els image out�
put . Given the 1. 3 mrad spat ial r esolut ion of the

infrared camera and the measurement distance,

one pixel in the infrared image corr esponded to

0. 57mm # 0. 57mm approx imately .

1. 3  Effusion cooling test plate

  On the test plate, multi�ho les w ith a 30� in�
clination ang le w ere arr anged in a stagger ed pat�
ter n ( P/ d= 6 and S/ d = 12) . T he length to di�
ameter rat io L / d of the ho les w as 7. 5. The plate

w as made o f Bakelite composite mater ial w ith

low heat conduct iv ity (  = 0. 453 W/ ( m ! K) ) .

Low heat conduct ion could help the cooling ef�
fectiv eness contours to show detailed cooling

characterist ics o f the full cover age f ilm cooling

bet ter [ 2, 9] . The plate size w as 220mm # 80mm,

w ith a thickness o f 6mm.

1. 4  Experimental conditions

  The experimental condit ions ar e show n in

T able 1. The mainst ream to coolant temperatur e

rat io ( T g / T c) w as kept at 1. 33 % 2. 7%. It did

not represent the real temperature rat io in gas

turbine combusto rs w here T g / T c is usually up to

2. 5. T he exper imental results by Gustafsson et

al. [ 9] suggested that T w / T c increased linearly

w ith T g / T c, so the relat ionship betw een T w / T c

and T g / T c could be r epresented by Eq. 6, w ith �

being a constant to maintain the linear relation�
ship of the tw o rat ios. Eq. 6 can be rew r it ten as

Eq. 1, w hich means by lo oking at Eq. 1, the

cooling ef fectiveness ( �) is independent of the

hot mainstr eam temperature w ithin a certain

range ( T g / T c< 1� 9[ 9] ) . Or at least one can con�
clude from f indings o f the Reference[ 9] that is

hardly responsive to T g / T c.

T w

T c
= (1- �)

T g

T c
- 1 + 1 ( 6)

Table 1  Experimental conditions

Pa rameters Values

A tmospher e pr essure/ Pa 101 945

Atmosphere temperatur e/ K 289. 65

Mainstream velocity ug/ ( m/ s) 21

Mainstr eam Reynolds number Reg 80000

Mainstream temperature T g/ K 379. 15~ 385. 15

Coolant t emperat ur e T c/ K 281. 15~ 288. 75

Temperatur e ratio T g / T c 1. 33 % 0. 036

Effusion jet Reynolds number R ec 830~ 9 400

Blowing ratio M 0. 47~ 5. 27

1. 5  Experimental data uncertainty

  T he infrared images were adjusted according

to the experimental parameter s, including w all

surface emissivity, atmospher ic temperature and

humidity, and distance betw een the camera and

w all surface, in the sof tw are named T her�
maCAM researcher pro vided by FLIR ( forw ard

lo oking inf rared ) sy stems. Then the surface

temperature data in the inf rared images w as re�
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duced to the local and averaged overall cooling

effect iveness. In or der to obtain accurate surface

temperatur e, the em issivity of the test w all sur�
face w as calibrated by reference temperatur e

readings f rom three thermocouples embedded in

a f lat plate calibrat ion specimen w ithout cooling.

F ig . 3 show s the comparison betw een the in�
f rar ed temperatur e measur ement ( w ith the em is�
sivity set to be an opt imum value o f 0. 86) and

the thermocouple readings. 91% out o f all data

points fall in the var iat ion band of % 5K. So the

emissivity o f the measured surface in the experi�
ments w as set to 0. 86. Based on the experimen�
tal condit ions and the accuracy of the inst ru�
ments, the exper imental data of the overall cool�
ing effect iveness w as analyzed to have an uncer�
tainty o f % 11% in the pr esent research using

the standard er ror propagat ion analy sis.

F ig . 3  Compar ison of inf rared thermog raphy to

thermocouple temperatur e

2  Experimental results and

discussion   
  T here w ere eight columns of holes ( making

a spanw ise coverage of 7P ) on the test plate.

T he measurement area w as chosen to cover the

m iddle region betw een the thir d and fo rth col�
umn.

2. 1  Overall cooling effectiveness distribution

  The measured overall co oling ef fectiveness

( �) contours at dif ferent blow ing r at ios ar e

shown in Fig . 4. T he beg inning o f the st ream�
w ise lo cat ion ( x / d= 0) is set at the ex it center

of the f ir st row of ho les. It should be pointed

out that the � dist ribut ion on the ent ir e measured

Fig . 4  Contours of over all co oling effectiv eness ( �)

rectangular plane is show n, including the w all

surface ( the r eal object in quest ion) and the el�
lipt ical hole�exit area. The � value show n in the

hole�ex it area is based on the ho le inside surface

temperature captured by the IR camera. As the

hole inside surface temperatur e is higher than

the coolant temperature, the co rresponding �

value, show n as gr een o r blue & cold spo ts∋ in

the contours, is smaller than unity . Some previ�
ous research only published informat ion of the

w all surface, leaving the ho le�exit area as black�
out w ithout show ing any data. The curr ent pa�

per chose to include the hole�ex it area for a com�
plete presentat ion of the ent ire 2�D temperatur e

f ield & seen∋ by the IR camera. T he info rmat ion

of the ho le�exit area can be used as reference

w hen inspect ing the subjected w all sur face.

