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Abstract: The flow and heat transfer char act eristics wer e numerically invest igated on a film cooling model

under differ ent r otating operating conditions. T he computational model w as o riginated from the mid�span sec�

tio n o f a typical turbine rot or w ith two row s o f 14 stag ger ed injection holes angled 30� bo th on the suction sur�

face and pressure surface, and the flow through the coo lant plenum and a ll the hole�pipes w ere resolved as a

part o f the computationa l domain by specify ing t he coolant mass flux in the plenum. The computations pr imari�

ly fo cus on under�standing t he ro tational effect on film coo ling perfo rmance in mechanism resear ch approach. In

the present study , the Reyno lds number (Re) based on mainstr eam velo city and injection hole diameter var ied

fr om 1 835. 5 to 5507. 4, and the averaged blow ing r atio (M ) ranges o f 0. 5 t o 1. 5. Results show that the cool�

ant w ill move on to the high�r adius lo cations near the suct ion and pressur e surfaces due to the strong centr ifu�

gal effect, w hich leads to t he decr ease in adiabatic effectiveness according ly. T he discharg e coefficients ( Cd ) ,

on the pressur e sur face, ar e much higher t han that on the suct ion surface under a g iven operating condition. I n

addit ion, the cr itical v alues of angular speed w hich represent the equilibrium of centrifug al for ce and Cor io lis

fo rce near the pressure surface are also pr esented.

Key words: f ilm coo ling ; ro tating; adiabat ic effectiveness; heat tr ansfer ; dischar ge coefficient

CLC number: V231� 1 � � � � � Document code: A

Received:2009�02�09; revision received: 2010�04�13

E�mail: guoqiang�x u@ buaa. edu. cn

Nomenclature

� B Space betw een tw o r ow s

� Cd Dischar ge coefficient

� D F ilm cooling hole diamet er

� Ec Eckert number

� h f H eat tr ansfer co eff icient

� L Length of the hole pipe

� m Mass flow rate

� M Averaged blow ing ratio (M= ( �cuc) / (�g ug ) )

� N u Nusselt number ( Nu= h fD/�g)

� p P ressur e

� P r P randt l number ( Pr= v/ a)

� q H eat flux

� R Gas constant

� Re Reynolds number( Re= ugD/ v)

� R t Rotation number (R t =  D/ ug )

� S Distance bet ween ho les in a row

� T T em perat ur e

� T u T urbulence intensity

� u Velocity

� u* Shear v elocity

� x , y , z Car tesian coo rdinate system w ith

� � � � � z�coo rdinate along the span

� X * Dimensionless coordinates

� y + Distance in w all co ordinates ( y + = yu* / v )

� a Thermal diffusiv ity

Greek symbols

� � Density

� ! Kinemat ic viscosity

�  Ang le speed

� ∀ Inclination ang le to w all surface

� # Film coo ling effectiveness

� � � � � ( #= ( T g - T aw ) / ( T g - T c) )

Subscripts

� aw diabatic w all

� w w all
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� c coo lant

� g mainstr eam

Introduction

From the thermodynam ic analy sis, it is re�
vealed that the perfo rmance of gas turbine en�
gines can be enhanced by increasing the tur bine

inlet temperature. Since the inlet temperatures

of modern gas turbines are much higher than the

melt ing temperatur es of the materials used to

make the tur bine blades, cooling o f the blades

becomes a crit ical issue in turbine design. F ilm

cooling w hich is w idely used is probably the

most effect ive cooling technique for pro tecting

the high temperatur e turbine blades in aero en�
gines up to now . In this technique, the coo ler air

is injected into the high temperature mainstream

boundar y layer on the blade surface and gener�
ates a thin coolant film act ing as a buf fer to iso�
late the thermal lo ads. With the aid of film cool�
ing , a higher g as temperatur e at the tur bine inlet

is perm it ted, w hich in turn, improves the ther�
mal ef ficiency of the tur bine eng ines great ly.

Various f luid dynamics and geometric pa�
rameter s can af fect the perfo rmance of f ilm cool�
ing , such as the mainst ream Reyno lds number,

blow ing r at io, co olant to mainst ream density ra�
t io, turbulence intensity, the film hole shape,

size and lo cat ion, etc. Therefore, to achieve a

comprehensive understanding of the film cooling

technique as w ell as eff icient design o f the f ilm

cooling modes has become a very important is�
sue.

