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ABSTRACT  

An experimental investigation of the influence of 

slot geometry parameters on the effectiveness and heat 

transfer coefficient downstream of three-dimensional 

discrete hole film-cooling slots is presented for uniform 

density flows and in the presence of density gradients. 

The parameters investigated are the longitudinal distance, 

hole diameter, lip thickness and lip length, height of the 

hole above the wall, pitch of the holes, open area and slot 

to mainstream velocity ratio. 

A procedure to predict the influence of the above 

parameters on the effectiveness and heat transfer coefficient 

downstream of discrete hole slots is described. 	The 

procedure is based on a finite difference solution of the 

time-averaged three-dimensional boundary layer form of the 

Navier Stokes equations. 	A modified form of the Prandtl 

mixing length hypothesis is used. 	The predictions are 

compared with a wide range of experimental data, including 

the present data, and the validity of the solution 

procedure is assessed. 	The relevance of the present 

prediction procedure to a practical film-cooled combustion 

chamber is examined. 

A procedure to predict the effect of 

longitudinal curvature on the effectiveness and aerodynamic 

properties of two-dimensional wall jets is presented. 

• A three-equation turbulence model has been used 

to predict the effectiveness downstream of. thin-lip two-

dimensional film-cooling slots in the presence of density 
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gradients. 	The present predictions are compared with the 

previous predictions effected by the Prandtl mixing length 

hypothesis and the merits of using the present model are 

assessed. 



4 

ACKNOWLEDGEMENTS 

I would like to acknowledge my sincere gratitude to 

Dr. J. H. Whitelaw for his excellent supervision. 	His deep 

personal interest and encouragement helped me immensely to 

achieve the objectives of the present research. 	His 

constructive suggestions and polite criticism on my writing 

have been very useful in presenting this thesis. 

I wish to thank Dr. S.V. Patankar for introducing 

the three-dimensional prediction procedure to me and for the 

patient advice he gave me during its development in the 

present work. 	Thanks are also.due to Dr. S.J. Peerless and 

Dr. M.M. Gibson, who were on my thesis committee and helped 

me in keeping up the speed of the work. 	I would like to 

express my thanks to all my colleagues and the technical 

staff of the heat-transfer section - in particular to Mr. 

King and Mr. Robinson who helped in the construction of the 

experimental rig. 

Finally the financial support of the Ministry of 

Defence is gratefully acknowledged. 



5 

CONTENTS 

Page 

Abstract 	 2 

Acknowledgements 	 4 

1. Introduction 	 7 

1.1 	Statement of the problem and its 
significance 	 7 

1.2 	Objectives and Scope of the present study 11 
1.3 Outline of the thesis content 	12 

2. Brief literature survey 	 14 

2.1 Experimental studies of two-dimensional 
film-cooling 	 15 

2.2 	Experimental studies of three-dimensional 
film-cooling 	 20 

2.3 	Prediction procedures for two- 
dimensional film-cooling 	29 

2.4 	Prediction procedures for three- 
dimensional film-cooling 	34 

3. The experimental investigation 	40 

3.1 	Description of apparatus 	40 
3.1-1 	Design and construction of the 

wind-tunnel for effectiveness 
and heat-transfer measurements 	41 

3.1.2 Instrumentation 	44 
3.1.3 	Testing and operation of the 

apparatus 	 48 
3.2 	Presentation and discussion of 

experimental results 	 54 
3.2.1 	Film-cooling downstream a single 

injection hole 	55 
3.2.2 	Film-cooling downstream of 

multiple hole slot 	61 
3.2.3 	Summary of above results 	66 

4. Prediction of two-dimensional film-cooling 	69 

4.1 Effect of longitudinal curvature 	69 
4.1.1 Relevant equations of motion 	70 
4.1.2 	Physical inputs 	72 
4.1.3 	Solution procedure 	74 
4-1.4 	Comparison of predictions with 

the available data 	77 
4.2 	Effectiveness downstream of two- 

dimensional slots 	 80 
4.2.1 Relevant equations in the two 

regions 	 81 
4.2.2 	Physical inputs 	84 



6 

4.2.3 	Solution procedure 	85 
4.2.4 	Comparison of predictions with 

the available data 	88 
4.2-5 	Comparison with the previous 

predictions 	 89 
4.3 Conclusions 	 91 

5. 	Prediction of the three-dimensional film-cooling 	93 

5.1 Mathematical problem and the solution 
procedure 	 94 
5.1.1 	Relevant equations of motion 	94 
5.1.2 	Description of the solution 

procedure 	 98 
5.2 	Comparison of the predictions with the 

available data 	 102 
5.2.1 	Single hole geometries 	103 
5.2.2 	Nultihole geometries 	104 
5.2.3 	Prediction of useful trends 	107 

5.3 Conclusions 	 110 

Practical relevance of the •resent results 

6.1 Procedure to predict Flame-tube wall 
temperature 

6.2 	Wall-temperature predictions 
6.3 Conclusions 

Conclusions and Recommendations 

7.1 	General conclusions 
7.2 Recommendations for future work 

References 	 129 

Nomenclature 	 136 

Figures and tables. 	 142 

112 

113 
117 
122 

124 

124 
126 



CHAPTER 1  

1. 	Introduction  

1.1 Statement of the  problem  and its significance  

Many items of engineering equipment are subjected 

to high-temperature gas streams and require cooling to 

ensure that the surface temperature does not exceed some 

predetermined metallurgical limit. 	Gas turbine combustion 

chambers, reheat nozzles of aircraft engines, gas_turbine 

blades and rocket nozzles are a few examples of such 

equipment. 	One way of cooling the surfaces exposed to hot 

gases, is to inject a cool fluid along the surface in the 

form of a film. 	This process of protecting the surface by 

a cool fluid is known as film-cooling. 	In certain 

applications, such as de-icing of aircraft wings and de-

misting of windscreens, a film of hot fluid is used and the 

process is known as film-heating. 	Film-heating and film- 

cooling are similar processes and the study of one leads to 

understanding of both. 

The present thesis is particularly related to film- 

cooling in gas turbine combustion chambers. 	The cooling 

demands of the modern combustion chambers have increased 

considerably with the increase in gas temperatures and 

pressures. 	Film-cooling performance depends upon the 

device through which the film is injected and the amount of 

coolant used. 	The cooling slot experiences severe stresses 

as a result of large temperature gradients and must, 

therefore, be mechanically strong. 	At the same time it 

should be easily and accurately machined. 	After long 

experience with different types of slots, it has been 
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recognised that machined rings possess these qualities. 

A machined ring consists of discrete holes drilled in one 

piece of material, e.g. see Fig, 3.2.0 	Fluid flow 

downstream of such a device is evidently three-dimensional 

and is significantly more.complicated than the flow down-

stream of a two-dimensional device: nevertheless the latter 

must be well understood as a basis for understanding the 

former. 

Extensive experimental work (1,2,3,4,5) has been 

done on two-dimensional slots and the effects of various 

flow and geometrical parameters have been investigated. 

Procedures have been developed (6,7) to predict the 

performance of such slots. 	These procedures require the 

specification of the laws for turbulent exchange of momentum, 

mass and enthalpy and the accuracy of the predictions 

essentially depends upon the validity of the exchange 

hypotheses. 	A form of Prandtl's mixing length hypothesis 

has been used (6) to give reliable predictions of film-

cooling effectiveness downstream of two-dimensional slots 

within a limited range of conditions. 	Although it proved 

adequate for predicting the wall-effectiveness, it did not 

represent the local flow properties exactly and the inaccuracy 

may be attributed to the assumptions on which it is based. 

A complex model of turbulence, which has been shown to 

represent the details of asymmetric flows correctly, has been 

employed in the present work in order to estimate its ben-

efit over the mixing length hypothesis, for predicting wall 

effectiveness and local flow properties. 

The temperature assumed by the combustion-chamber 
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wall is such that the net heat received by it through 

radiation and convection from the flame is equal to the heat 

lost through its outer surface by radiation and convection. 

Film-cooling influences the convective mode of heat transfer 

within the combustion-chamber. 	It is convenient to 

represent the convective heat transfer, in the presence of 

film-cooling, througn two quantities: the adiabatic-wall 

effectiveness and the heat-transfer coefficient. 	In the 

absence of radiation and chemical reaction between the film 

and the hot gas stream, the adiabatic-wall effectiveness,TI , 

is a measure of the cooling performance of the film. 	11 is 

defined by the expression 

Ta,w TG  
1 = [ 	 

"To  - TG 	cp= const. 	(1.1.1) 

and depends upon the mixing characteristics of the two 

streams. 	It can be considered as a measure of the 

preservation of the identity of the cooling film. It does 

not provide information of the resistance of the film to the 

heat transfer through it. 	A heat-transfer coefficient based 

on the adiabatic-wall temperature, provides the necessary 

information and is defined as: 

qw 	(1.1.2) 
hf = 

(Tw - Ta,w) 

It is evident from the definitions of 11 and hf that a 

cooling device should be designed to result in high values 

of 11 and low values of hf. 	The values of these two 

quantities depend upon the several factors discussed below. 

In combustion-chamber practice, there are density 

gradients between the film and the hot-gas stream and the 

amount of coolant available is restricted. 	It may be 
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expected that 11 will increase with increasing mass flow of 

the coolant; on the other hand,large quantities of cooling 

air cannot be used because of the adverse effect on combustion 

efficiency and reduction in the amount of air available for 

dilution purposes. 	Therefore the mass of the coolant 

required to give the maximum cooling effectiveness should be 

minimised. 	ether important parameters affecting TI and hf 

include the geometry of the cooling device, the distance from 

the slot exit, pressure gradients in the flow field, 

turbulence intensities in the hot gas stream and the film and 

property variations because of the high temperature gradients. 

The present investigation deald mainly with the identification 

and the influence of important parameters that have signif-

icant effect on TI and hf downstream of three-dimensional 

cooling slots. 

The influence of the above parameters can, of 

course, be found experimentally though the number of 

experiments required would be excessively large. 	In 

addition, it is expensive in time and effort to isolate some 

effects from each other experimentally, e.g., turbulence 

intensity from shape of the velocity profile or Reynolds 

number from boundary-layer thickness. 	It would definitely 

be more convenient to use a mathematical model to predict 

the influence of the relevant parameters. 	A previous 

practice has been to take measurements and then to correlate 

them by guessed functional relationships in order to 

characterise the findings. 	Such relationships are valid 

only for the particular cases upon which they are based and 

usually need more information than they provide. 	The 

approach in the present work has been to develop a general 
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prediction procedure based on the fundamental equations 

of fluid motion and to make use of a limited number of 

measurements to check the validity of the procedure. 

This approach reduces the number of experiments required 

and provides a general and inexpensive method to predict 

the influence of each parameter separately. 

212... ent study 

The principal objectives of the research were 

as follows: 

1. to identify experimentally the important parameters 

that influence effectiveness and heat transfer coefficient 

downstream of three-dimensional discrete hole film-cooling 

slots and to assess their influence. 	This experimental 

investigation covered the parameters relevant to gas 

turbine combustion-chamber design within the following 

limits: 

slot to main stream velocity ratio; 	(•1 to 

slot to main stream density ratio; 	(1.0 to 4) 

hole diameter 	 (2mm to 12.5mm) 

lip thickness to diameter ratio; 	(•2 to •8) 

lip length to diameter ratio; 	(0 to 3.0) 

pitch to diameter ratio; 	(1.4 to ') 

height of the hole centre from the wall; (•5D to 1.5D) 

2. to develop a prediction procedure which can accurately 

predict effectiveness and heat transfer coefficient down-

stream of three-dimensional slots with various initial and 

boundary conditions. 

The validity of the procedure was tested against 

the above measurements. 
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3. to examine the relevance of the above prediction proced-

ure to the practical application of film-cooled combustors. 

The present research included work on two-

dimensional film-cooling with the following subsidiary 

objectives: 

4. to provide a procedure for predicting the influence of 

longitudinal curvature on the effectiveness downstream of 

two-dimensional slots. 

The procedure was tested against wall-jet data on 

curved surfaces; this is relevant to the film-cooling of 

blades with high curvature. 

5. to assess the merits of using a three equation model of 

turbulence (equations for turbulent kinetic energy, 

dissipation of turbulent kinetic energy and turbulent shear 

stress) over Prandtl's mixing length hypothesis, in predicting 

effectiveness downstream of two-dimensional slots. 

Effectiveness predictions downstream of tangential 

slots with thin lip and density gradients were compared. 

6. to provide a general prediction procedure for predicting 

effectiveness downstream of two-dimensional slots which have 

recirculating flow in the upstream and boundary layer flow in 

the downstream region. 

The procedure was tested against measurements with 

tangential slots having a thick lip and slota having a back-

ward facing step in the plane of the slot exit. 

1.3 	Outline of the thesis content 

The present thesis has been sub-divided into 

seven chapters including this introduction. 	The following 
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chapter presents a critical review of previous work on two- 

dimensional and three-dimensional film-cooling. 	It places 

the present work in perspective. 

Chapter 3 describes the experimental investigation. 

The design and construction of the apparatus and the 

instrumentation is described. 	This is followed by a brief 

statement of the preliminary tests, carried out with a fully 

turbulent boundary layer on a flat plate, designed to assess 

the performance of the equipment. 	The experimental method 

and results for all the cooling slots used are presented and 

discussed. 

	

	The chapter concludes with a summary of results. 

Chapters 4 and 5 are concerned with the prediction 

of two-dimensional and three-dimensional film-cooling 

performance respectively. 	The general format of both the 

chapters is similar, i.e. a statement of the mathematical 

problem in the form of appropriate equations to be solved; 

a description of the physical hypothesis; a description of 

the procedure used; and lastly, comparison of the predicted 

results with the test data. 

Chapter 6 discusses the practical relevance of the 

results achieved in the present study. 	It demonstrates how 

well the wall temperature of a combustion chamber can be 

predicted with the procedure developed in the present. work. 

The last chapter summarises all the conclusions made in the 

previous chapters and gives suggestions for future work. 
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CHAPTER 

2. 	Brief literature survey. 

The systematic study of film-cooling started about 

30 years ago and, until very recently, most of the work was 

confined to two-dimensional film-cooling. 	Two-dimensional 

film-cooling is simpler to understand, more amenable to 

available techniques in fluid mechanics and heat transfer and 

its knowledge is very necessary to the understanding of the 

more complex and practical problem of three-dimensional film- 

cooling. 	The present chapter briefly outlines the previous 

investigations of film-cooling with two-dimensional and three-

dimensional slots. 

The performance of a film-cooling slot strongly 

depends upon the initial and boundary conditions of the flow 

domain. 	The initial conditions pertain to the slot exit, 

i.e. slot height, lip thickness and length, open area ratio, 

boundary layer thicknesses, fluid properties in the plane of 

the slot exit etc., whereas the boundary conditions pertain 

to the rest of the three surfaces enclosing the flow such as 

pressure gradients in the free stream, zero or constant heat-

flux at the wall etc. The purpose of this review is to 

identify the conditions which have previously been 

investigated; to indicate their significance; and to 

indicate the influences that remain to be studied. 	As 

demonstrated in sections 2.1 and 2.3 influences of various 

initial and boundary conditions on the performance of two- 

dimensional slots are well understood. 	Detailed measure- 

ments indicating the important influences are available and 
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prediction procedures have been developed that can reliably 

predict the important influences. 	This state of knowledge 

has not been reached for three-dimensional slots. 	It is 

also an objective of this review to apply the information 

obtained with two-dimensional slots, to three-dimensional 

slots and thus to identify the important parameters for 

practical film cooling. 	The available experimental 

information for three-dimensional slots is critically 

examined and the direction for further experiments provided. 