Looking at all seven � contours lined up in

Fig. 4, one can find some general tr ends. Along

the st reamw ise distance ( x / d ) , � g radually in�
cr eased. T his is due to the w ell�known superpo�
sit ion effect of the mult i�row film coo ling , w ith

upst ream coolant contr ibut ing to the down�
st ream area. Increasing blow ing rat io (M ) f rom
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0. 47 to 5. 27, � simply increases. Af ter M

reached the medium level, the increase rate of �

w ith further increasing M becomes m itig ated. In

the local w all sur face area surrounding the hole�
exit , � has a circumferent ially symmetr ical dis�
t ribut ion, unlike the adiabat ic cooling ef fective�
ness, w hose dist ribut ion is usually st reamw ise�
str etched as it is purely driv en by the f low mech�
anism o f the coo lant jet and its interact ion w ith

the main f low . In addit ion to the f low mecha�
nism, the current overall co oling ef fectiveness

dist ribut ion is also driven by the & co ld source∋

f rom the ho les, another mechanism composed o f

heat convect ion ( coo ling ef fect ) inside the holes

and heat conduct ion inside the w all ( cooling

spreading ) . Prev ious research found that the

heat convect ion w ithin the effusion ho les in�
cr eased w ith the coo lant jet Reyno lds number

[ 4]
,

equivalent to the increase of M in the current

case. From that standpo int , increasing M is al�
ways benef icial to the coo ling outcome, and it

can compensate the po ssible drop of adiabat ic

f ilm cooling ef fect iveness at high blow ing ratio s.

Based on data show n in Fig . 4, the st ream�
w ise and spanw ise g radient of �, ∀stre and ∀span ,

w ere derived and the contours ar e show n in

Fig . 5 and Fig. 6 respectively for all the blow ing

rat ios. From these contours, it can be seen that

the gr adient of o verall cooling ef fect iv eness ( or

can be taken as the w al l temperature gr adient ) is

repeatedly dist ributed fr om one row to another

on the ent ire r ectangular measured w all sur face,

w ith the m iddle row s ( row 3~ 7) have a lit t le

higher g radient . In a row unit of area, the g radi�
ent is rather evenly distr ibuted for most o f the

w all surface except for the near�hole ar ea, w her e

the gradient is the highest . This result indicates

that fo r the combustor liner protect ion, the

near�hole ar ea w ould be the w eakest spot fr om

the temperature g radient standpoint though the

temperatur e there could no t be the highest. This

could be primarily due to the & cold source∋ of in�
side�ho le convective coo ling.

In order to better view the � variat ion at dif�
ferent locations and w ith dif ferent blow ing rat i�

Fig. 5  Str eamew ise gr adient o f ov er all coo ling

effectiveness ( ∀stre )

Fig. 6  Spanw ise gr adient o f ov er all coo ling

effectiv eness ( ∀span)

1460



ZHANG Chi, et al: M easured overall effusion cooling effectiv eness over

 第 7 期 a w ide blow ing r atio range using infr ared imaging

os, data o f F ig . 4 along three st reamw ise lines

w as pulled out and plot ted in Fig. 7, at three

spanw ise locat ions: y / d= 0, 1. 5 and 3.

It is seen again the general trend of � g radual

increase along the streamw ise direct ion, the f irst

coo ling mechanism of the ef fusion cooling, the su�
perposit ion ef fect of the multi�row film cooling .

Fig. 7  Overall coo ling effect iveness along thr ee

str eamw ise lines y / d= 0, 1. 5 and 3

T he periodic peaks for y / d= 0 and 3 corre�
spond to the & cold spots∋ o f the holes in Fig. 4.

Af ter cutt ing the peak w ith a 2d�long segment

( the hole�ex it el lipt ical diameter) , the t runcated

plateau of � value clearly indicates the high cool�
ing ef fectiveness ar ound the ho le edge area, a

str ong inside�hole convective cooling ef fect

spreading by the w all heat conduct ion. A nd due

to this, on the line o f y/ d = 1. 5 small � peaks

are evident , on the lines of y / d= 0 and 3 smaller

� peaks follow the big peaks before reaching the

nex t row of big peaks. The results show cased

1461



航  空  动  力  学  报 第 25 卷

the second cooling mechanism of the ef fusion

cooling, the ho le�inside convectiv e coo ling .