M any studies have been conducted on the

per formance of film cooling over the past four

decades, and a larg e amount of the valuable re�
sults is av ailable in the open literature. An ex�
cellent review o f the f ilm coo ling w o rk up to

1971 was pr ovided by Go ldstein[ 1] . M any ef forts

have been devo ted af terw ards to this research ar�
ea, and a comprehensive compilat ion of the a�
chievements has been summarized by Han et

al[ 2] . From a view o f experimental and numerical

approaches, the development of f ilm cooling for

the most recent years is discussed her e.

Sinha et al. [ 3] invest igated tw o row s of 35�

holes w ith a pitch�to�diameter rat io of 3 and a

row spacing�to�diameter rat io of 40 f ilm cooling

per formance. T hey found that the upst ream row

thickened the boundar y lay er betw een the tw o

rows, r educed the momentum of the cro ssf low

and the velocity gradients in the shear lay er s,

and low er ed the turbulence level for the second

row. Baldauf et al. [ 4] employed a high�resolut ion
thermog raphy system to study the local adiabat ic

f ilm cooling ef fect iveness on a f lat plate surface

downst ream a row o f cylindrical injection holes.

It w as found that the opt imum condit ions ar e

confined to a smal l band of blow ing ratios a�
round M = 0. 85 to 1. 0 and momentum r at ios of I

= 0. 4 to 0. 5. Saumweber and Schulz[ 5] conduc�
ted a comprehensiv e set of g eneric exper iments

to invest igate the interact ion of f ilm cooling

rows. They considered five dif ferent f ilm cooling

configurat ions on a large scale basis each consis�
t ing of tw o row s of inject ion holes in stag gered

arrangement and found that the decay of f ilm

cooling effect iveness w ith st reamw ise distance

w as much less pronounced downstream of the

second row primarily duo to pre�coo ling o f the
boundary lay er by the first row of ho les. Kim et

al. [ 6] invest igated the detailed local heat t ransfer

and film cooling ef fect iveness dist ribut ions f rom

a trailing�edge model o f a gas turbine airfoil in a
low speed w ind tunnel. They found that both lo�
cal heat transfer coeff icients and film cooling ef�
fect iv eness displayed a str ong dependency on

blow ing rat io and the mainst ream acceleration.

How ever, the discharg e coeff icients show ed lit�
t le dependency on the mainst ream acceleration.

Yuen and M ar tinez�Botas[ 7�8] studied the f ilm

cooling ef fect iveness and heat t ransfer coef ficient

dist ribut ions on row s o f cy lindrical holes w ith

str eamw ise ang les of 30�, 60� and 90� in a f lat

plate test facility w ith zero pressure g radient .

T hey concluded that the opt imum value of blo�
w ing r at io was about 0. 5 fo r most configura�
t ions.

Besides the experimental f ilm coo ling stud�
ies out lined above, many ef fo rts in computat ion�
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al approach have also been devo ted to the f ilm

cooling characterist ics. A number of parametric

studies w er e pro vided by Garg et al
[ 9�12]

.

Leylek and Zerkle
[ 13]

studied the discrete

hole f ilm coo ling on a f lat plate using the stand�
ard ∃�% tur bulence model w ith w all functions for
Rd= 2, and L / d of 1. 75 and 3. 5. Fol low ing the

coolant f rom the plenum into the ho le�pipe, they
presented the coolant velocity and temperatur e

prof iles at the hole ex it . By using the same tur�
bulence model, Lakehal et al.

[ 14]
investig ated the

f ilm coo ling ef fect iv eness of a f lat plate by a row

of laterally injected jets using a Navier�Stokes e�
quation solver. Compared to the results obtained

w ith w all funct ions, they found that the reso lu�
t ion of the viscosity�af fected near�wall reg ion
w ith a one�equat ion turbulence model y ielded a

not iceable improvement in the predict ion of f ilm

cooling ef fect iveness. Azzi and Lakehal[ 15] simu�
lated the st reamw ise inject ion o f f ilm coolant o�
ver a flat plate for density ratio of tw o and mass