Various prediction procedures available for three-dimensional 

flows are listed and a choice is made for the present work. 

Reviews of film-cooling investigations up to 1969 

may be found in references (11), (12), (13) and (6) for two-

dimensional film cooling and in ref. (14) for three- 

dimensional film cooling. 	Some of these investigations are 

mentioned here for the sake of completeness but more 

attention is paid towards the work done between 1969 and 1972. 

2.1 Experimental studies of two-dimensional film-coolie 

Table (2.1) gives details of the two-dimensional 

slot geometries studied with the range of parameters 

investigated and a brief account. of the results. 	This 

section critically examines these investigations and 

identifies the important parameters that influence 

effectiveness and heat transfer coefficient. 

For slots with tangential injection 	Pc/PG, 

UC/UG  and t/yc are the most important initial conditions. 

It is advantageous to blow a heavier gas through the slot for 

a particular velocity ratio. 	Effectiveness always decreases 



Table (2·1). Summary of experimental studies of two-dimensional film-cooling_ 

AUTHOR YEAH INITIAL CONDITIONS INVESTIGATED 

Pc / P G IUc/uG It/yc I o/yc IH/yc ILsec - I LBase 

VlIEGHARDTI 1944 
(15) 

0EBAN 
(16) 

HARTNBTT 
et a1. 
(3),(17) 

1960 

1961 

-22 to 
ro 

-27 to I -

·76 

-28 tal -
1-10 

PAl & 119681.069,1-0, 1-30 to 1_ 

WHITELAV/ 1969 1-38,4· 17 3-10 
(18) , (19) 

PAl 
(6) 

1969 -39 to I- 35 
3-55 and 

1·0 

1 to 
10 

BOUNDJL11.Y 
CONDITIONS 
INVESTIGATED 

Kp 

I10derate 
Favorable 
& adverse 
pre 
gradients 

1, 1 -82 , 
3-30 -1-0 
*106 ' 

~~/UG 

SLOT­
GEONETRY 

.~~-,-.... .,. 
;' ',,""'" 

// 

" 

~. { (/NO 

Similar 
VlIEGHARDT _ 
Constant 
heat flux 
at thewa11. 

T~ 

4' 

REr·lARKS 

I'1aximum 11 around 
UC/UG = 1-0. At a 
particular x/yc and 
UC/UGJ 'T1 vias same for 

for two values of yc. 

Influence of 0 on 
'T1 was small _ 11 

decreased with 
incre.asing 0-

.Par x/yc> 30, hf 
reached value 
corresponding to 
flat plate value. 
Small influence of 
pressure gradients 0 

11-:- 'T1 reduced-

No maxima in 11 for 
P C;P G ~ 1 - O. 'T1 \'laS 

higher for P / PG > 
1·0 at a nar~icular 
value of De/UG- 1l 

decreased in 
presence of dP/dx. 
hf increased with 
UeIUG- For UC/UG> 1-2 

hf tends to a value 
higher than fully 
developed pipe flow 
and for UC/UG- < 1- 2 
to a val~e lower_No 
effect oi t/yc on hf 
for 10 < x/yc < 50. t-' 

m 



AUTHOR YEAR INITIAL 	CONDITIONS 	INVESTIGATED 	- BOUNDARY 
CONDITIONS 
INVESTIGATED 

SLOT- 
GEOMETRY 

REMARKS 

. PC/P G UC/UG t/yc 5/Yc H/yc z sec, LBase Kp 2  1.1 G/uG  

11 decreased as 
CARLSON 1968 2.76 -19 to - - - - 30° 	45°, - LBase increased, as 
& TALMOR .90 60°  a result of favor- --- 
(20)  , able pressure grad- 

.\  /.....BAsa lent experienced by 
flow. -----..,:„ 

MATTHEWS 
(21)  

1972 1 	2.0-  .7 to 
2.0 

- - - - 300,450 _ , Same as above.For 
the same value of 

11  PC  UC  /PG UG' 	was 
higher forPc/PG>1.0  

WHITELAW 
(22)  

1967 .29 to 
2.7 

- - - - - - 1 decreased as 
t/yc increased.For 
large t/yc ( >.4). 

' maxima in 11 for 
Pc/PG - 1  and 

SIVASEGARAM 
& WHIPELAW 

1969 .4 to 
5.0 

.05 
to 

- - - - - U /IJ 	,,k-, 1 disapp- C 	G ' 

(23)  1.6 
(1-77=,  

eared. 

KACKER & 1969 .3 to .126 - - -. - _ 
WHITELAW 2.7 to Effect of Freestrean 
(1) 1.90 turbulence(FST)mal 

was smalLgdecreased 
with FST.Similar 

KACKER 1969 .3 to - - - - - '005, influence was found 
(7) 2.7 -035, ofslot turbulence ir 

.07 the range -055 to.095 
- t, - 2.42 - - - - 

to Similar to the 
10.2 influence of ref. 

(16).  



AUTHOR YEAR INITIAL 	CONDITIONS 	INVESTIGATED BOUNDARY 

CONDITIONS 

INVESTIGATED 

SLOT- 

GEOMETRY 

REMARKS 

PC/ 	PG Uc/UG t/yc 5/yc H/yc L sec. LBase Kp 
1/ 1-;/ -1.1- G. 

n decreased as H 
MATTHEWS 1971 1.0 .7 to .125, - 0 to - - - - increased. This 

& 

WHITELAW 

and 

2.0 

2 1.0 2.0 -=,:>-. influence was very 

small for thick lip ____Pc 
,,----.., H  

(24) case.Por the same 

value of pcuc/PGIJG, 
n 	for PC/PG = 	2.0 

was smaller than 

PC = 	
PG 

 

METZGER 1968 - - - - - 20°' 
Heat, transfer 

et al. 60° . 
coefficient inc- 

reased with inc- 
(25) 

i/..ses-' 

rease in injection 

angle. 

MATTHEWS 1972 1.0 *7 to - 
--7-. 	,--_,------- 
.--- 	, 71 decreased as 

(5) and 2.0 - - - 30°  , 

 

- - - 
the angle of 

2.0 45° 

t 	gRID 

injection 

ncreased. 
 

increased. 

Considerable 

CA.RLSON 1968 - •17 to - - - 20°  - - .032 ' 	20 reduction in T1 

was observed with ... 
& TALMOR  •

.....›,-, 
.12 

(20) 
.67 s, increase in Free 

'22 stream 

turbulence. 

H 
m 
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with increasing lip thickness as a result of turbulent 

mixing generated by the lip. 	The data of ref. (1) shows 

that for the velocity ratio of 0.86 and the density ratio 

of unity, at 25 slot heights downstream the slot exit, the 

wall effectiveness decreases from •85 to -45 as t/yc is 

increased from •126 to 1-14. 	Burns and Stollery (26) found 

the adverse effect of lip thickness for the density ratio of 

4°17. 	The measurements of Pai (6) indicate that the heat 

transfer coefficient, based on the difference of the wall 

temperature and the adiabatic wall temperature, is unaffected 

by t/yc for x/yc >10. However it should be noted that the 

heat transfer at the wall will increase as the increases. 

The measurements of detailed profiles of the aerodynamic 

quantities such as turbulence intensities, kinetic energy of 

turbulence, velocity, Lit-spectra and turbulent shear stress 

downstream of tangential slots have been reported in refs. 

(2), (27), (28). 	The main purpose of these measurements has 

been to assess a hypothesis of turbulent momentum transport 

for predicting flow properties of two-dimensional film-cooling. 

For slots in which the two streams meet at an angle, 

such as in the geometries of ref. (5), (20), (21) and (25), 

the angle between the two streams is an important parameter. 

There is a significant decrease in effectiveness and increase 

in heat transfer coefficient with increasing angle. 	Although 

there are quantitative differences in the effect measured by 

different workers listed in Table (2.1), all the measurements 

indicate the importance of this parameter. 

The influence of free stream pressure gradient and 

free stream turbulence has been found to be small on the 
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effectiveness of two-dimensional slots. 	According to ref. 

(19) the reduction in effectiveness due to mainstream pressure 

gradients at any downstream distance was of the order of 5% 

of unity except for one case where the favorable pressure 
-6 

gradient was very severe (i< 
P
=3.30 x 10 ) and the reduction was 

 
20% of unity. 	The influence of freestream turbulence 

measured by Carlson and Talmor (20) should be treated with 

caution. 	In this case, the turbulence levels were not 

measured but were calculated for each grid used to generate 

turbulence. 	In addition,the influence of parameters like 

velocity profile shape and free stream velocity were not 

separated. 

The above description demonstrates that, for two-

dimensional film-cooling slots, conditions at the slot exit 

have more influence on the cooling performance than the 

conditions in the free stream. 	The parameters investigated 

for two-dimensional slots are present in three-dimensional 

slots but, in this case, there are additional important 

parameters. 	Experimental investigations of some of these 

parameters are described in the following section. 

2.2 	Experimental studies of three-dimensional film-cooling 

Unlike two-dimensional slots, three-dimensional 

slots have not been studied systematically and it is difficult 

to categorise the available measurements in terms of different 

parameters. 	Until recently most of the experimental work, 

e.g. refs. (29), (30), (31),(32) and (33), was concerned with 

the testing of cooling performance of specific cooling devices 

and subsequent correlation of the experimental results. 	It 
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is convenient to describe each investigation separately; to 

summarise the list of parameters investigated; to indicate 

the available knowledge; and to indicate what remains to be 

attained. 

Papell (34)1 during his experiments on angled two-

dimensional slots, measured adiabatic wall-effectiveness 

downstream of two three-dimensional slots injecting coolant 

through normal holes. 	The slots consisted of a plate, flush 

with the wall to be cooled, containing rows of 1/4" holes at 

-" pitch in a staggered pattern. 	One slot had two rows and 

the other had four rows as shown in Table (2'2). 	The main 

stream was at 1500°R and was subsonic whereas the secondary 

stream temperature could be varied between 550°R and 1100°R. 

He measured adiabatic wall temperatures for a range of 

velocity ratios (110/11G) from •035 to 1. 	His measurements 

indicate that effectiveness for slots with normal holes)was 2 

less than the two-dimensional slot injecting normally under 

similar flow conditions even when the open area of the two-

dimensional slot was less than the other. 

Palmer (29) investigated the performance of two 

types of splash cooling devices which he named as standard 

simple type and standard plenum type and are shown in Table 

(2.2). 	He kept the slot Reynolds no. constant at a value 

of 1.6 x 105 and changed the hot stream Reynolds no. from 

2.92 x 105 to 8.41 x 105. 	He concluded from his experiments 

that the simple type was more efficient than the plenum type 

and both the slots gave maximum effectiveness at a velocity 

ratio of about unity which was found for two-dimensional 

slots as well.. Systematic comparison of the two slots 

tested by him was difficult as the open areas were different. 
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Table (2-2) Summary of experimental studies of three-dimensional film-cooling. 

Author 

PAPELL 
. (34) 

PALHER 
(29) 

PALMER 
(30) 

NOBES and 
RICE 
(35 ) 

f Year I 

1960 1 

1964 

1965 

1968 

UC!UG Ix/D OR x/yc , 

-035 to 1·0 1 0 to 140 

-42 to -85 o to 37 

-58 to 1-16 o to 48 

-385 to 3·31 o to 25 

Neasured 
quantities 

I . 

Adiabatic ,.,all I 
effectiveness ' 

Adiabatic \va11 
effectiveness 

Adiabatic wall 
effectiveness 

Slot geometry 

°0°0 °0 °0 

1°0
0
0 °0° 0 

0 0 °0 
0 0 °0 

°0°0 
~1>. ~-

Srllndlrrd Simple 
type 

°0 °0 
°0 
°0 
°0 
°0 
°0 

D- \', -4" 
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He found that increasing the hot stream turbulence reduced 

the film cooling effectiveness. 	Palmer (30)) after the above 

investigation did performance tests with 9 splash cooling 

slots and one total head type slot. 	The generalised form of 

the slots is shown in Table (2.2). 	He changed different 

geometrical parameters from one slot to another to be able to 

suggest a better design and concluded that a splash device 

with a deflector was better than the total head device up to 

25 slot heights and in the region downstream both were 

equally effective. 	Again the effective area of the two slots 

was not same and the comparison was effected at the same 

pressure drop through the device which implied different 

coolant mass through each slot. 	Although Palmer's work 

contained some useful data, the effects were found to be 

complex and it was difficult to say why the geometry selected 

by him gave the best performance. 

Nobbs and Rice (35) have investigated the effect of 

geometrical parameters on effectiveness for splash-impingement 

cooling devices. 	They have found the influence of slot-gap, 

lip thickness and velocity ratio on the film cooling 

effectiveness while keeping the hole diameter, pitch and lip 

length constant. 	Results were limited to 25 slot heights 

which is the region of interest in chamber practice. 	They 

concluded that for a given coolant mass flow, to obtain 

maximum effectiveness, the slot gap should be maximum to give 

a blowing rate of approximately unity; lip thickness should 

be minimum and holes should be arranged in a staggered way in 

case of multirow slots. 	These trends are qualitatively very 

similar to those found for two-dimensional slots. 	A long lip 
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was recommended without any experimental evidence. 

Most of the above work was done in industrial 

research organisations where, due to the need for rapid 

development, the results of research programs are more 

important than the reasons leading to those results. 	In 

attempts to understand the flow, systematic studies have been 

carried out in Universities and are described in the rest of 

this section. 	Experimental work began with the study of a 

single jet injected tangential to a wall and followed through 

to discrete hole film-cooling slots. 

Naib (37) studied a round jet injected tangential 

to a wall in stagnant surroundings. 	He measured the rates 

of growth of the jet, decay of maximum velocity and velocity 

profiles. 	He observed that the flow could be divided into 

four regions: potential core up to two diameters, transition 

region up to 8 diameters, fully established flow up to 30 

diameters and lastly the region of terminal flow which 

consisted of large scale eddies and could be regarded as still. 

He found that the lateral growth of the jet was about 6 times 

larger than the normal growth and both the boundaries of the 

jet grew linearly with distance. 	The profile shape could be 

defined by a power law near the wall while in the outer layer 

the shape resembled the free jet profiles. 	Decay of the 

maximum velocity was found to be inversely proportional to 

the longitudinal distance. 	Although this flow situation is 

far from the practical film cooling situation, the 

above information is useful for understanding the flow down-

stream of a three-dimensional film cooling slot. 