For reference interest , the cur rent overall �

results are compared to adiabat ic �, as show n in

Fig . 8. It should be pointed out that the referred

adiabat ic �[ 6] of w as based on a closer arranged

hole�pattern thus its higher � values w ould not

be a sur prise. The intent of F ig . 8 is to make a

qualitat ive comparison and it is fulf illed in that :

( 1) After the f irst row of holes, overall � is over

0� 3 due to the hole inside convectiv e cooling

effect , w hile adiabatic � is much low er as cooling

f ilm is not superimposed there. T he non�zero
cooling ef fectiveness upst ream of the f irst row o f

holes is due to the heat conduct ion in the plate,

and w as repo rted in prev ious studies on non�adi�
abat ic test plates [ 9, 15] . ( 2) For adiabatic �, ther e

w as neither & small peak∋ at y / d= 0. 25P/ d , nor

& smaller peaks∋ betw een tw o big peaks at y / d=

0 and 0� 5P/ d as seen for o verall �, as there w as

no ho le inside cooling source in this case. ( 3) O�
verall � is more evenly dist ributed than adiabat ic

� in the 2�D wall sur face, either st reamw ise or

spanw ise, due to the contribut ion of the ho le in�
side convect ive cooling, a favored characterist ic

for the end applicat ion.

F ig . 8  Compar ison of o ver all co oling effectiv eness and

adiabatic cooling effectiveness

2. 2  Averaged overall cooling effectiveness

  The above discussion focused on the local �

and it ref lected the ef fect o f blow ing rat io M . T o

bet ter view the ef fect of M , spanw ise averaged

�span�av at different M ar e plot ted tog ether, as

shown in Fig . 9. It can be seen that �span�av incr ea�

ses w ith M more signif icantly at low M than at

high M . For M exceeding 1. 57, the increase o f

�span�av is mino r. T his is also clearly show n w ith

the total av er aged �av in F ig . 10. When M increa�
ses from 0. 47 to 1. 97 �av increased fr om 0. 442 to

0. 506, improving by 14. 5% . But �av only varies

w ithin 1. 5% after M is higher than 2.

Fig . 9  Spanw ise averaged over all co oling effectiv eness

Fig. 10 T otal aver aged cooling effectiveness

Prev ious research[ 7�8, 12] indicated w hen M

was up to about 1, the coo lant jets most ly pene�
t rated into the mainst ream and the f ilm lif ted of f

f rom the w all surface, and the adiabat ic cooling

effect iveness decreased w ith increasing M af ter

M exceeded 0. 5 due to the f ilm jets lif tof f. As

described in the Reference[ 12] , higher film con�
vect ive heat t ransfer coeff icient cor responded to

low er adiabatic cooling effect iv eness. All these

tw o factors w ould cause the coo ling ef fectiveness

to go low er w hen M increases af ter some value

like 0. 5 ~ 1, dif fering from the t rend found by

the current study and the Refer ence[ 9] . T he ex�
planat ion comes f rom the cooling contr ibution o f

the convectiv e coo ling w ithin multi�ho les and

heat conduct ion in the plate. Obv iously, en�
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hanced convect iv e cooling w ithin mult i�ho les can

counteract or even overrule the degr aded filming

cooling ef fect w hen blow ing r at io is increased.

3  Conclusions

  T he overall cooling ef fect iveness � of a full

coverage ef fusion coo ling plate w as studied by

measuring the surface temperatur e using inf rared

imag ing over a w ide range of blow ing r at ios M .

T he fo llow ing conclusions are obtained:

T he overall � increases along w ith the str e�
amw ise distance fo r the w ide range of M tested,

due to the superposition ef fect o f the mult i�row
f ilm coo ling.

T he overall �substantially benef it s from the

mult i�hole inside convect ive coo ling. In addit ion

to the film cooling contr ibution ( adiabatic �) ,

the hole inside convect ive coo ling not only com�
plements the w eakest film pr otection at init ial

row s but also helps mit ig ate the temperatur e

g radient .

T he overall � incr eases asymptot ically w ith

increasing M , with the cr it ical M to be about 2,

af ter w hich the incr ease becomes minor. T he

critical M for the adiabat ic � is usually less than

1, beyond which the adiabat ic � goes down w ith

increasing M . T his is due to the ho le inside con�
vect ive cooling, w hich simply increases w ith M ,

compensat ing the f ilm cooling degr ade.

Future exper iments to dissect the cooling

contribution f rom the f ilm coo ling and hole in�
side convect ive coo ling, and exam ine the ef fect

of the w all heat conductiv ity w ould offer mor e

insight to the subject .
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