f lux ratios o f 0. 5 and 1. 0. Results show ed that

the isot ropic tw o�layer ∃�% model w as found to
underpredict the lateral spreading o f the temper�
ature f ield, together w ith an exaggerated size o f

the kidney vo rt ices. Garg and Rigby[ 16] used a

multiblock, three�dimensional Navier�Stokes code

w ith ∃�& turbulence model to study the w ithin�
hole and near�ho le behaviors in relation to heat
t ransfer on a f ilm�cooled blade. It w as found

that the coo lant velocity and temper ature dist ri�
but ions at the hole ex it on the blade side did not

follow the 1/ 7th pow er�law prof ile, and w er e

highly skew ed by mainstr eam fo r the ho les close

to the leading edge. T o obtain more accurate re�
sults, M uldoon and Acharya

[ 17]
computed the

f ilm coo ling perfo rmance of an inclined inject ion

hole by using the direct numerical simulat ion

( DNS) . F inally, they concluded that the g reat

w eakness in the standard ∃�% model w as the

cho ice of eddy viscosity.

All studies descr ibed so far have show n lots

of significant results in stat ic f ilm cooling alread�
y. In the open literature, how ever, few academ�
ic researches have been repor ted to invest igate

the f ilm cooling perfo rmance under rotat ing en�
gine conditions.

Dr ing et al.
[ 18]

studied the adiabatic f ilm

cooling ef fectiveness on the r otor blade of a larg e

scale ( low speed) model fo r a high pressure tur�
bine first stag e. Their results show ed that the

f ilm coolant had only a small radial displace�
ment , similar to f lat plate results, on the suct ion

surface. But on the pressure surface, the coolant

t race had a large radial displacement tow ar d the

blade t ip due to rotat ion, and a much faster decay

of the ef fect iveness w as observed. Takeishi et

al. [ 19] measur ed the adiabat ic ef fect iv eness on a

low�speed stat ionary cascade and a rotat ing blade
by using the heat�mass t ransfer analog y. T hey
reported that the adiabat ic ef fect iveness on the

suct ion surface of the rotating blade ag reed w ell

w ith that on the stat ionary blade, but a low level

of ef fect iveness appeared on the pressure surface

of the rotating blade. Abhari and Epstein [ 20]

studied the t ime�reso lved heat t ransfer charac�
ter ist ics for cooled and uncooled rotors by thin

heat flux gages, and Ahn et al. [ 21] measur ed the

f ilm cooling ef fect iveness dist ribut ions on the

leading edge region of a rotat ing blade using a

pressure sensit ive paint ( PSP) technique. A s a

fur ther study, Ahn et al. [ 22] repo rted that dif fer�
ent rotat ing speeds can change the film cooling

t races dist inct ly w ith the averaged film cooling

effect iveness on the leading edge region increas�
ing w ith blow ing rat io. Yang et al. [ 23] employed

a Reynolds st ress turbulence model together

w ith a non�equilibrium wall funct ion to calculate

the f ilm cooling effect iveness and the associated

heat transfer co ef ficients on the leading edge of a

ro tat ing blade in a part icular turbine stage. Re�
sults show ed that the heat t ransfer coef f icients

increased, but f ilm cooling ef fectiveness de�
cr eased w ith increasing ro tat ing speed. Further�
mor e, a series of computational studies on the

heat transfer characterist ics for a film�cooled ro�
tating blade by using dif ferent turbulence models

w ere also conducted by Garg and his co�
works[ 24�26] .

In order to bet ter understand the mecha�

1445



航 � 空 � 动 � 力 � 学 � 报 第 25 卷

nism of f ilm cooling phenomenon under rotating

operating condit ions, both the studies concerning

the performance on ent ire turbine blade and fea�
tur es on phy sical model are ex t remely impor�
tant . T herefore, from the v iew o f mechanism

research, the general purpose of the present

w ork aims to invest igate the r otat ional ef fect on

the f ilm cooling performance. By means o f the

computat ional fluid dynamics ( CFD) approach,

the flow and coo ling ef fect iv eness on a simplified

ro tat ing f ilm coo ling model w ith tw o r ow s of 14

stag gered injection ho les ar e invest ig ated, and

the dischar ge coef ficient dist ribut ions for all the

hole�pipes are also obtained. T he computed re�
sults w ill be g reat ly helpful to explore the f ilm

cooling mechanism in gas turbine eng ines.