Goldstein et al. (38) studied the rates of growth 
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and flow patterns of a heated round air jet injected at an 

angle of 35°  and 90°  to an adiabatic wall in the presence of a 

fully developed turbulent free stream boundary layer. 	They 

found that vertical penetration and lateral spread increased 

with increasing jet velocity. 	They investigated the 

influence of mass velocity ratio on effectiveness and 

concluded that, for inclined jets, the maximum effectiveness 

was achieved for a mass velocity ratio of about 0.5. 	They 

have measured the variation of adiabatic wall temperature in 

the spanwise direction. 	At a particular spanwise location, 

effectiveness increases with longitudinal distance in the 

upstream region and then gradually decreases. 	Jet Reynolds 

no. did not show a significant influence on the cooling perf- 

ormance. 	The work of ref. (38), on single inclined jets, was 

extended by Goldstein et al. (39) to the study of the cooling 

effectiveness as a result of injection through a row of 

inclined jets spaced laterally at a pitch of 3 diameters. 

For an inclination of 35°  and blowing rates of less than 

unity, the row of jets resulted in same effectiveness at the 

centre line, as obtained by a single jet. 	At locations away 

from the centre line the row of holes resulted in slightly 

better effectiveness. 	For higher blowing rates the row of 

jets gave better cooling performance at all locations. 	At 

blowing rates of 1.5 and 2, the row of jets resulted in 

effectiveness values that remained constant with increasing 

longitudinal distance. 	Their measurements indicated that, 

for the row of jets, effectiveness reached a maximum value 

at a particular blowing rate. 	This blowing rate which- 

gave maximum effectiveness was a function of the 
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downstream distance. 	This investigation gives information 

relevant to film-cooling of blades and should be extended to det-

ermine the influence of other parameters such as pitch to 

diameter ratio, angle of injection, density and pressure 

gradients etc. on the effectiveness and heat transfer. 

Nina (14) measured adiabatic-wall effectiveness 

downstream of 11 total head discrete hole slots and 5 slots 

that had splash holes and holes tangential to the adiabatic 

wall. 	He used a heated secondary stream and measured 

effectiveness for a wide range of blowing rates (•3 to 2.5) 

and uniform density. 	The slots were designed to identify 

the influence of specific geome.trical parameters. 	He 

concluded that an increase in lip thickness decreases the 

effectiveness and the effect decays as the blowing rate 

increases. 	Increasing the lip length increased the 

effectiveness as was suggested by Nobbs and Rice (35). 

Nina found that increasing the open area ratio increased the 

effectiveness for all blowing rates and all downstream 

distances. 	Similar results were found for the splash 

cooling slots which Nina tested. The measured effect of open 

area ratio should be considered only as an indication because, 

in changing the open area ratio, other geometrical parameters 

were not kept constant,e.g. open area. 	A comparison of 

measurements obtained for splash slots with those of 

tangential slots showed that both were equally effective 

except for blowing rates higher than 2.5; 	at these high 

blowing rates, splash slots were better. 	He also found that 

it did not matter whether the splash holes were in line with 

the tangential holes or in between the tangential holes so 



28 

far as effectiveness was concerned. 	The above work gives 

useful trends as a result of some geometrical changes and 

indicates that parameters should be changed with great care 

so that their effects can be isolated. 

On the basis of the above experiments the importance 

of lip length, lip thickness and velocity ratio, on three- 

dimensional film-cooling, has been confirmed. 	Lip thickness 

and velocity ratio were also important for two-dimensional 

film-cooling slots and showed similar influences on the 

effectiveness. 	This suggests that it is possible, within 

limits, to apply the results of two-dimensional investig- 

ations to the three-dimensional slots. 	This will help in 

identifying the parameters which may have significant 

influence on the performance of three-dimensional slots. The 

following implications can be drawn from the results of two-

dimensional film-cooling. 

The influence of free stream pressure gradients and 

intensity of turbulence is expected to be small on the 

performance of three-dimensional slots. 	In addition to 

lip length and lip thickness, the identifiable parameters at 

the slot exit are: density ratio, pitch to diameter ratio, 

height of the holes from the wall, open area and open area 

ratio. 	The influence of density ratio is of practical 

relevance and is expected to be. significant. The height of the 

holes from the wall will have an influence similar to the 

height of the backward facing step in a two-dimensional 

situation; this influence is expected to be significant only 

for large values of the height as compared to the hole 

diameter. 	There is no two-dimensional result directly 
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applicable to imply the influence of parameters like pitch 

to diameter ratio, open area and open area ratio. 

2.3 	Prediction procedures for two-dimensional film-cooling  

Different procedures have been used to predict the 

film-cooling effectiveness and heat-transfer coefficient 

downstream of two-dimensional film-cooling slots. 	The 

objective of this section is to consider merits and demerits 

of the different methods and to make a choice of the best 

procedure. 	All the available procedures may be classified 

into the following categories: 

Correlations. 

Integral methods. 

Differential methods. 

Correlations. 	Dimensional analysis and some observed trends 

in the experimental data form the basis of correlations. 

These are not necessarily based on physical or transport 

hypotheses. 	The work done by Weighardt (15), Seban (40), 

Samuel and Joubert (41) and Spalding et al. (42) are a few of 

the numerous examples in this category. 	Each correlation 

employed a different set of dimensionless groups and was 

restricted to a particular experimental investigation. 	As 

a result of uncertainty and non-generality of different 

correlations, the attention of film-cooling investigators, 

e.g., ref. (3), (43), was diverted to the methods that were 

based on conservation laws of heat and mass transfer. 

Integral methods. 	Integral methods solve the integrated 

forms of the conservation equations for momentum, species 

concentration or enthalpy. 	The integral equations are 

normally ordinary differential equations and employ 
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assumptions regarding the shape of the velocity and temp- 

erature profiles. 	These methods require auxiliary relations 

to link quantities appearing in the equations with the 

dependent variables. 	These auxiliary relations may either be 

explicit functions derived from experiments or may be derived 

from a general hypothesis for eddy transport. 	Weighardt (15), 

Hartnett et al.(3), Klein and Tribus (43) and Stollery and E1- 

Ehwany (13) have used integral procedures for film-cooling 

studies. 	Weighardt (15) assumed a power law for the velocity 

profile, an exponential law for the temperature profile and 

empirical flat-plate boundary-layer formulae, to obtain the 

following relation for effectiveness: 

5.44 (x/m yc)-.8Rc0.2 
	

(2.3.1) 

Similar expressions have been obtained in refs. (3), (43), 

(13) and differ in the values of the constant and the 

exponents. 	These explicit integral methods are more general 

than the correlations but still need empirical information 

in the form of auxiliary relations. 

Another group of integral methods that have been 

used in the past are known as parametric integral methods. 

In methods of this type, velocity and temperature profiles 

are described by simple algebraic expressions, e.g., poly-

nomials in distance from the wall, containing free para- 

meters, e.g., the coefficients of the polynomials. 	The 

partial differential equations are multiplied by some functions 

of dependent or independent variables, usually named as 

weighting functions, and are integrated in the direction 

normal to the flow. 	Integration results in ordinary 

differential equations with the free parameters as the 

dependent variables and the downstream distance as the 
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independent variable. 	Matrix inversion is used to express 

the first order differential coefficient of each parameter 

explicitly and the differential equations are integrated 

simultaneously to give the desired expressions for the free 

parameters. 	Accuracy of this procedure can be increased by 

increasing the number of free parameters but,at the same time, 

complexity and computing time increase. 	In these 

solution procedures, matrix singularity is occasionally 

encountered and can, be a serious drawback of this method. 

The limitations of the integral methods can be overcome by 

differential procedures which are described next. 

Differential methods. 	Differential methods solve 

numerically the partial differential equations for conserv- 

ation of mass, momentum and enthalpy. 	In recent years, 

finite-difference methods have been extensively used 

because of their simplicity, economy and speed. 	Attention 

here is devoted to differential methods using finite diff- 

erence techniques. 	For two-dimensional boundary layer 

flows, two types of differential methods have been used, 

cross-stream integration type and marching integration..  

In the former the partial differential equations are trans-

formed, using a finite-difference approximation, into a 

series of ordinary differential equations, valid for a 

succession of sections through the boundary layer, normal to 

the main direction of flow. 	Since the boundary conditions 

lie at the end of each region, trial-and-error iteration is 

necessary for solving the ordinary differential equations. 

This implies considerable increase of computing time and 

storage over methods which do not need iteration. 
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The marching integration methods require 

no iteration and calculation proceeds downstream by means of 

.forward steps. 	Starting with known initial conditions, 

unknowns are calculated at a short distance downstream. 

The computed values then become the upstream values and the 

front of computation moves in the downstream direction to 

cover the whole domain. 	Methods developed by Glushko (44), 

Paskonov (45), Bradshaw, Ferriss and Atwell (46) and Patankar 

and Spalding (9) are of this type. 	These methods are much 

faster and more economical than the cross-stream integration 

methods and are preferred for boundary layer calculations. The 

method of ref. (9) has been extensively used for film-cooling 

predictions (6, 47). 	Pai (6) has predicted the influence of 

velocity ratio, density ratio, pressure gradients, lip 

thickness and downstream distance on the effectiveness and 

heat-transfer coefficient. 	Metzger et al. (47) have 

predicted the flow development and wall heat-transfer 

coefficient downstream of angled slots. 

For two-dimensional recirculating flows)forward 

marching integration procedures cannot be used because the 

upstream rlow is influenced by the downstream flow, e.g., 

flow in the near-slot region. 	The relevant differential 

equations are solved by iterative procedures. 	The procedure 

developed by Gosman et al. (10) solves the governing 

equations for two-dimensional recirculating flows by finite 

difference technique. 	Kacker and Whitelaw (28) and Matthews 

(48) have used the method of ref. (10) to predict effective-

ness and flow development downstream of slots having a thick 

lip and a backward facing step respectively. 

?6, 
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Differential methods need hypotheses for 

turbulent transport of momentum, heat and mass and the 

accuracy of the predictions largely depends upon these 

hypotheses. 	The algorithms of these methods do not depend 

upon the hypothesis used and hence can be used to evaluate 

the validity of a particular hypothesis. 	Pai (6) and 

Metzger et al. (47) used Prandtl's mixing length hypothesis 

for their predictions. 	Pai found that the mixing length 

distribution had to be modified in order to predict the 

influence of -Wye correctly. 	Gibson and Spalding (49) have 

predicted effectiveness using a more complex hypothesis with 

the procedure of ref. (9). 	They have used a physical 

hypothesis where they define effective viscosity in terms of 

kinetic energy of turbulence and frequency of turbulence. 

Kacker and Whitelaw (28) have predicted film-cooling 

effectiveness with the Prandtl-Kolmogorov hypothesis using an 

empirical length scale of turbulence. 	Matthews (48) 

improved the physical hypothesis by solving an equation for 

the turbulent length scale in terms of dissipation of 

turbulent kinetic energy and found that empirical information 

could be generalised to a greater extent. 

The above review demonstrates that prediction 

procedures are available for two-dimensional film cooling 

and have been used to predict the measured influences of 

various initial and boundary conditions. 	Physical hypotheses 

have been developed that can adequately represent the flow 

although to cover a wide range of conditions they require 

slight changes in the empirical constants. 
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2.4 Prediction procedures for three-dimensional film-cooling. 

Unlike two-dimensional film cooling, all the 

methods used so far for three-dimensional film-cooling 

predictions fall into the category of correlations. 	Because 

of the three-dimensionality of the flow and complexity of the 

physical hypotheses, no attempt has previously been made to 

solve the relevant equations of motion. 	It is only recently 

that general solution procedures have become available for 

three-dimensional flows. 	The suitability of these 

procedures for film-cooling will be discussed in this section 

and a recommendation will be made. 	Some of the correlations 

which are presently in use for designing practical slots are 

described first. 

Correlations. 	Sturgess (31, 50) has systematically 

developed correlations for effectiveness data on practical 

film-cooling slots. 	He began with Spalding's correlation 

(51) for two-dimensional slots, which was based on a 

combined boundary layer and jet flow model. 	Spalding 

defined the two-dimensional effectiveness in the following 

way: 

71 = 1 	for X < 7 

	

= 7/X 	for X > 7 

.91 (
UGX 
	-8 UCYc -.2 

	

where X , 	(----) + 1.41( -V  Ucyc) 
	 (2.4-1) UC yc 

Marked discrepancies were observed between the measurements, 

on two practical slots, and predictions using eq. (2.4.1). 

The bad agreement was attributed to small potential-core 

length and larger transition length in practical slots as 

compared with ideal two-dimensional slots. 	Sturgess (50) 

then defined the following semi-empirical correlation and 



obtained better predictions: 
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(2-4.2) 

The constant Of was prescribed for each geometry and so this 

law could not be extrapolated beyond the range of available 

experimental information. 	Equation (2.4.2) was based on 

the empirical relations of flat plate turbulent boundary 

layer. 	Sturgess (31) further modified the analysis to 

result in the following relation: 

k2  [1 + k3  (S1)T.65 ] 

where SI = ((p U /p U ) M 
	

(u Cy C C) 
.18 

GG CC yc 
v 	11G 

(2.4.3) 

and k
2 
and k

3 are constants. 

The above relation is only valid beyond the potential core 

and has the same limitation of having unique values of k2  

and k
3 
for each cooling slot. 	The only advantage 

is that it is more flexible than eq. (2.4.2). Sturgess (31) 

also attempted to find a correlation based on a jet flow 

model which assumed that the flow downstream ofapractical slot 

behaved like a free jet. This approachwasfoundto be much worse 

than the boundary layer approach and was dropped as unsatis-

factory. Sturgess (33) applied the above theory to the cooling 

of aircraft gas turbine ehambers,taking into account the 

radiative and convective heat fluxes at the chamber walls. 

In his own words,"ttis a crude analysis and no proper account of 

the disordered mixing region, which is the main region of 

interest, has been taken." 

The above description of the work done by Sturgess 

suggests that it is impossible to find a unique law for 
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three-dimensional film-cooling slots. 	Variations of the 

correlation given by equation (2.4.3) have been found by 

other authors, e.g., ref. (32), for their own particular 

devices. 	It is evident from the form and the basis of 

these correlations that they cannot predict the influence of 

different initial and boundary conditions on the performance 

of three-dimensional slots. 	It is necessary to solve the 

governing partial differential equations to be able to 

predict the various influences correctly, on the lines 

parallel to the solution procedures of ref. (9) and (10) for 

two-dimensional film-cooling. The rest of this section 

examines the available differential procedures for three-

dimensional flows and makes a choice of a procedure, 

suitable for predicting three-dimensional film-cooling. 

Differential methods. 	Flow downstream of practical film- 

cooling slots has a predominant direction and gradients of 

dependent variables are larger in the directions normal to 

the main direction of flow. 	Therefore )we should consider 

particularly those calculation procedures that solve the 

boundary layer form of the general Navier Stokes equations. 

Patankar (52) has given a review of the available calculation 

procedures for steady three-dimensional boundary layers and 

has developed a procedure (8) of his own. 	In the remainder 

of this section we shall attempt to make a choice, from the 

available procedures)for the present work. 

Table (2.4) lists the available calculation 

procedures for three-dimensional boundary layers. 	All of 

these procedures, except that of ref. (8), assume that 

ay 
= 	and P as a function of x and z is described by the 



Table (2.4) 	Available differential methods for three-dimensional  
boundary layers. 