1 � Methodology theoretical analysis

1) T he cooling performance o f a film�cooled
surface is most commonly described by the adia�
bat ic f ilm coo ling effect iveness #, w hich is de�
f ined as a non�dimensional temperature:

#= (T g - T aw ) / ( T g - T c) ( 1)

wher e T g is the mainst ream temperatur e, T c is

the coo lant temperature, and T aw is the adiabat ic

w all temper ature.

2) For design purpo ses, it is of ten r equired

to know the relat ion betw een the heat f luxes to a

w all and the temperature of the w all sur face.

With film coo ling, the heat t ransfer coeff icient

h f is customarily defined by

hf = q/ ( T aw - T w ) ( 2)

wher e q, T aw and T w denote the w all heat f lux

w ith f ilm cooling , adiabat ic w all temperatur e

and the w al l temperatur e, respect ively. T he hf

considers inf luence o f the air interact ion near the

blade surface, and usually is obtained from a se�
ries of computat ions. Ano ther w ay of def ining

the heat t ransfer co ef f icient hg is g iven by

hg = q/ ( T g - T w ) ( 3)

Div iding bo th sides of Eq. ( 3) by both sides o f

Eq. ( 2) , and rearranging , if fol low s that :

hg / hf = 1- #[ ( T g - T c ) / ( T g - T w ) ] ( 4)

When T g is equal to T c, Eq. ( 4 ) can be

w rit ten as:

hg = h f ( 5)

� � T he select ion of constant w all heat f lux q is

independent of it s value if the air is incompressi�
ble, and finally the values of h f can be obtained

from hg when T g is equal to T c. T his method is

f irst ly analy zed by Eckert[ 27] and applied ex ten�
sively in experimental researches for static f ilm

cooling characterist ics. The pr esent study w ill

also employ the classical method to calculate the

heat t ransfer coef ficient and inspect it s feasibility

for rotating film cooling invest igat ion.

3) Af ter processing to the f low and heat

t ransfer g overning equat ions and boundary con�
dit ions in ro tat ing reference f rame on a f ilm�
cooled blade, the dom inat ing normalized param�
eters to Nusselt number N u and adiabat ic effec�
t iv eness # can be summarized as fol low s:

Nu = f 1 ( Re, R t , Pr , M, p c / p g , �c /�g , ∀, X *
)

( 6)

#= f 2( Re, R t , Pr , M, p c / p g , �c /�g , ∀, X *
)

( 7)

wher e R e is the Reynolds number based on injec�
t ion ho le diameter, R t is the rotat ion number,

P r is the Prandtl number, M is the blow ing r at i�
o, p c and p g are the coolant pressure and main�
st ream pressur e, �c and �g are the coolant density

and mainstream density, ∀ is the inclinat ion an�
gle, and X

* is the dimensionless coor dinates.

T he present w ork aims to concentrate on the in�
f luence o f leading par ameters, Re, R t , and M on

the performance of film cooling.

2 � Rotating film cooling model

A schemat ic illust ration o f the rotat ing f ilm

cooling model, w hich is originated f rom the m id�
span sect ion of a typical turbine rotor and simpli�
f ied proper ly, w ith tw o row s of stag gered injec�
t ion holes located both on pressur e and suct ion

surfaces is show n in Fig. 1. T he coordinate sy s�
tem used is such that x�ax is is along the st ream�
w ise direct ion o f mainst ream , y�ax is is along the
dir ect ion o f inject ion ho les and z�ax is conforms
w ith the right�hand law. T he entire model o ccu�
pies a space of 0. 12m  0. 082m  0. 05m, and

the cut t ing plane normal to x�axis is a t rapezo id
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F ig. 1� Schematic of r otating model and film hole configur ation

w ith a top ang le of 74. 6�. As can be seen, the

air domain consists of mainst ream and coolant

w hich are m ixed at the ex it of inject ion holes,

and the inter io r part forms the so lid domain.

T he who le model is symmetric to the rotating

ax is that is parallel but at a distance of 0. 5m un�
der the x�axis. T he mainst ream has a high tem�
perature and velocity w hen the ho t air r eaches

the tw o main inlets w ith a cross�sect ion of 0. 028
m  0. 05m , and the coo lant has a low tempera�
tur e and constant mass f lux w hen the cooling air

enters the coolant inlet with a cross�sect ion o f 0. 02
m  0. 01m which is at the bo ttom of inner ple�
num. All the air f low out f rom the tw o main

out lets. A total of 14 discrete cylindrical holes

are designed on the pressur e and suction surfaces

for f ilm coo ling. T o invest ig ate the coo lant in�
ter act ion and discharg e coef ficient dist ribut ions,

the inject ion holes are arranged in tw o stag gered

row s. The f irst row of 4 holes and the second

row of 3 ho les have a diameter D of 2mm, and

the ho les in each row are spaced three�hole diam�
eters apart ( S / D = 3) . T he space betw een tw o

row s is B / D = 4, and the stagger ed distance is

1. 5D . T he inclinat ion ang le ∀ to the pressur e

and suct ion surfaces is arranged at 30�, giving

the leng th�to�diameter rat io L / D = 6. In addi�
t ion, this model rotates at constant angular

speeds of 1 000, 2 000 and 3 000 r/ min, respec�
t ively.

3 � Grid generation and boundary
conditions

� � An excellent locally st ructured and body�f it�

ted gr id w ith hexahedral cells is show n in Fig. 2.

T he g rid consisted of 122  130  126 nodes in
the x , y and z direct ions, and st ill maintained

high quality, smoo thness and near orthogonali�
ty. No rmal to the w all surface is the densely vis�
cous g rid, w ith y

+
< 1. 2 for the f ir st grid point

w hich w as st rict ly kept w ithin the laminar sub�
layer to sat isfy the requirement of low�R e turbu�
lence model. T o obtain a high�precision grid so�
lution, the O�g rid technique w as applied in all

the inject ion holes and much at tention w as paid

to keep the g rid aspect ratios in any direct ion

smaller than 1. 3. M any tests w ere car ried out to

obtain an independent solut ion during the

process of g rids r ef ining, including a g rid w hich

had 1. 5 t imes as many cells in the streamw ise di�
rect ion as this one. The tw o g rids yielded nearly

ident ical adiabat ic ef fectiveness and pressur e dis�
t ribut ions on the pressur e and suction surfaces,

Fig. 2 � Grid used for the com putation
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and the max imum discr epancy in w al l tempera�
tur e predict ion w as w ithin ! 1% .

T he velo city boundar y conditions to the ma�
inst ream and coolant inlet planes ar e summarized

in T able 1. The mainst ream had a temperatur e

of 363. 15K w ith turbulence intensity o f T u= 5%

af ter it reached the tw o main inlet planes, and

the coolant had a temperature of 333. 15K w ith

turbulence intensity of T u = 1% in the plenum.

When the m ixed air st reamed out f rom the tw o

out let planes, the back pr essure w as f ixed to

101325Pa acco rdingly . Because the mainstream

is designed as simulating the flow betw een

neighboring tur bine blades, the top and bot tom

surfaces of mainst ream were set to fr ee�slip
w alls, and tw o planes in the ex ter io r of this part

w ere considered as periodic interfaces. The suc�
t ion and pressure surfaces w ere first ly assumed

to be adiabat ic to calculate the f ilm cooling effec�
t iveness, and then changed to constant heat f lux

w alls when calculating the heat tr ansfer coef fi�
cient . According to the analy sis of Eckert [ 27] ,

the temperatures of mainst ream and coolant

w ere alter ed to be equal, and the fluid w as set to

be incompressible in place of the ideal gas. In

addition, the adiabat ic no�slip condit ion w as en�
forcedat all the solid w alls, including the inner

surface o f the f ilm ho le and the inner plenum.

Table 1� Velocity at inlet planes in computation

ug / ( m/ s)
uc/ ( m/ s)

M= 0. 5 M= 1. 0 M= 1. 5

20. 3 2. 06 4. 13 6. 19

40. 6 4. 13 8. 25 12. 38

60. 9 6. 12 12. 23 18. 34

In the prev ious studies, many investig at ions

have been conducted to inspect the actual ef fect

of turbulence models ( Azzi and Lakehal
[ 15]
,

Garg and Rigby[ 16] , Garg and Abhari[ 24] ,

Garg
[ 25]
) . Fo llow ing the adv ice of Garg

[ 25]
, the

∃�& turbulence model w as chosen because it sat�
isf ies many const raints such as asymptot ic con�
sistency near w alls w ithout the need for addi�
t ional co rrect ions and it can also g ive reasonable

results for subsonic f low s w ith adverse pressur e

g radients, separ at ion, and streamline curvature.