Author Year Laminar/Turbulent Finite-difference scheme 

Raetz (53) 1957 Laminar Explicit 
Hall 	(54) 1967 Laminar Implicit 
Dwyer (55) 1968. Laminar Implicit 
Fannelop 1968 Laminar Implicit 

(56) 

Nash 	(57) 1969 Turbulent Explicit 
Krause et 
al. 	(58) 

1970 Laminar Implicit 

Wang 	(59) 1970 Laminar Implicit 
Patankar & 1972 Laminar & Turbulent Implicit 
Spalding(8) 
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free stream conditions. 	In addition they assume that 

diffusion is important only in they-direction and solve 

. equations of conservation for U and. W only and calculate V 

from continuity. 	These assumptions are not valid for flow 

downstream of a three-dimensional slot. 	Jets injected 

parallel to the wall spread in lateral and normal directions 

and hence diffusion is important in both y and z directions. 

Also the zero pressurelassumptiogrgradientl  is inadequate. 

It is the pressure variation in yz plane which is responsible 

for cross-stream velocities in a film-cooling situation, so 

the pressure variation inside the flow should be calculated 

separately rather than assuming it to be known from the free 

stream. In additiontothesecommon shortcomings, the method 

of Raetz (53) uses an explicit finite-difference scheme which 

limits the size of the forward step and Pannelop's method 

(56) is restricted to small velocities in the z-direction. 

The procedure developed by Patankar and Spalding 

(8) does not have above limitations. 	It takes account of 

diffusion both in y and z directions and does not neglect 

pressure variation in the cross-stream plane. 	It is a 

general proCedure and is not limited to laminar flows. 

These features together with easy availability made the 

author choose the procedure of ref. (8) for the present work. 

The following are the main conclusions drawn from the 

present literature survey: 

1. 	Exhaustive experimental results are available for two- 

dimensional slots and the important influences have been 

identified. Prediction procedures have been developed for two-

dimensional flows and can accurately predict the significant 
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influences. 

2. Experimental work should be continued on three-

dimensional slots and the influence of density ratio, pitch 

to diameter ratio, open area, open area ratio, height of the 

holes from the wall, lip thickness and lip length, should be 

measured. 

3. Differential methods should be used to predict the flow 

downstream of three-dimensional film-cooling slots. 	The 

procedure of ref. (8) is more suitable for film-cooling than 

the other differential procedures available. 
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CHAPTER 3  

The experimental investi ation. 

The purpose of the present experimental program 

was to investigate the influence of mass velocity ratio 

(PC ITICIPGUG) 	and density ratio (pc/pG ) on the effectiveness 

and heat-transfer rates downstream of discrete hole three-

dimensional film-cooling slots with injection of the 

secondary fluid tangential to the wall. 	In addition to the 

above flow parametersl it was required to determine the 

influence of geometrical parameters such as diameter of the 

holes (D), pitch to diameter ratio (Pi/D), lip thickness to 

diameter ratio (t/D) etc. 	The influence of the above 

parameters was investigated in order to identify those 

that have significant influence on the performance of three- 

dimensional slots. 	The experimental program was designed 

to provide measurements suitable for testing a prediction 

procedure for three-dimensional film-cooling. 

For these measurements, a low speed wind tunnel 

was designed and constructed. It could accommodate various slot 

geometries and allowed the systematic examination of the above- 

mentioned parameters. 	Section 3.1 gives details of the 

construction and operation of the apparatus, section 3.2 

includes the presentation and discussion of results and 

section 3.3 gives the summary of results. 

3.1 	Description of apparatus. 

The apparatus consisted of a subsonic, open-circuit 

wind tunnel with provision for secondary injection through 
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different interchangeable slots: it is shown schematically 

in Fig. 3-1.1. 	The components of the main flow system are 

described in the following subsection. 

3.1-1 	Design and  construction of the wind-tunnel for 
effectiveness and heat transfer measurements. 

Main flow circuit. 

The test-section. 	The tunnel was designed to allow a uniform 

steady, two-dimensional and low turbulence main flow. 	The 

test-section was rectangular in cross-section (200 mm high x 

300 mm wide) and was 900 mm long. 	This cross-section was 

chosen as large enough to ensure that the influence of the 

side-walls was negligible and yet small enough to allow 

economical foreign-gas injection. 	The side-walls were made of 

6.35 mm thick perspex strengthened at the edges by duralumin 

angle-sections. 	One side wall had a number of static 

pressure holes along its length. 	The roof of the test 

section was made up of perspex strips of various sizes 

covering the whole length. 	At the top edges two silver 

steel rods of 19.05 mm diameter were fixed to guide the 

traverse mechanism in thelongitudinal direction. 

The base of the test-section was designed in three 

parts - splitter plate, secondary box exit and the base plate. 

As is clear from Fig. 3-1.1, the leading edge of the splitter 

plate divides the main stream and provides an origin for the 

wall boundary layer. A wire trip (1 mm dia.) was used at a 

distance of 60 mm from the leading edge to promote early 

transition to turbulent flow. 	The splitter plate was 

followed by .the secondary box which housed the film cooling 

slots. 	Downstream of the slot position)the secondary box 
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was connected to a 6.35 mm thick and 950 mm long duralumin 

base plate which could be moved up or down between the side 

walls by 19 mm from its nominal position. 	This arrangement 

is shown in Pig. 3.1.1. 	Five rows of static pressure holes 

were drilled in the base plate at the same streamwise 

locations as the static pressure holes in the side wall. 

Fig. 3.1.2 shows the lay out of these static pressure holes 

which had the diameter of 0.5 mm and depth of 0.25 mm. 

For heat-transfer measurements theduralumin plate 

described above was replaced by a tufnol plate. 	On the top 

face of the tufnol plate a stainless-steel sheet, 600 mm long 

and 0.125 mm thick, was glued using a 1 mm thick hot melt 

film. 	One brass strip 3 mm thick and 25 mm wide was fixed 

on each end of the s.s. sheet. 	The s.s. sheet was electric- 

ally heated and the brass strips acted as buss bars to pass 

current uniformly over the complete length. 	40 swg copper- 

constantan thermocouples were spot welded to the bottom 

surface of the s.s. sheet through holes in the tufnol plate. 

A lay out of the thermocouple junctions is shown in Fig. 

3.1.3. 

Primary fan and the contraction unit. 	A Gyro-flow centri- 

fugal fan (type-20-A-1) driven by a 10 h.p. A.C. synchronous 

motor was chosen to supply the main flow. 	The fan was run 

by belt and pulley drives and velocities up to 45 m/s could 

be obtained in the test-section by changing the pulley ratio. 

For all the present measurements, the fan was operated at a 

speed which resulted in a free-stream velocity of 20 m/s. 

Connecting the fan to the test-section were a 

diverging section, a settling chamber and a contraction. 

The diverging section and the settling chamber were 
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constructed with 8 mm thick plywood and the contraction with 

3.2 mm thick mild steel. 	The inlet flange of the diverging 

section was joined to the outlet flange of the fan only with 

cloth tape and minimised the transmission of vibrations from 

the fan to the contraction unit. 	Three screens of 20 mesh 

and 28 swg and two-sets of honeycomb, each of 9.6 mm cell 

size and 76 mm length were used in the diverging section and 

the settling chamber. 	The locations of these screens and 

honeycombs are shown in Fig. 3-1.1. 	A contraction ratio of 

12:1 was used and the profile was chosen as a scaled version 

of that used in a tunnel and known to be satisfactory. 	The 

exit flange of the contraction was also joined with cloth 

tape to the inlet flange of the test-section. 	The contract- 

ion unit and the test-section were designed as free standing 

components mounted on channel iron frames which were 

supported on the floor by anti-vibration rubber pads. 	These 

precautions resulted in satisfactory isolation of the test-

section from the fan vibrations. 

Secondary flow circuit. 	The secondary flow system was 

designed to allow air, Arcton-12 and mixtures of Arcton-12 

and air to be Anjected through the slot. 	The general 

arrangement is shown in Fig. 3.1.4. 	Air was supplied by a 

small blower, driven directly by a 1 h.p. motor running at 

2850 rpm. 	The amount of air was adjusted with a sliding 

throttle at the exit flange of the blower. 	A 3 KW heater 

was provided after the fan so that air could be heated to a 

desired temperature for heat-transfer measurements. 	A 

separate manifold was used for Arcton-12 so that six 

cylinders could be used in parallel. 	This was done because 
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of the relatively low pressures at which Arcton-12 is stored 

in the cylinders. 	The desired flow rate of Arcton-12 was 

achieved by manual adjustment of the cylinder valves. 	The 

secondary blower and the Arcton-12 manifold were connected in 

parallel leading to a'section of Durapipe, 50 mm diameter and 

3050 mm long. 	Two throttle values were used for final 

adjustments of air and Arcton-12 or to disconnect one of them. 

The pipe carrying the Arcton-12 was fitted with a 12.7 mm 

orifice meter and the main pipe was fitted with a 25.4 mm 

orifiCe meter; these allowed the secondary mass flow rate to 

be measured. 	On both the orifice meters 'D and D/2' 

tappings were used in accordance with B.S. 1042 (1966). 

The secondary pipe was connected to the slot through 

a 900  elbow joint, .a diverging transition section, a settling 

chamber and the secondary box which opened between the 

splitter plate and the base plate of the test section. 	The 

settling chamber contained two 20 mesh and 28 swg screens and 

a honeycomb of 9.6 mm cell size and 76 mm long. 	Wooden 

pieces were fitted in the secondary box (Fig. 3.1.4) to form 

a contraction before the flow passed through the slot. 

3.1.2 Instrumentation. 

   

Traverse mechanism and Pitot-probes. 	The traverse mechanism, 

which was designed to give motion in all the three directions, 

is shown on Fig. 3.1.5. 	DISA traversing mechanism, type 

5517101, was used for movement of the probes in the y-direction. 

This mechanism could be driven manually or with a two-speed 

motor. 	In the present investigation, manual drive was used 

and had a resolution of 0.01 mm. 	The DISA block was fixed 
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on a second block which could be moved in the x-direction 

with the help of a spring loaded 25 mm micrometer. 	For 

larger movements in the x-directionthe complete mechanism 

was moved on the steel rods fixed on the roof of the tunnel. 

The two end supports that moved on the steel rods were 

connected with a screw of 25.4 diameter and 1.27 mm pitch, 

running all along the width of the tunnel. 	The DISA block 

carrying the probe could be moved on this screw in the 

z-direction to cover the whole width of the tunnel. 	This 

screw was rotated manually and the minimum movement 

obtainable in the z-direction was 0.025 mm. 

The pitot probes were constructed from stainless 

steel hypodermic tubing. 	A flat ended pitot probe with 

external dimensions of 0.4 mm x 0.25 mm was used to measure 

mean total-head pressures near the wall and a round pitot 

static tube of inside diameter 0.75 mm was used to measure 

mean total-head pressures away from the wall. 	The flat 

ended probe was also used to obtain isokinetic samples for 

concentration measurements. 

For turbulence measurements, a DISA (type 55A01) 

constant temperature anemometer was used. 	One straight wire 

probe (55A25) and single inclined wire probe (55A29) were 

used to measure /u2, 	2, and uv. 

Pressure measuring devices".. 	A Hilger-Watt electronic micro- 

manometer with a variable capacitance pressure transducer 

(range 0 to 50 mm of water), connected to a digital volt-

meter, was used to measure total head pressures from the 

impact probes. 	A Betz manometer (0 to 30p mm of water) 

measured the pressure drop across the orifice meters. 



46 

Pressure drops in excess of 300 mm of water were measured 

with a U-tube manometer containing water, paraffin or mercury. 

To measure streamwise distribution of static pressure, a bank 

of inclined-tube manometers, containing paraffin, was used. 

Concentration measuring device. 	A device for concentration 

measurement was developed because, in part of the present 

experiments, impervious-wall effectiveness was measured; 

this is defined by eq. 1.1-1 with concentration replacing 

the temperatures. 	The impervious-wall effectiveness is 

analogous to adiabatic-wall_ effectiveness if the turbulent 

Lewis number is unity. 	The particular advantage of this 

analogy is that an impervious-Wall condition can be realised 

more closely than an adiabatic-wall. 	A small quantity of 

helium was mixed with the secondary stream to permit a 

density ratio of unity and for higher density ratios between 

the secondary and the primary stream Arcton-12 or Arcton-12 

and air mixtures were used. 	The use of the mass transfer 

analogy implied that mass fractions of the secondary injected 

gas were measured in the flow field rather than temperatures. 

Concentration measurements were effected with a 

Servomexmicrokathorometer (MK. 158) of the flow through type. 

This kathorometer consists of two chambers of 2.6 Ill volume, 

containing platinum filaments, and was placed in a Shandon 

oven kept at a constant temperature of 50°C. 	Atmospheric 

air was drawn through one chamber and the gas sample through 

the other by means of a vacuum pump connected to the outlet 

of the kathorometer. 	The flow through each chamber was 

regulated with the help of rotameters. 	The platinum wire 

filaments of the kathorometer were a part of the bridge circuit 
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contained in the power unit which was used to supply a 

constant current to the filaments. 	The heat transfer rate 

from each filament was different because of different 

conductivity of the gas flowing in each chamber and results 

in different temperatures and different resistances of the 

filaments. 	This difference is a direct measure of the mass 

concentration of helium or Arcton-12 in the gas sample and was 

measured by displaying the output of the bridge circuit on a 

digital voltmeter. 	The response time of the kathorometer 

was of the order of milliseconds and more time was taken in 

flushing through the tubes leading the gas sample to the 

kathorometer. 	In order to reduce the flushing time, 

hypodermic stainless steel tubing of 1 mm outside diameter was 

used for all gas connections. 	20 seconds was a typical time 

taken for one concentration measurement. 	An air selector 

valve (Norgren) with ten ports allowed the kathorometer to be 

connected to a new sample point, in a time which was 

negligible compared to the flushing time. 

The kathorometer was calibrated for small 

concentrations of helium in air and Arcton-12-air mixtures 

ranging from 100% air to 100% Arcton-12. 	A small amount of 

helium was injected by a 1 ml Hamilton gas syringe into an 

air tight 1 litre fladk which was stirred to make a homogen- 

eous mixture of helium and air. 	The calibration curve for 

small amounts of helium in air was linear as shown in Fig. 

3-1-6. 	Arcton-12 and air mixtures were made over water in 

a graduated jar. 	Dalton's law of partial pressures and the 

perfect gas law were used to calculate mass fraction from the 

measured volumes. 	The amount of water vapor in the mixtures 
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prepared in the above manner was assumed to be negligible. 

The calibration curve of Arcton-:12-air mixtures for a bridge 

current of 100 mA is shown in Fig. 3-1.7. 

Equipment used for heat-transfer measurements. 	A high 

amperage (0 to 1000 amperes), variac transformer was used to 

supply the current for heating the s.s. sheet. 	A 5 ampere 

Crompton ammeter was used, in conjunction with a portable 

current transformer for stepping down the current in the 

ratio 60:1, to measure the current through the heater. 	A 

Solartron a.c. digital voltmeter was used to measure the a.c. 

potential drop and another Solartron digital voltmeter was 

used for recording the thermo-b.m.f.-s. 	The resolution of 

both the voltmeters was 1011v. 

3.1.3 Testing and operation of the apparatus. 

It was decided to test the performance of the 

tunnel for two simplified flows for which established results 

are available, before commencing the measurements with the 

discrete hole cooling slots. 	The measurements of turbulent 

boundary layer development in zero pressure gradient and 

effectiveness downstream of a two-dimensional slot were done 

to test the tunnel performance. 	Results of these measure- 

ments together with the operation of the apparatus are 

described in this section. 