T he numerical simulat ions w ere perfo rmed

using the commercial CFD code Star�CD, a f inite
contro l vo lume based, mult iblock and mult ig rid

solver. A high resolut ion scheme w as employed

for the discret izat ion o f advection term, and the

standard ∃�& model in conjunct ion w ith the scal�
able w al l funct ion w as used fo r turbulence clo�
sure. Converg ence in al l cases w as declared only

w hen bo th of str ict criteria w ere sat isfied: ( 1)

reduction in all residuals of four o rders o f magni�
tude at least , and ( 2) no observ able change in

surface temperature predict ion fo r an addit ional

40 iter at ions.

4 � Results and discussion

A summary of the leading fluid dynamics pa�
rameters in the present study is shown in Table 2.

Table 2� Leading parameters in computation

Parameters Values

Re 1835. 5, 3 671. 9, 5 507. 4

R t 0. 0034~ 0. 030 9

M 0. 5, 1. 0, 1. 5

5 � Flow and temperature field

Fig . 3 presents the adiabat ic f ilm cooling ef�
fect iv eness dist ribut ions on the suction surface

for various M and R t . The part icular cases

shown here are R e= 1 835. 5. To deliver a bet ter

understanding of the flow field, a horizontal line

is marked through the center of hole 6 as a refer�
ence and the downst ream ex it o f this hole is loca�
ted at x = 0. A part icular phenomenon in ro ta�
t ing f ilm coo ling performance is that the coolant

w ill move on to the high�radius locations after it
st reams out f rom the cooling holes especially at

high angular speeds. It is w ell know n that

there are three governing forces in r otat ing sy s�
tem , i. e. , the centrifug al force, the Co riolis

force and the buoyancy force. T he buoyancy

force is induced through the former tw o fo rces

and temper ature f ield, and in the current study,
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F ig . 3 � Contours for # on suction surface at Re= 1835. 5

it can be neg ligible fo r the small dif ferent ial o f

temperatur e betw een the mainst ream and cool�
ant . T he centrifugal for ce is prone to drive the

air to def lect tow ard the high�radius locat ions es�
pecially for the high�density coo lant , w hile the
Corio lis fo rce pushes the cooling jets upw ards

and downw ards along the z�axis direct ion near

the suct ion and the pr essure surfaces, respec�
t ively. As a r esult , the coo lant def lect ion near

the suct ion sur face is much evident. T he adia�
bat ic effect iveness dist ribut ions in Fig . 3 can be

very helpful to analyze the coolant def lect ion

phenomenon. It can be obviously seen that as R t

increases fr om 0. 0103 to 0. 0309, the contour at

#= 0. 5 downst ream of the second r ow of ho les is

def lected about 3. 5D upw ards at x / D = 8, and

the ef fective region covered by cooling f ilm tends

to decr ease both in x and z directions ( see Fig . 3

( a) , ( d) , ( g ) ) . Because of the interact ion o f

cooling jets f rom tw o row s of inject ion holes,

the thermal protect ion betw een tw o neighboring

holes of the second row along z�ax is dir ection is
still suf ficient fo r this blow ing rat io. When the

value of M increases, a discrete reg ion w ith low

# values but high temperatures surr ounding all

the inject ion holes appears and reaches its maxi�
mum ar ea at M = 1� 5. This is because the cool�
ant at high blow ing ratio s has much gr eat mo�
mentum so that it penet rates deeper into the ma�
inst ream easily at the hole ex it and reattaches

the w al l surface after passing an appropriate dis�
tance along st reamw ise direction. Therefore,
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high values of M are not suitable for the thermal

protect ion to w all surfaces near the ex it of injec�
t ion holes.

6 � Film cooling effectiveness

Fig . 4 presents the laterally aver aged f ilm

cooling ef fectiveness r esults as a funct ion of x / D

at the centerline of hole 6 on the suct ion and

pressure surfaces under dif ferent operat ing con�
dit ions. T hr ough a detailed comparison, the

tendencies of # are summarized as follow s: ( 1)

T he high values of M w ill w eaken the thermal

protect ion to w all surfaces especially near the

exit of coo ling holes, but it w ill increase the adi�
abat ic effect iveness properly at far dow nstream

locat ions. T he numer ical result ( F ig . 4( a) ) re�
veals that an abr upt decrease in the coo ling ef�
fect iveness # occur s at x / D< 2, w hile a further

increase in # appears at x / D= 2~ 8. T his is due

to the fact that the coo ling jets detach from the

w all surfaces immediately af ter ef fusing from the

injection ho les and then reat tach at the down�
st ream locat ions after separation. In this region,

the highest # appears at M = 0. 5. While in the

region of x / D ∀14, the # level of M= 1. 0 and 1. 5
is higher than M = 0. 5 case because the high M

values bring an enhancive momentum in coo lant ,

w hich results in an increase in # at far dow n�
st ream locat ions. ( 2) Although the values of #

nex t to the downstream of inject ion ho les on suc�
t ion surface are higher than that on pressure sur�
face, the adiabat ic effect iveness on pressur e

surface is much superior to that on suct ion sur�
face w ithin most of r eg ions because o f the st rong

def lect ion of coolant near the suct ion sur face.

Both the centrifug al for ce and Co riolis force

point tow ards the high�radius locat ions near the
suct ion surface, w hich allow s mo re coo lant to be

def lected upwards. On the pressur e surface, the

centrifugal effect w ill be w eakened due to the

oppo site ef fect of Co riolis force, and it leads to

the high values of # f inally. ( 3) A s R t increases,

the values of # both on suct ion surface and pres�
sure surface decr ease simultaneously for the

same reason of coo lant def lect ion ( see Fig. 4

( b) ) . T he cooling jets fr om neighboring injec�
t ion ho les can provide addit ional compensat ions

for the adiabat ic ef fectiveness due to their in�
tense mixing, w hich can result in the recovery o f

# in the far dow nst ream region of x / D> 18. ( 4)

It appear s that the augmentat ion o f R e can lead

to a slight decr ease of # at the downstream loca�
t ions ( see Fig. 4( c) ) . To keep a constant value

of R t , the angular speed should be elevated sim�
ultaneously as Re increases, and which is the ex�
act reason fo r the r educt ion of adiabat ic effec�
t iveness. ( 5) After r eaching the far downstr eam

locat ions, the tendencies of # become much uni�
form on the suct ion and pressure surfaces.

F ig. 4� Values of # dow nst ream of hole 6
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7 � Heat transfer characteristics

Fig . 5 presents the detailed lo cal Nusselt

number dist ribut ions on the suct ion surface at

various operating conditions for M = 0. 5. As

seen from the f igure, the Nusselt number dist ri�
but ions clearly indicate higher N u appears along

the downstr eam of each injection ho les due to

the st rong interact ion of mainst ream and cool�
ant , w hile low er N u appears in the region among

the inject ion holes due to the lack of coo lant .

T he N u decreases along the str eamline dir ect ion

to far dow nst ream locat ions and its

magnitude can be evaluated as R e incr eases fr om

1835. 5 to 5 507. 4. When comparing w ith the re�
sults illust rated in Fig. 3 at the same operating

condit ion of Re= 1 835. 5 and R t = 0. 030 9, it is

interest ing to note that the phenomenon of cool�
ant def lect ion is v anished. The reason could be

the mainst ream temperature and coo lant temper�
ature w ere assumed to be equal during the calcu�
lat ions by using the classical method of Eck�
ert

[ 27]
.