The boundary-layer measurements were made to check 

the two-dimensionality, momentum balance and the nature of 

turbulence of the flow in the test section. 	The secondary 

box exit was covered with a perspex plate to level with the 

splitter plate and then the base plate was adjusted to 
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minimise the longitudinal pressure gradients due to the 

growth of the boundary layer. 

Momentum balance. 	The following procedure was used to 

check two-dimensionality and momentum balance in the 

boundary layer flow. 	The flow was fully turbulent at a 

distance of 75 mm from the trip. 	Between this point and a 

point 1000 mm downstream of the leading edge, twelve velocity 

profiles were measured on the centre line of the base plate. 

At a few stations, velocity profiles were also measured at a 

lateral distance of 100 mm on the sides of the centre line. 

The flat ended pitot probe was used for the velocity profiles 

and the wall was located by obtaining the minimum total head 

reading. 	A displacement correction of 15% of the pitot probe 

height was allowed as suggested by MacMillan (60). 	The 

perfect gas law was used to calculate density from the room 

temperature and pressure and Sutherland's formula was used to 

calculate the absolute viscosity. 

The boundary layer thickness, 	was defined as the 

distance of the point, from the wall, where the velocity was 

99% of the free stream velocity. 	Each measured velocity 

profile was numerically integrated, using the trapezoidal rule, 

to calculate displacement thickness, 61  , and momentum 

thickness 62  . 	The shape factor, H12,and 62  had the same 

values on the off-centre line points as on the centre line to 

within 4%, and this demonstrated satisfactory two-dimension-

ality of the flow. 

The local skin friction coefficient was evaluated 

using (i) Momentum Integral Equation (ii) Clauser chart with 

Patel's values of constants, K1 (•4187) and E (9.793). 
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The Momentum Integral Equation for no pressure,  

gradients has the following form: 

cf/2 = 
d6
2 
	

(3.1.1) 
dx 

The right hand side of the above equation was obtained by 

fitting a power law, between 62  and x, of the following 

form: 

R6
2 	

= a Rx
b 	

(3.1-2) 

where Rx is based on the longitudinal distance from the 

virtual origin and a and b are constants. 	The distance of 

the virtual origin from the- trip was found by trial and error 

and was chosen to be the one which gave minimum standard 

deviation between R52 values 'calculated by eq. 3-1.2 and the 

experimental values. 	It was calculated to be 142 mm up- 

stream of the trip. 	The values of a and b in eq. 3.1.2 were 

found by a least square fit. 	Knowing the power law in eq. 

3.1-2 calculation of cf as a function of x is straight 

forward. 

cf was not evaluated from the Clauser chart 

graphically, instead a numerical scheme was developed to 

calculate cf from the law of the wall, 

U+ A = 	In ( r+) 

or U 2 
U
G 	

= 	In [E YUG 	cf/2] 	(3.1•3) 

cf appears on both sides of eq. 3.1-3 and was found by 

iteration for each point in a velocity profile. 	The next 

step was to make groups of cf values that lay within the 

bands of cf limits corresponding to lines of constant cf on 

a Clauser chart. 	The group consisting of the maximum number 

of values -corresponded to the log-law region of the boundary 
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layer. 	The value of cf which had the minimum standard 

deviation in the largest group was found to give the desired 

skin friction coefficient. 	Ref. (61) gives the computing 

details of this numerical scheme. 

The values of cf obtained from the law of the wall 

were within 4% of those found by Momentum Integral Equation. 

cf obtained by both the methods compared well with theSpalding- 

Chi (62) correlation)as can be seen in Fig. 3.1.8. 	cf values 

obtained at the off-centre points were within 3% of those at 

the centre-line. 

Turbulence measurements. 	The free stream-turbulence was 

measured at the contraction exit with a straight hot-wire, 

calibrated in the potential core of a round jet using King's 

law. 	The turbulence intensity was found to be 0.3% at a 

free stream velocity of 20 m/s and low frequency fluctuations 

were not observed. 

At a distance of 635 mm downstream of the trip, 

three components of the fluctuating velocity and the 

correlation .uv were measured in the boundary layer using a 

straight hot-wire, a 45°  inclined hot-wire and the constant 

temperature hot wire anemometer. 	Kacker's (7) procedure was 

used for data reduction and is valid only for flows with low 

turbulence levels. 	These measurements compared satisfact- 

orily with the measurements of Klebanoff (63) and are shown 

in Fig. 3.1.9. 

From the above measurements of mean flow and 

turbulent flow properties on a flat plate, it was concluded 

that the tunnel was satisfactory for present purposes. 

Measurement of Im•ervious-wall effectiveness. 	A mild steel 
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plate, 2 mm thick, was screwed to the splitter plate and the 

base plate was lowered to make a two-dimensional slot of 

height 6.7 mm. 	The slot height was uniform to within 

4-025 mm and the base plate was adjusted to eliminate the 
longitudinal pressure gradient. 	The tunnel was set to 

operate at the desired velocity ratio by operating the 

throttle on the secondary fan. 	A small amount of helium was 

introduced into the secondary stream just after the blower 

and acted as a measurable tracer gas for effectiveness 

determination. 	The static pressure holes on the base plate 

were connected to the selector valve by 1 mm diameter stain- 

less steel tubing. 	The common port of the valve was 

connected to the kathorometer sample chamber and flow rates 

in the two chambers were adjusted to be the same. 	A current 

of 140 mA was passed through the kathorometer and the bridge 

was balanced for air passing through both the chambers. 

After this preliminary setting of the kathorometer, helium-

air samples were passed through from the secondary box and 

different locations on the base plate. 	The concentration 

reading at any position downstream of the slot was normalised 

with the box value to give effectiveness at that position. 

Effectiveness was measured on the centre line for 

the velocity ratios of 1.6, 1.1 and .63 and also on the off 

centre lines for the velocity ratio of 1.1. 	There was no 

significant difference between the centre line and the off 

centre line effectiveness values. 	These measurements are 

shown in Fig: 3.1-10 together with. the measurements of ref. 

(7). 	Agreement between the present measurements and the 

measurements of ref. (7) is excellent and confirms the 
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reliability of the operation of the present set-up. 

Measurement of heat-transfer coefficient and adiabatic-wall 

effectiveness. 	The test section was subjected to a heat 

loss test to determine the heat transfer from the heated s.s. 

sheet to the insulation and the surroundings. 	A constant 

current was passed through the s.s. sheet and the a.c. 

potential difference between the bus bars was measured. 

Under the steady state conditions without any flow in the 

test section, the electrical power input into the s.s. sheet 

was equal to the heat transferred to the surrounding air on 

the top surface by free convection and the heat lost through 

the insulation. 	The average heat-transfer coefficient, 

because of free convection was calculated by the following 

formula 
Nufree = 0.54 (Gr Pr)1/ 4. 	 (3•1-4) 

The s.s sheet surface temperatures were measured and the 

heat-transfer through the insulation was determined by sub-

tracting the heat transferred by free convection from the 

power input. 	The heat loss coefficient (hL) was based on 

the temperature difference between the wall and the surround-

ings and was found to be independent of this temperature 

difference in the range between 15 and 25°C. 	Conduction 

along the s.s. sheet was evaluated and was found to be 

negligibly small. 

The procedure for obtaining the heat-transfer 

coefficient and the adiabatic-wall effectiveness in the 

presence of film-cooling was as follows. 	The desired 

velocity ratio was set by adjusting the secondary fan 

throttle and the secondary air was heated by some 20°C above 
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room temperature. When the conditions were steady (in 

about an hour) the temperature distributions in the s.s. 

sheet and the slot were recorded by noting  the thermo- 

e.m.f.-s developed by the thermocouples. 	Next, a current of 

approximately 170 A was passed through the sheet and the 

velocities and slot temperature were maintained at their 

previous values. 	Under steady conditions (in about half an 

hour), the thermo-e.m.f.-s, the a.c. potential difference 

between the bus bars and the current through the s.s. sheet 

were measured. 	The rate of heat generation was calculated 

from the product of the current through the s.s. sheet and 

the voltage gradient across it'. 	Measurement of local a.c. 

voltage gradient across the s.s. sheet showed that the heat 

was uniformly generated and it was sufficient to measure the 

voltage drop between the bus bars to determine the net heat 

generated. 	A heat balance for an element of the s.s. sheet 

leads to the relation 

4.1igen=hf(Tw - Tay) 	(Tw 	(3.1.5) 

Since for each velocity ratio, the experiments were carried 

out for two values of eingen (zero and one non-zero value), 

the two unknowns in eq. (3.1-5), Nand Taw could be readily 

computed. 	To confirm that Y was independent of 4"gen, it 

was determined for two non-zero values of eegen and was found 

to remain unchanged. 

3.2 	Presentation and discussion of experimental results. 

The measurements made in the apparatus described in 

the previous section are reported in this section. 	Hydro- 

dynamic properties and impervious-wall effectiveness were 
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measured downstream of slots having a single injection hole 

tangential to the wall and impervious-wall effectiveness, 

adiabatic-wall effectiveness and heat transfer coefficients 

were measured downstream of slots having multiple injection 

holes. 	As explained in ref. (64) the former geometry was 

chosen as it is the simplest three-dimensional tangential 

wall jet situation and could aid the understanding and design 

of more complicated multi-hole geometries. 	Experimental 

result's on single hole and multiple hole geometries are 

reported separately. 

3.2.1 	Film-coo ing downstream a single injection hole. 

Fig. 3.2.1 shows the general slot configuration. 

The influence of all the parameters shown in the figure, 

except t on the impervious-wall effectiveness was investig- 

ated. 	The range of values used for each parameter is shown 

in Table 3.2.1. 	Measurements were done in stagnant 

surroundings and with a free stream velocity of 20 m/s. 	Air 

and Arcton-12 were used as slot fluids and resulted in slot 

to mainstream density ratios of 1 and 4.17 respectively.. 

Hydrodynamic and species properties. 	Rates of growth of a 

round jet of 12.5 mm diameter, injected tangential to a wall 

in stagnant surroundings, were measured. 	Fig. 3.2-2(a) 

shows the centre-line values of Umax and y for two jet 
2 

velocities. 	Normal growth is slightly more for the jet 

injecting at the lower velocity. The growth rate parameters 

shown on Fig. 3.2.2(a) agree reasonably well with those 

measured by Naib (37). 	He used a jet of 25 mm diameter 

and his injection system was different. 	Agreement between 
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his and the present measurements indicates that, in the 

downstream region, the growth rate parameters are not 

strongly geometry dependent. 	This is further demonstrated 

by the similar measurements of Newman et al. (65), who used 

a jet of 3 mm diameter at the injection velocity of 50 m/s. 

He measured rates of growth in the far downstream region 

beyond the present range of longitudinal distances; however, 

the extrapolated values from his measurements agree satis-

factorily with the present measurements. 

Fig. 3.2.3 shows the lateral spread of the jet in 

the presence and in the absence of the free stream. 	These 

measurements were obtained with temperature sensitive 

Cholesteric liquid crystals. 	A crystal mixture which turned 

red at 26°C, green at 27°C and blue at 28°C was sprayed 

uniformly on a plane surface. 	A false tunnel base was used 

for this purpose and a warm jet was injected tangential to 

this base. 	The jet exit temperature was 31°C, which was 7°C 

above the room temperature. 	The boundaries of the blue reg- 

ion of the crystal spray are shown in Fig. 3.2.3 and 

correspond to lines of constant effectiveness equal to 

approximately 0.6. 	Beyond a distance of 12 diameters down- 

stream of the jet exit, it was difficult to separate the 

region of blue colour from that of green colour and so lines 

in that region correspond to effectiveness values between 0.6 

and 0.43. 	From the contours shown on Fig. 3.2.3(a) it is 

concluded that, in absence of afree stream, lateral spread of 

the faster jet is greater. 	Doubling the jet velocity, and 

hence the mass flow rate, does not double the surface area 

maintained within the constant effectiveness value. 	From 
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the depth of the blue colour it was seen that higher the jet 

velocity, the greater was the downstream penetration of the 

jet. s  The two contours shown in Fig. 3'263 (b) correspond to 

jets of different diameters and show that for the same 

velocity ratio the smaller jet spreads more and hence, at 

least up to 18 diameters downstream, the smaller jet makes 

more efficient use of coolant at the velocity ratio of 1-25. 

These results are more relevant to film cooling than those of 

previous investigations (37, 65), as they show the influence, 

on the growth rates, of the presence of the free stream. 

Fig. 3.2-3 indicates that for jet velocities higher than the 

free stream, the jet does not grow laterally with longitudinal 

distance as happens in the absence of the free-stream. 

Fig. 3.2.4 presents velocity and concentration 

profiles for air injection at velocity ratios of .9 and 1.30. 

Concentration profiles are shown on off-centre line locations 

as well and demonstrate the three dimensionality of the flow. 

In the upstream region, concentration profiles at the centre 

line contain maxima where as,after 10 diameters1maxima appear 

in the off-centre line profiles and disappear from the centre 

line profiles. 

Impervious-wall effectiveness. 	Fig. 3-2.2(b) shows 

effectiveness measured on the hole centre line plotted against 

X/D for the two jet velocities of Fig. 3.2.2(a) in the absence 

of the free stream. 	In the upstream region,effectiveness 

values for the higher jet velocity are higher but beyond 35 

diameters downstream the trend is reversed. 	The discrepancy 

in the two curves of Fig. 3.2.2(b) would be substantially 

removed if the normalising parameter were (xyi/102), (xwl./D2) 
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or any alternative which tends to relate the surface cooled 

to the available flow rate. 	The practical difficulty is 

that yi  or vyme not known anriosi. The cross over in the 

effectiveness curves of Fig. 3.2-2(b))for the two jet 

velocities,is also likely to be removed by using one of the 

above parameters. 	Indications, from the present experiments, 

were that lateral growth increases significantly after 30 

diameters and is more for higher jet velocities which explain 

lower effectiveness for the faster jet in the downstream 

region. 

As in the two-dimensional case, the single hole slot 

geometry possesses a number of'geometrical parameters that 

influence the mixing of the two streams and hence the effect- 

iveness. 	The parameters investigated in the present work 

were the hole diameter, height of the hole centre above the 

wall, length of the lip and the way of manufacturing the hole. 

Fig. 3.2-5 presents the impervious-wall effective-

ness measured on the centre line, for air injection, down- 

stream of four slots having different hole diameters. 	Each . 

hole was located tangential to the wall, had a lip thickness 

(t) of 1.25 mm and had no lip length. In this figure, like 

many of the following figures in the present chapter, 

effectiveness is plotted against the velocity ratio for 

different values of x/D. 	The points represent the data and 

the lines are the smooth curves through them. 	These curves 

exhibit maxima similar to those previously found for two- 

dimensional slots. 	As a result of jet growth in two 

directions) maxima appear at a velocity ratio which increases 

with increasing downstream distance. 	Therefore)  selection of 
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the hole size that will result in the maximum effectiveness 

for a given mass flow rate of the coolant depends upon the 

velocity ratio and the downstream location. 	For a partic- 

ular hole size, the velocity ratio should be chosen to 

correspond to the maximum in the effectiveness curve at a 

particular downstream location. 	Within the present range of 

parameters, the 8 mm hole gave best results, for distances up 

to 100 mm. 	The measurements shown on Fig. 3.2.5 indicate 

the influence of an equivalent lip thickness; consequently 

as the hole size diminishes, a decrease in effectiveness may 

be anticipated, other parameters remaining unchanged. 	The 

same effect may be anticipated due to the influence of velocity 

profile shape at the hole exit. 