F ig. 5� Nu dist ributions for M= 0. 5

8 � Discharge coefficient

Know ledge of the discharg e coef ficient Cd is

vital in sizing f ilm cooling ho les at the design

stag e to determ ine the requisite amount o f cool�
ant flow to produce the desired coo ling ef fective�
ness. The discharge coef ficient Cd is the rat io o f

actual mass flow r ate and ideal mass f low rate

through the f ilm cooling ho le. Ther efore, Cd can

be expressed as

Cd=
m

p tc
p g

ptc

∃+ 1
2∃ 2∃

(∃- 1)RT tc

ptc
pg

∃- 1
∃

- 1

1
2 ∋
4
D

2

( 8)

� � Fig . 6 show s the dist ribut ions of Cd fo r all

the inject ion holes under dif ferent operat ing con�
dit ions. As can be seen in Fig. 6, the Cd values

for each inject ion hole are quite dif ferent , and

this denotes that the M is only a qualitat ive pa�
rameter for the dist ribut ion of total co olant mass

f lux in this study . All the Cd g roups decrease

both on suct ion surface and pr essure surface as

R t is increased fo r a constant Re, and the Cd al�
ways increases w ith increasing M . T his is due to

the fact that w hen the M increases, the coolant

can break aw ay from the repression of main�
st ream and f low out easily along y direction.

T he ro tat ion can alw ays cause the pressure in�
cr ease along the radial dir ect ion in the plenum,

and this brings to the accret ion of p tc , leading to

an increscent dif ference between p tc and p g . Fi�
nally, the Cd show s a decrease as the R t increases

f rom 0. 0103 to 0� 030 9. It can be seen that the
Re show s no ef fect on Cd at a f ixed value of M

and R t ( see Fig. 6( c) ) , and this result also corre�

sponds w ith the conclusion by Kim et al
[ 8]
. T he

reason could be at t ributed to the synchronous

variat ion o f angular speed to keep the constant

value of R t when R e varies. In this figure, it is

also demonstr ated that the Cd on pressure sur�
face is much higher than that on suct ion surface

under each operat ing condit ion. The Co riolis

force dr iv es a major ity of coo lant to dev iate f rom

the suction surface in the plenum, causing mor e
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coolant discharge from the ho le�pipes on the

pressure surface. Considering that there has no

obvious dif ference in p g near the tw o flat sur�
faces, as a consequence, the Cd values on the

pressure surface are much higher. In addition,

the Cd show s only a moderate var iat ion along the

radial direct ion, and the values in coo ling holes

( 5) ~ ( 7) ar e slight ly higher than o thers.

Fig . 6 � Discharg e coefficients Cd fo r all the ho le�pipes

9 � Conclusions

Numerical simulat ions w er e performed to

invest igate the ef fect o f ro tat ion on the f ilm cool�
ing mechanism over a simplified rotat ing model.

T he computat ional model is orig in�nated fr om

the mid�span sect ion of a typical tur bine rotor

w ith tw o row s of 14 stag gered inject ion holes on

the suct ion surface and pressur e sur face, and the

inclinat ion angle to suct ion and pressure surfaces

is f ix ed at ∀= 30�. T he oper at ing conditions in�
clude var ious values of Reynolds number Re, ro�
tation number R t , and the aver aged blow ing ra�
t io M . T he key f indings of present study can be

summarized as follow s:

1) T he rotational ef fect has a signif icant in�
f luence on the f low field. T he centrifug al force

and Coriolis force have the same direct ion near

the suct ion sur face to po int tow ards the high�ra�
dius locat ions, but the Co riolis force can w eaken

the centrifug al ef fect due to it s oppo site direct ion

near the pressur e surface.

2) Although the high values of M w ill

w eaken the thermal protect ion to w all surfaces

near the ex it of coo ling holes, it can increase the

adiabat ic effect iv eness properly at downstr eam

locat ions. As R t increases, the values o f # both

on suct ion sur face and pressure sur face decrease

simultaneously. In addit ion, the augmentat ion

of R e can lead to a slight decr ease in #.

3) For discharg e coeff icient dist ribut ions, in

all cases an increase in R t leads to a decrease o f

Cd for a constant R e. T he augmentat ion of M

w ill alw ay s aid to elev ate the Cd values. When R t

and M are f ixed, the Cd values are independent

on the var iat ion of R e under a g iven operating

condit ion. Furthermore, the Cd values on the

pressure surface are much higher than that on

the suct ion surface under the same operating

condit ion.

4) Although the method which assumes the

mainst ream temperature and coolant temperatur e

are equal to obtain the heat t ransfer coeff icient in

f ilm coo ling has been pr oved r ather correct ly in

stat ic study both in theor et ical and experimental

approaches, it is not suitable for the rotating

f ilm cooling invest igat ion due to the inaccurate

predict ion of coo lant def lect ion phenomenon.
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