Fig. 3.2.6 shows the measured values of effective-

ness on and off the centre line of the slot with 12.5 mm hole, 

for air injection and three velocity ratios. 	These measure- 

ments indicate a significant reduction in the effectiveness 

values along the off centre lines when compared with the 

centre line values. 	The difference is more noticeable at 

upstream locations and at higher velocity ratios. 	For a 

velocity ratio of 1.3, effectiveness measurements on the 

centre line are presented for a slot which had a hole of 70  

half angle taper, with the exit diameter of 12.5 mm. 	As 

shown in Fig. 3.2.6 the effect of diverging taper is to 

diminish the effectiveness significantly. 	This is expected 

because as a result of divergence, the flow inside the hole 

has a tendency of separating and consequently at the exit 

grows more in the normal as well as the lateral direction. 

Larger growth rates result in more mixing and hence lower 
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effectiveness. 

Also for the injection of air into air and for 

the particular case of a hole diameter of 10 mm, the 

influence of lip length (L) on the centre line effectiveness 

was investigated. 	The lip thickness used for these 

measurements was 1.25 mm and, in terms of hole diameter, may 

be considered thin. 	Use of lip lengths in the range of L/D 

from 0 to 2.2 indicated that the longer lip leads to a 

decreaSe in effectiveness in the downstream region 

(40<  x/D <80) of approximately 10%. 	In the upstream region, 

i.e. up to 20 diameters from the slot exit, the results 

indicate that the lip length has little influence at velocity 

ratios in excess of 1.5 but has a detrimental effect for 

lower velocity ratios. 	The maximum decrease in effectiveness 

at x/D = 20 was 20% for LID = 2.2. 	The detrimental effect 

of lip length is contrary to the findings of ref. (14) for the 

slots with multiple injection holes. 	The single jet is 

isolated from the free stream in the presence of a lip and 

grows much more in the lateral direction than it would have 

done in the presence of a free stream. 	For this reason the 

maximum decrease was found for LA) = 2.2 which was the longest 

lip used. 

The influence of the height of the hole centre 

above the wall is shown in Fig. 3-2-7. 	These results show 

that an increase in the distance between the hole centre and 

the wall causes a decrease in effectiveness at all downstream 

locations. 	The effect is more significant at higher 

velocity ratios. 

Fig. 3.2.8 presents effectiveness measurements on 
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the centre line of three slots for the injection of Arcton- 

12 into air. 	These curves show little trace of maxima as 

was observed in the case of two-dimensional slots. 	At a 

particular downstream location, effectiveness remains 

unchanged with increase in velocity ratio beyond a particular 

value of the velocity ratio. 	For a given mass flow rate the 

largest hole diameter compatible with this flat region of the 

effectiveness curve is desirable. 	Within the range of para- 

meters investigated in the present measurements, the inter-

mediate hole diameter of 8 mm was found to be the best for 

the injection of Arcton-12. 

Film-cooling  

Measurements were made downstream of the five 

multihole slots shown in Fig. 3.2-9 and described in Table 

3.2.2. 	These configurations were chosen so that the 

influence of lip thickness to diameter ratio (t/D), hole 

pitch to diameter ratio (Pi/b), open area and open area ratio 

could be determined separately, on the impervious wall 

effectiveness. 	The dimensions of slot 1 were chosen to 

approximate a scaled up version of a practical combustor- 

cooling device. 	Slots 2 and 3 were -selected so that 

influence of t/D and Pi/D could be determined by comparing 

their results with those of slot 1. 	Slot 4 was designed to 

provide version of slot 2 but with practical dimensions. 

Slot 5 represents an alternative means of injecting the 

coolant and its dimensions were chosen to provide an open 

area similar to that of slots 1, 2 and 3 and open area ratio 
cansis truot. a /kw. r"01.3.4 01 644 cte. 1;■,..ku. 	i.4%. 744.44. 3.2.2 

same as slot 	Impervious-wall effectiveness measurements 
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were made for air into air and for the injection of 'a mixture of air and 

Arcton-12 into air which resulted in a slot to mainstream den- 

sity ratio of 2.10. 	Heat transfer coefficient and adiabatic- 

wall effectiveness were also measured downstream of some of 

these slots. 

Impervious-wall effectiveness. 	Fig. 3.2-10 to Fig. 3.2.14 

show the effectiveness values measured on the centre line of 

the five slots for uniform density and density ratio of 2.1. 

Measurements of effectiveness between the hole centres for 

slot 1 indicated that wall effectiveness did not attain two-

dimensionality as rapidly as had been suggested by the 

measurements of Nina (14). 	The rapid reversion to two- 

dimensionality was observed at the wall in Nina's measure-

ments because of the conduction along the wall where as in 

the present mass-concentration technique no such error is 

introduced. 	For velocity ratios greater than unity, the 

region of three-dimensionality at the wall extended beyond 30 

diameters. 	The results show trends which are, in general, 

similar to those observed for two dimensional slots. 	For 

the uniform density case, effectiveness curves reveal a 

maximum where as for non-uniform density this maximum is 

generally absent. 	The effectiveness at a particular value 

of x/D is always greater for the higher density ratio, 

provided the comparison is made at the same velocity ratio, 

this is not so if the comparison is made at equal mass 

velocity ratios. 

Comparison of Fig. 3.2.10 with Fig. 3.2.11 shows 

that an increase in t leads to a decrease in effectiveness. 

The effect is more in the upstream region and reduces with 
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increasing distance downstream. 	This is in accord with the 

findings of Nina (14) where a slot lip extended beyond the 

slot exit. 	It is also in accord with the findings of Kacker 

and Whitelaw (1) for the two-dimensional geometry although the 

magnitude of the influence is much less if the comparison is 

made on the basis of t/yc with yc based on the open area. 

From Fig. 3.2.12 and Fig. 3.2.10 it is deduced that 

effectiveness increases as the ratio of pitch to diameter 

decreases. 	This statement is strictly true only when the 

other parameters, in particular the open area, remain 

unchanged as was the case between slot 1 and slot 3. 	This 

implies that in the limit when Pi/D is zero, the effectiveness 

should be maximum, and indeed as previously shown in Ref. (4), 

effectiveness of a two dimensional slot is correspondingly 

higher than those reported here. 

From Fig. 3.2.11 and Fig. 3-2.13, it can be seen 

that effectiveness values downstream of slots 2 and 4 are 

sensibly identical in the upstream region. 	The two slots 

were geometrically similar, except for the upper lip boundary 

layer thickness (approximately 12 mm in both cases) which 

resulted in slight decrease in effectiveness for the slot 4, 

at values of x/D greater than 30. Themaximumdifference was 

noticed at the velocity ratio of 1.12 and was 8% of unity at 

50 diameters downstream of the slot exit. 

Slot 5, at first sight, appears to provide a simple 

means of obtaining two-dimensional effectiveness downstream 

of a three-dimensional slot of practical structure. 	In 

practice the jetS emerging from the various holes mix rapidly 

and create a region of relatively high turbulence. 	Compari- 
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son of the effectiveness values shown in Fig. 3.2-14 with 

those of a two-dimensional slot with a thin lip and the 

same open area as slot 5, shows that the two are similar for 

velocity ratios above 1.4 and uniform density. 	For lower 

velocity ratios the two-dimensional slot is more effective. 

This is due to the fact that thin lipped two dimensional slots 

result in effectiveness curves that have maxima around the 

velocity ratio of unity. 	For the density ratio of 2.1, the 

measurements of Ref. (6) suggest that slot 5 and two 

dimensional thin lipped slots result in similar performance 

over a much wider range of velocity ratios provided the 

open area is same. 	Fig. 3-2.14, .when compared with Fig. 

3.2.10, shows that the multirow slot 5 is always better than 

slot 1 although both have same open area and open area ratio. 

Slot 3 with its greater open area ratio is to be preferred to 

slot 5 for values of x/D greater than 30. 

The influence of the height of the holes from the 

wall has been omitted in the present investigation. 	This 

parameter is analogous to a backward facing step in a two-

dimensional situation and has been investigated for slots 

with single holes. 	The effect of having a backward facing 

step in a two-dimensional slot and moving the hole away from 
4 

the wall in single hole slots, has been shown (24, pt) to 

reduce the effectiveness; however the effect was relatively 

small, compared to the effect of lip thickness. 	A smaller 

effect can be expected for multihole slots, as it is an inter-

mediate geometry between a single hole slot and a two-

dimensional slot. 

Heat-transfer coefficient. 	The measured values of heat- 

4L, 
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transfer coefficient, expressed as a Nusselt number based 

on hole diameter and conductivity at slot temperature, are 

shown in Fig. 3.2.15 to Fig. 3.2.17 along the hole centre 

lines for the slots 1, 3 and 5 respectively. 	Measurements 

are shown by open circles for three velocity ratios for 

each slot. 

	

	The lines in these figures, except in Fig. 3.2.17, 

are the predictions and will be discussed in Chapter 5. 

Measurements were not made in the immediate 

vicinity of the slot (x/D0< 5), but in the downstream region 

(10 < i/D< 50) trends are clearly indicated. 	Nusselt number 

increases with increase in the velocity ratio and reaches the 

flat-plate value, within + 10%, at the downstream location of 

45 diameters. 	The maxiumum difference between the present 

measurements and the flat plate value is 14% and was observed 

at 15  of 40 with the smallest velocity ratio of .495 in case of 

multirow slots. 	The flat plate values shown by short 

chained lines are based on the longitudinal distance from the 

virtual origin of the main flow turbulent boundary layer. 

The influence of velocity ratio is similar to that shown by 

the measurements of Pai (6) for a two-dimensional slot, 

although the magnitudes are higher in the present measure-

ments. 

Comparison of Fig. 3.2.15 and Fig. 3.2.16 reveals 

that, in the upstream region, the heat-transfer coefficient 
Woos the hole centre 

,increases with increase in pitch to diameter ratio, provided 

the open area and other parameters are kept unchanged:l'is 	
resits 

the Increase ; n sec.onclar,9 moss fiett., through an ;ndividucti hole vole slot wilt, forger RiCl, 
. " 

through egch slot ;s same. and hence a larger diameter, although Me net mass flow  
• 4- • • 

Comparison df Fig. 3.2.15 and Fig. 3.2.17 shows that heat-

transfer coefficient downstream of the multirow slot$ is 
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lower than the slot 1 which has the same open area and open 

area ratio as the multirow slot. 	The heat-transfer 

coefficient downstream of slot 5 compares reasonably with the 

measurements of ref. (6); this was also the case for 

effectiveness results. 	Thus, the overall performance of the 

multirow slot is comparable to two-dithensional slots. 

Adiabatic-wall effectiveness. 	Figs. 3.2-15 to 3.2.17 show 

measured values of adiabatic-wall effectiveness along the hole 

centre lines for the three slots and velocity ratios for which 

heat transfer coefficients were measured and reported above. 

These measurements, represented by open circles, are plotted 

together with the measured values.of impervious-wall 

effectiveness which are shown by solid circles. 	Agreement 

between the measured values of adiabatic and impervious-wall 

effectiveness is closer than 10% of unity for all cases 

except for one case in Fig. 3.2.17 where the values are small 

and small errors in temperatUre measurements could lead to 

significant differences in effectiveness. 	The agreement 

between the adiabatic and impervious-wall effectiveness 

provides further evidence for the unity-value of the turbulent 

Lewis number. 	The trends shown by these measurements are 

very similar to those shown by the impervious-wall effective-

ness measurements already discussed in this chapter. 

3...11152iiarala21:2122atELDilts. 
To conclude the present chapter, the main results 

are enumerated below: 

1. 	The present measurements have identified Uc/FG, Pc/PG,  

t/D, Pi/`D and H/D as the parameters that have significant 

influence on the effectiveness downstream of three-dimensional 
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discrete hole slots. 

2. The effectiveness is significantly three-dimensional 

downstream of all the slots except for the multirow slot. 

This confirms the need for three-dimensional prediction 

procedures to correctly predict the film-cooling performance 

of discrete hole slots. 

3. For the single hole case, the velocity ratio at which 

maximum effectiveness is obtained, depends upon the down- 

stream distance. 	For the multihole slots,maxima in the 

effectiveness curves occur approximately at the same velocity 

ratio for all the downstream distances and the heat-transfer 

coefficient increases with the increase in velocity ratio. 

4. The influence of blowing a heavier gas through the slot 

is to increase the effectiveness at all the downstream 

distances, provided the velocity ratio is kept the same. 	If 

the comparison is based on constant mass velocity ratio, then 

the injection of heavier gas results in higher effectiveness 

only in the upstream region (r.:, 20 diameters) and for higher 

values of mass velocity ratio (pctic/pGLIG F,12). 

5. To obtain maximum cooling effectiveness holesshould be 

located as close to the cooled surface as possible and the 

lip thickness should be as small as possible. 

6. For a particular value of slot open area, a smaller 

value of pitch to diameter ratio results in an improved 

effectiveness and lower heat-transfer coefficient. 

7. The understanding of the scaling parameters obtained 

from the present measurements has been tested by effective-

ness measurements with two multihole slots scaled by a 

factor of 6.25: 	The results are identical in the near slot 

region and show that the important parameters have been 
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correctly identified in the region of practical interest. 

8. Multi-row slots are preferable to slots with a single 

row on an open area and open area ratio basis. 	On the same 

basis they also compare well with two-dimensional slots 

except for uniform density flows where the velocity ratio is 

less than approximately unity. 

9. From the complexity of the flow process, it appears that 

the correct approach for optimisation of various parameters 

is to develop a three-dimensional prediction procedure. 	The 

present measurements offer a means of checking the validity 

of such a procedure. 
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CHAPTER 4 

4. 	Prediction of two-dimensional film cooling. 

Two problems of two-dimensional film cooling are 

considered in this chapter. 	The first is the development 

of a procedure to predict the influence of longitudinal 

curvature on boundary layer flow: the main motivation for 

developing this procedure stems from the need to predict 

flow over modern highly loaded turbine blades with small 

radii of curvature. 	The procedure has been applied to 

predict the available measurements, using a form of Prandtl's 

mixing length hypothesis and comparison between the predict- 

ions and the experimental data has been reported. 	The 

second problem considered in this chapter is the prediction 

of effectiveness of two-dimensional slots using a three-

equation model of turbulence which requires the solution of 

an equation for the turbulent shear stress. 	The purpose is 

to evaluate the merits and demerits of this model as compared 

to the mixing length hypothesis which has been used in the 

past (6, 7). 

4.1 	Effect of longitudinal curvature. 

Table 4.1-1 gives details of the experimental 

information available for flows on curved surfaces. Most 

of the experimental work has been done on wall-jet flows 

only and it is against these data that the procedure has been 

tested. 	Although, for the present purposes, this restricted 

application is sufficient, the method is a general one and 

can be used to predict any boundary layer flow along a curved 
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surface. 	Fig. 4.1.1 shows the flow geometry and the 

coordinate system used. 	The free stream velocity need not 

be zero as shown in this figure. 

4.1.1 	Relevant equations of motion. 

The Navier-Stokes and Continuity equations for a 

two-dimensional, steady, incompressible flow in orthogonal 

curvilinear coordinates may be written (66) in the following 

form: 

au au K 	1  1  aP 	1  0 2U a 2u 
1+Ky ax 	ay 	UV  1+Ky 	- p (1+Ky) ax v[ 

(1+Ky) 2 ax2 ay2 

y 	a K au 	K au 	K 2 u  + 	1 	OK 

	

(1+Ky)  3 ax ax 	1+Ky ay 	( i+Ky)  2 ( 1+Ky ) 3 	ax V  

	

2K 	aVi  

(1+Ky) 2 ax] 

1  a V + v a V - 	u K 	2 1 ap 	i 	a2v 	a2v u-- 1+Ky ax 	ay 	(1+Ky) 	P a Y 	(1+Ky) 2 a x2_ 	+ v[ + dy2 

	

y 	 ax av 	K  av 	K2  „ 	1 	a - 	
+ 1+Ky ay _ - ax a x (1+Ky) 3 	 (1+Ky) 2 V 	

(1+Ky)3 ax  

2K  au - 2 ax  ( 1+Ky ) 

(4- 1- 1) 

(4.1-2) 

au 	a —[( 1+Ky V] 	0  ax 	ay 	 (4.1-3) 

In the present work it has been assumed that the radius of 

curvature of the surface is of the same order of magnitude 

as the boundary-layer thickness, i.e. I/K R = 0( a). 

Using this assumption together with boundary-layer 

approximations and retaining all terms of the order of unity 

and higher, eq. (4.1.1) and eq. (4.1.2) reduce to the 

following form: • 
au 	 a 2U + K.151 U-- + ( 1 + Ky ).V—ou KUV = - Ip  itax 	vpil-Ky) ax 	 ay 	 a  y2 	ay 
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K2 

(1+Ky)ui 	 (4'1.4)  

KU2 	(1+Ky)  aP (4-1.5) ay 

If K = 0, these equations further reduce to the familiar 

Prandtl boundary-layer equations. 

The shear stress in laminar flow along a curved 

path is given by the equation; 

T - p, [ff 	RU+y] 
	

(4-1.6) 

Use of eq. (4.1.6) simplifies eq.(4.1.4) to give 

aU 	au 	l 	i ap 	,ar + KW =— 	+ —[ ta+Kyj-r-1-2K7] 7 (1+Ky)V P uX p 	 0 y (4.1-7) 

Equations (4.1.5), (4.1.6) and (4.1.7) have been solved 

simultaneously with eq. (4.1.3) to predict properties of 

laminar boundary layer flows on curved surfaces. 	From this 

set of equations it is readily seen that momentum transfer in 

the stream-wise direction is coupled with the momentum 

transfer in the normal direction through the pressure. 	The 

momentum equation in the normal direction i.e. eq. (4.1.5) 

represents the equilibrium between the centrifugal forces due 

to the curvature and the pressure forces in the normal 

direction. 

A similar set of equations, with effective shear 

stress replacing the laminar shear stress, has been solved 

for the prediction of turbulent flow on curved surfaces. 

The turbulent form of eq. (4.1.7) may be written as 

au 	au 	ap + (i+Ky)v,— + KUV 	+ [(1+Ky* Teff + 2K Teff] ay 	p vX 
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where 
	reff = Z _puv 
	 ( 4.1-8) 

The right-hand side of eq. (4.1-8) reveals that the 

diffusion of longitudinal momentum is affected by curvature. 

Positive curvature, i.e., convex surface, augments 

diffusional flux whereas negative curvature, i.e., concave 

surface, suppresses it. 

With the object of predicting the influence of 

longitudinal curvature on the impervious wall-effectiveness, 

following equation for conservation of species was solved as 

well: 

ac 	ac 	1 f, 	a 1J-57 + (1+Ky)V-d + KcV 	T  L ( i+Ky) 	Jeff + 2K Jeff] 

where Jeff = J - pev 	 (4-1-9) 

The boundary conditions used for the solution of the 

momentum and species conservation equations were as follows: 

U 0; Ty- . 0 	at y. 0 
U = UG' (x)- c = cG 

	as y--•• 

4.1.2 	Physical inputs. 

:For laminar flow, the equations presented in the 

previous section were solved with no additional information 

as the laminar transport properties are well known and are 

unaffected by curvature. 	For turbulent flow, a physical 

hypothesis was necessary, such as used in ref. (67), to 

calculate the turbulent diffusional fluxes in terms of mean 

flow properties. 

Sawyer (68), in his investigation on curved wall 

jets, employed the following hypothesis for the effective 

shear stress: 

Teff = 4efft au 
	A 	 (4.1.10) 
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where peff is given by the usual Prandtl's mixing length 

hypothesis i.e. 	peff = pt2  ay 
Equation (4.1-10) has been used in the present predictions. 

This equation has the theoretical basis of Rayleigh's 

stability criterion (69) and was first suggested by Kassner 

(70). 	The experiments of Eskinazi and Yeh (71), in a 

curved channel, provide justification for its use. 	It is 

possible to use more complex physical hypotheses in place of 

eq. (4.1.10) however, since there is only a small amount of 

experimental data that include turbulence measurements, more 

sophisticated hypotheses cannot be justified at the present 

time. 

In the present predictions the following length 

distribution (71) was used: 

	

= .435 y 	0< y5_ .09 , 
.435 JG 

	

I = .09 yG 	y>  .09  
.435 YG 

This distribution of length scale has been shown (9) to be 

representative of a large number of boundary layer flows. 

A value of 9 was used for the constant Ac appearing in 

equation (4.1.10). 	Various values of Ac have been used by 

others, e.g., refs. (68), (73), for different flow situations. 

The value of 9 has been found (72) to allow good predictions 

for the present wall jet flows over a wide range of radius of 

curvature and boundary layer thickness. 	Computational 

experiments showed that the influence of Ac was insignificant 

in the range. from 7 to 11. 
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The diffusional flux of species was calculated 

using the following relation: 

Jeff = Feff ay 	
(4•1•11) 

where Feff - "ff  ceff 

A value of .86 was used for aeff and was taken from ref. (4). 

4.1-3 	Solution Procedure. 

Since the partial differential equations to be 

solved for laminar as well as turbulent flow are parabolic 

in form, the procedure of Spalding and Patankar (9) was used 

to obtain their solution. 	The method of ref. (9) is a 

forward-marching finite-difference scheme of the implicit 

type and is relatively free from restrictions on the step 

length. 	This method has been extensively used for different 

boundary-layer flows and has been found to give accurate 

solutions at low cost. 	Another advantage of this procedure 

is that it is a very general procedure and any physical 

hypothesis can be used without changing the framework of the 

method. 

The conservation equations (4.1-3, 4-1.8 and 4.1.9) 

are cast into the following general form using the von Mises 

transformation: 

Oxi 	
Owl = a ( ox 	(4-1-12) 

where 	represents U or c. 	This differential equation is 

transformed to a set of finite difference linear algebraic 

equations which are solved to obtain the solution at a down- 

stream location. 	Initial conditions are either chosen from 
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experimental data or are approximated. 	Special procedures 

are used near the wall to obviate the need of having a large 

number of grid lines to cover the region of steep gradients. 

The following specific changes were made to the 

original computer program of ref. (9) to obtain the solution 

of the present problem: 

Normal  Pressure Gradient. 	The solution of equation (4.1'5) 

for conservation of normal momentum in conjunction with that 

for longitudinal momentum results in a value of aP/ax 

which varies in the normal direction. --E7 was calculated as 

a function of y from eq. (4.1-5) according to the equation: 

aPI 	_ apt 	a Y r 	PK 	2 
ax 	axlG 	axGu (1+Ky) U dY 

( 4-1-13) 

The integral term appearing in the above equation was 

evaluated from the previous two velocity profiles and was 

used for the forward step. 	The first step was computed with 

oP/ax 	uniform across the boundary layer and equal to the 

value at the outer edge of the layer. 	In order to evaluate 

the integral appearing in eq. (4.1.13), 	+ y) was assumed 

to vary linearly with m; this practice is consistent with the 

assumptions made within the numerical scheme of ref. (9). 

ForiArtE1,Genth. 	As a result of the coordinate system, 

lines normal to the surface diverge or converge according to 

whether the surface is convex or concave. 	Therefore the 

interval between any two normal lines to the surface is a 

function of normal distance, y. 	To take account of this 

variation, a one-dimensional array was used for Ax i.e. a 

separate value of Ax was used for each grid point. 	One of 

the implications of this variation can be seen through the 
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momentum integral equation (7a) which reveals that wall shear 

stress decreases for a convex surface and increases for a 

concave surface. 

The procedure for calculating the pressure gradient 

from the upstream stations required careful adjustment of the 

forward step. 	For the first 50 steps Ax at the wall was 

chosen to be 0.1% of the boundary layer thickness and this was 

gradually increased to a maximum of 1% of the boundary layer 

thickness. 

Wall Functions. 	The first grid line of the finite-difference 

mesh was located within the viscous sub layer and the shear 

stress was evaluated on the basis of a viscous wall law. 

This was found necessary as near the wall 	can be 
ay 

considered negligibly small e.g. see eq. (4.1-5) and hence 

OP — can be assumed constant. 	In the sublayer, convection 
ax 

of longitudinal momentum is very small and the following 

equation was assumed to hold: 

aT dP 
ay = dx 

arau 	rap 
or 	— 	= 	 (4°1-14) 

oy ay R-1-y dx 
Equation (4.1-14) was integrated to yield the shear stress 

coefficient 

R
4 

s  2 T 
— 	 (4°1'15) 

where Rrz  = ( pu)2.5  R/11 

It is clear from eq. (4.1-15) that the effect of positive 

R i.e. convex surface is to reduce wail shear stress and the 

effect of negative R i.e. concave surface is to increase 

the wall shear.stress. 
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411.4_CompariRonaLpredictions  with the available data. 
The results of turbulent wall-jet calculations on 

surfaces of constant radius of curvature and stagnant 

surroundings are shown in Figs. 4.1.2 and 4.1.3 together with 

the experimental data of Guitton (74) and Newman (75). 	Fig. 

4.1.2 compares predicted surface pressure, decay of the 

maximum velocity and growth rate of a wall jet growing along 

the inside of a, cylinder of radius 20.5 in with the measure- 

ments of ref. (74). 	A similar comparison is shown in Fig. 

4.1.3 for a wall jet growing along the outside of a cylinder 

of radius 2.55 in (75). 	There is reasonable agreement 

between the predictions and the experiments except for the 

pressure coefficient on the concave surface, where the 

experiments show large scatter. 	Fig. 4.1.4 shows the 

results of laminar wall-jet calculations corresponding to the 

geometry of Newman (75), i.e., the radius of curvature used 

for the convex surface was 2.55 in and negative of this value 

was used to obtain the results for concave surface. 	The 

slot height was taken as 0.282 R and calculations presented 

are for the slot Reynolds no. of 2000. 	There are no laminar 

flow data with which the results shown in Pig. 4.1.4 can 

be compared. 	However, the figure demonstrates that the 

effect of longitudinal curvature is much less in laminar-flow 

than in turbulent flow. 

Fig. 4.1-5 shows computed values of decay of 

maximum velocity and surface pressure of a turbulent wall jet 

on logarithmic spiral surfaces and are compared with the data 

of ref. (73). 	Agreement is excellent both for convex and 

concave surfaces. A comparison of growth rates and velocity 
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profiles of wall jets on logarithmic spiral convex and 

concave surfaces with those on a plane surface is shown on 

Fig. 4.1.6. 	As expected, these results show that the jet on 

a convex surface grows more than that on a flat surface and 

the opposite is true for a concave surface. 	The velocity 

profiles possess maxima very close to the wall as a result 

of the mixing length hypothesis; this was previously 

observed by Kacker et al. (4) . 	The velocity profile 

for the concave surface is fuller near the wall than that for 

the convex surface. 	Fig. 4.1.7 shows the wall values of 

shear stress and effectiveness computed for wall jets on the 

logarithmic spiral surfaces and on a flat surface. 	The 

convex surface results in higher effectiveness than the flat 

surface and, in contrast, the concave surface results in 

decrease in effectiveness. 	These results can be related to 

the shear stress variations on the two surfaces. 	There are 

no measurements available to derive the influence of curvature 

on species or enthalpy flux law and hence)in obtaining Fig. 

4•1•7, a simple flux law has been used for, the species equation 

i.e., eq. (4.1.11). 	Nevertheless, it is expected that the 

general trends of Fig. 4.1.7 are correct. 	Trends shown for 

the wall-effectiveness are of particular relevance to modern 

turbine blades where the leading edge has a small radius of 
rater sarIttrili.n* 

curvature. 	The results shown on Fig. 4.1.7Aimply that the 

surface curvature at the leading edge and on the suction 

surface will aid the performance of film-cooling where as on 

the pressure surface there will be an adverse effect of the 

surface curvature on the cooling performance. E. x frert:Ibi e.,,:fj confirm al wvi 

tkis re.tql t is retv.A:reoc 
All the predictions presented so far, have been for 
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wall jets in zero free stream. 	The measurements of Kind 

(76) were obtained downstream of a wall jet, in the presence 

of a moving free stream. 	As can be seen from Fig. 4.1.8 

the free stream was subjected to a favorable, and then to an 

adverse pressure gradient. 	With this free stream pressure 

gradient as an input to the solution procedure, surface 

pressure, growth rate, velocity maximum decay and the wall 

shear stress have been predicted and are shown in Fig. 4.1-8. 

These quantities compare very well with the measurements, 

although the radius of curvature is particularly small, i.e., 

0.563 in. 	Agreement between the calculated and the measured 

velocity profiles is also satisfactory as seen in Fig. 4.1.9. 

Adiabatic-wall effectiveness shows a similar trend, in this 

case, to the wall jet in a stagnant free stream, although the 

magnitude of effect is reduced as shown in Fig. 4.1.9. 

The results shown in this section demonstrate the 

reliability of the present solution procedure and the physical 

hypothesis only for the wall jet flows. 	In an effort to 

assess the viability of the various assumptions for a non-

wall jet type flow, an attempt was made to predict the data 

of Schubauer and Klebanoff (77). 	These data were obtained 

on a surface of 31 ft. radius of curvature and the flow was 

subjected to adverse pressure gradients. 	The use of present 

curvature corrections resulted in significant improvements in 

the predicted values of 52 ,T112  and of but the predictions 

were not yet in line with the measurements as can be seen in 

Table 4.1.2. 	The data of ref. 77 must be regarded with 

great caution as some three dimensionality is revealed in the 

data. 	Some furtherchecks are required before the present 



80 

model can be called reliable for non-wall jet flows. 

4.2 	Effectiveness downstream of two-dimensional slots. 

This section presents the predictions of 

impervious wall-effectiveness downstream of two-dimensional 

thin-lip slots, obtained with a three-equation model of 

turbulence. 	This turbulence model requires the solution of 

partial differential equations for conservations of turbulent 

shear stress, kinetic energy of turbulence and dissipation of 

the turbulent kinetic energy. 	The present section also 

describes a general solution procedure which solves the 

appropriate differential equations for flow downstream of the 

two-dimensional slots which have regions of recirculating 

flow as well as boundary layer flow. 	The reasons leading to 

the work presented in•this section are as follows: 

It is a known experimental fact that in a wall-jet 

flow, the turbulent shear stress has a finite value at the 

point where the mean velocity gradient is zero and vice versa. 

This implies that,to represent this flow correctly, the 

physical hypothesis should allow the turbulent viscosity to 

change sign and even go to infinity. 	This is not realised 

in the eddy viscosity variety of hypotheses where the 

turbulent shear stress is made proportional to the mean 

velocity gradient. 	The Prandtl's mixing length hypothesis 

is of this nature andl in addition makes the turbulent viscos- 

ity proportional to the mean velocity gradient. 	These short- 

comings of the mixing length hypothesis can be overcome by 

solving a differential equation for the turbulent shear stress, 

simultaneouly with the longitudinal momentum equation. 
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This has been realised in the present model and,to permit 

the required closure additionalequations for the turbulent 

kinetic energy and dissipation of the turbulent kinetic 

energy have been solved. 	This turbulence model, indeed, 

will represent the details of a wall-jet flow more precisely 

than the mixing length hypothesis. 	However, the objective 

here is to assess the merits of this model, in predicting the 

wall-effectiveness, as compared with the Prandtl's mixing 

length hypothesis. 

The general flow configuration of a two-dimensional 

film-cooling slot is shown on Fig. 4.2-1 where all the 

dimensions shown may be regarded as variables. 	There are 

two particular features of the flow downstream of the slot 

exit, regions of separated flow exist behind the lip of the 

slot and the backward-facing step. 	These separated flow 

regions are different in character,but both imply that 

diffusion is equally important in x and y directions. 	Thus 

in this region the two-dimensional form of the complete 

Navier-Stokes equations must be solved. 	These equations are 

elliptic in nature. 	Downstream of the near-slot region, 

recirculations and normal pressure gradients as a result of 

separation at the slot exit, are. absent and the equations 

representing the flow can be simplified further to the two- 

dimensional boundary-layer form. 	Therefore in the presence 

of parameters like thicklip and backward facing step, the 

solution procedure should solve the appropriate conservation 

equations in the two regions. 

4.2-1 	Relevant e uations in the two  regions.  
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In the upstream region, equations were solved for 

stream function, vorticity, kinetic energy of turbulence and 

species concentration. 	These equations, with the turbulent 

viscosity hypothesis for diffusion terms may be written as 

indicated below: 

	

ax (p 
1 ki 	a  + 	) +.w` 	0 	 (4.2.1) 

	

ax 	ay 
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r dy 
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ay  

and the appropriate boundary conditions as: 

ay 	
UG 	as y 	m  

w = c = 0 as y -aw « 

k = Free stream turbulence as y --... « 

lir 

 

= li. = 0 at y . 0 
ay 

ac 
ay - u  

at y= 0 

k = a prescribed false value at y = 0 

The downstream boundary condition was assumed to be 

_ a7 _ ac _ ak _ 
ax ax ax ax - 

Equation (4.2-1) for stream function satisfies mass 

continuity and eq. (4.2.2) for vorticity has been obtained 

from the two momentum equations by eliminating  the pressure 

a 
ax 

w) 
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terms. 	The conservation equation for turbulent kinetic 

energy allowed the predictions to be influenced by the free 

stream and the slot turbulence,intensity. 	The species 

equation (4.2.4) was solved because comparisons were to be 

made with mass concentration measurements. 

In the downstream region, equations were solved for 

conservation of longitudinal momentum, turbulent shear stress, 

kinetic energy of turbulence, dissipation of turbulent- 

kinetic energy and species concentration. 	These equations 

are written .in the following way: 

	

all a , 	aT) 
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Boundary conditions to the above equations are: 
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For the wall boundary when y = 0 

U = 0 

The mean momentum equation combined with a logarithmic 

velocity profile served as a basis for the specification 

of shear stress. 
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For the dissipation degenerate form of kinetic energy 

equation, in which convection and diffusion terms were 

neglected, was used. 

Two additional equations, namely the equations for 

Reynolds stress and dissipation of kinetic energy, have been 

solved in the downstream region of boundary layer flow. 	The 

reason for this addition is clearly indicated in the follow-

ing sub-section. 

4.2.2 	Physical Inputs. 

The two sets of equations given in the previous 

section contain assumptions in the form of diffusion and 

dissipation terms. 	Diffusion of all the turbulent 

quantities and vorticity was assumed to have a gradient form 

and the laminar component was neglected. 	Dissipation of 

turbulent kinetic energy was assumed to take place at high 

wave numbers and has a form appropriate to isotropic 

turbulence, e.g. see eq. (4.2•3). 	In the downstream region 

this assumption was removed by solving a conservation 

- equation for dissipation. 

Turbulent viscosity used in the gradient type 

assumption of diffusion terms was defined by the Prandtl-

Kolmogorov hypothesis, which states: 

— UV 
aTT 
72 

o au p1: 	 a y 

pC k
2  aTT 

Dy 

(4.2°10) 

as 'Ascot in the upstream region 

as used in the downstream region 
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Diffusive fluxes of all quantities other than momentum were 

represented by way of equations like eq. (4.1.11) and 

different Prandtl or Schmidt numbers were used for each. 

The set of equations (4.2.1) to (4.2.4) has been 

solved previously by Wolfshtein (78) and Runchal (79) and so 

the values of the constants appearing in these equations have 

been taken from these references. 	Similarly the constants 

appearing in the set of equations (4.2.5) to (4.2.9) have been 

taken from Hanjalic (80). 	Details about these constants can 

be found in ref. (81). 

4.2.3 	Solution procedure. 

The set of elliptic equations, i.e., eq. (4.2.1) to 

(4.2.4) was solved by the procedure of ref. (10) which trans-

forms the differential equations into a set of finite-

difference equations that are solved from an initial guess to 

the converged solution. 	For this procedure, a control 

volume embodying a 26 x 26 mesh was defined in the region from 

the slot exit to 50 slot heights downstream. 	The upstream 

boundary conditions were taken from experiments and the 

downstream boundary conditions corresponded to zero long-

itudinal gradients for all variables. 

The set of parabolic equations, i.e., eq. (4.2.5) 

to (4.2.9), was solved by the forward-marching finite-

difference procedure of ref. (9) which is briefly described 

in section 4.1.3. 	The program solving the parabolic 

equations was joined with that solving the elliptic equations 

and the initial conditions for the parabolic grid were taken 

from the converged solution of the elliptic grid. 	The two 
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grids were matched at a downstream distance of 10 slot 

heights from the slot exit for the cases where slot lip was 

thin and 20 slot heights for the cases.where slot lip was 

thick or height of backward facing step was non zero. 

The elliptic equations were solved using a 

turbulent viscosity hypothesis and hence it was expected that 

in the upstream region profiles would not be predicted 

exactly. 	Since these profiles were used as the initial 

conditions for the downstream region, errors in these 

profiles could result in errors in the solution of parabolic 

equations. 	With the purpose of finding the sensitivity of 

the parabolic solution on the initial conditions, effect of 

changes in initial profiles on the predicted effectiveness 

was investigated. 	The remainder of this section presents 

the results of this investigation and indicates the precision 

with which the initial profiles should be provided to the 

parabolic program. 	The influence of initial profiles of 

mass concentration, turbulent kinetic energy, turbulent shear 

stress and dissipation of kinetic energy was investigated for 

three velocity ratios for density ratio of unity and two 

velocity ratios for density ratio of 4.17, spanning the 

practical range. 	This investigation was done for a geometry 

having a thin lip and no backward facing step. 

Effect of mass concentration profiles. 	The mass concent- 

ration profile was changed in shape, e.g., see Fig. 4.2.2, so 

as to conserve the species flux. 	The effect of this change 

on the predicted values of effectiveness is presented in 

Table 4.2.1 which demonstrates that a shift in the 

concentration profile to provide more species away from the 



87 

wall results in a drop ineffectiveness. 	Far downstream, 

the predicted values of effectiveness are similar for both 

initial conditions but in the range up to 50 slot heights, 

the imposed differences in the initial concentration profile 

caused practically significant differences in effectiveness. 

Effect of turbulent kinetic energy profiles. 	The initial 

profiles generated by the elliptic procedure at x/y0  = 10 are 

shown on Fig. 4.2.3 for three velocity ratios with air 

injection and two velocity ratios with Arcton-12 injection. 

The augmentation of these profiles by 20 per cent, causes 

differences in the predicted effectiveness which were, in all 

cases, less than 1 per cent at 100 slot heights and less than 

2% anywhere else upstream. 

Effect of turbulent shear stress profiles. 	Turbulent shear 

stress profiles were calculated using eq. (4.2.10), with the 

kinetic energy and the velocity profiles as given by the 

elliptic program. 	These profiles are shown in Fig. 4.2.4 

and were also augmented by 20% across the boundary layer 

thickness. 	The maximum resulting difference in effectiveness 

was 2.5% which diminished with downstream distance. 

Effect of kinetiaalfIgy-dissipationaofiles. Initial 

profiles for dissipation were obtained using the following 

equation: 

€ . CD 	wi . AK  v- 0 < V < ' G X 

= X 'IC; 
and x 	09, AK  = • /12 

y > G X 
A.„ 

(4.2_•11) 

These profiles are shown in Fig. 4.2.5 and were augmented by 

20% in a similar way to the shear stress profiles. 	No 

significant influence on effectiveness could be detected for 
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any of the cases. 

The effect of initial profiles for longitudinal 

velocity was not investigated because it was not possible to 

change the velocity profile without disturbing the conserv-

ation of mass, species and momentum. 

4.2.4 	Comparison of_predictions with the available  data. 

Fig. 4.2.6 compares present predictions with the 

measurements of Pai and Whitelaw (18) for the particular case 

of zero density gradient, thin lip and no backward facing 

step. 	The maximum deviation between the predicted and 

measured values is 10% of unity and this for the lowest 

velocity ratio. 	Comparison with the zero density gradient, 

thick lip measurements of Kackar and Whitelaw (1) is shown in 

Fig. 4.2.7. 	The agreement between the data and the predict- 

ions is excellent and the maximum discrepancy is 6% of unity 

in this case. 	Fig. 4.2.8 shows the comparison of the 

measurements of Matthews and Whitelaw (24) for zero density 

gradients and the present predictions. 	Here the slot 

geometry has been complicated by the presence of a backward 

facing step. 	Predictions are shown for a large value of the 

step height with a thin as well as a thick lip. 	This was 

done because the measurements of ref. (24) indicated that the 

step had a significant influence only for large step heights 

as compared to the slot gap ye. 	As indicated by Fig. 4.2.8, 

the predictions are in very good agreement with experiments. 

Fig. 4.2.9 presents predictions made for the density ratio of 

4.17 corresponding to the measurements of ref. (18). 	The 

agreement indicated on this figure is less satisfactory and 
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this was attributed largely to the initial conditions used 

for the parabolic equations and provided by the solution of 

the elliptic equations. 

The above results show clearly that the present 

solution procedure can adequately predict the effectiveness 

downstream of a range of two-dimensional slot geometries. 

Further improvements can be made by the removal of the 

algebraic form of the length scale used in the solution of 

the elliptic equations. 	Indeed the best way may be to 

remove the Prandtl-Kolmogorov hypothesis itself, and solve 

the equations for the shear stresses and dissipation in the 

upstream region in a manner parallel to the downstream region. 

This would certainly improve the velocity and concentration 

profiles provided by the elliptic solution procedure and the 

larger discrepancies in the predictions of non-uniform 

density cases are likely to be removed. 

4.2.5 	Comparison with the previous predictions. 

Data from ref. (18) has been previously predicted 

by Pai (6) using the mixing length theory. 	As mentioned 

earlier the turbulent viscosity type of hypotheses are not 

entirely suitable for wall-jet flows as they lead to 

coincidence of zero shear stress points with the points of 

maximum and minimum velocity. 	For this reason mainly, in 

the present predictions an equation was solved for the 

turbulent shear stress. 	The present predictions are 

compared with the predictions of ref. (6) in this section, 

so as to evaluate the advantages and disadvantages of using 

the present model over the simple mixing length hypothesis. 
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Pai (6), in his predictions, also used the solution 

procedure of Spalding and Patankar (9) and had taken initial 

profiles of velocity and concentrations from his own 

measurements. 	To compare his effectiveness predictions 

quantitatively with measurements, he calculated maximum 

deviation Dmax and a statistical quantity nebla defined by: 

l.. 	I. 

 
1pr d 	'exp 	 (4-2.12) 

0 

Dmax and 7r1.00 of the present predictions are compared with 

the corresponding values of Pai (6) in Table (4.2.2). 	The 

results shown in Table (4.2.2) reveal that the present 

solution procedure and the turbulence model allows predict-

ions of impervious-wall effectiveness which are similar in 

precision to those previbusly obtained with the mixing length 

hypothesis. 

It is not surprising that the three-equation 

turbulence model has not shown significant improvements over 

the mixing length hypothesis, in predicting the wall- 

effectiveness. 	Although the solution of the turbulent shear 

stress equation takes account of the non coincidence of 

locations of zero shear-stress and zero velocity gradient, 

the accuracy of the predictions will depend upon the 

empirical constants being used and the accuracy of the 

initial conditions. 	The present calculations have demon- 

strated the precision with which the initial conditions should 

be supplied to the parabolic program to allow accurate 

predictions in the downstream region. 	It is not likely that 

the one-equation turbulence model used for the elliptic 

equations iri the present work, will give sufficiently accurate 



91 

initial conditions to the parabolic program. 	Therefore the 

physical hypothesis should be improved in the upstream region 

to result in better initial conditions for the solution 

procedure in the downstream region and then it is hoped that 

the present three-equation model will result in more precise 

predictions of wall effectiveness than the Prandtl's mixing 

length hypothesis. 

4.3 Conclusions. 

1. A modified version of the Spalding and Patankar solution 

procedure (9) for two-dimensional boundary layers, has been 

used to predict wall-jet properties along curved surfaces. 

The procedure incorporates a simple mixing length assumption. 

The predicted aerodynamic properties, such as rates of growth, 

maximum velocity decay and surface pressure agree satisfact-

orily with the available measurements. 

2. A three-equation model of turbulence resulted in 

predictions of impervious wall-effectiveness in the down-

stream region of two-dimensional thin-lip slots, which were 

similar in precision to those obtained with the simple mixing 

length hypothesis. 	The author believes that the three- 

equation model is capable of more precise predictions only if 

the initial conditions can be supplied with greater accuracy 

than in the present computations. 

3. The influence of longitudinal curvature on impervious-

wall effectiveness is shown to be small for concave and large 

for convex surfaces, especially in the absence of a free 

stream. 	Effectiveness is shown to increase on a convex 

surface and deCrease on a concave surface as compared to a 
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flat surface. 

4. 	The combination of the solution procedure for the 

elliptic equations and the procedure for the parabolic 

equations has provided a single solution procedure for the 

upstream and downstream regions of two-dimensional film- 

cooling slots. 	The procedure is capable of accurately 

predicting the influence of lip thickness and the backward 

facing step height on the effectiveness over a wide range of 

values of these parameters. 
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CHAPTER  5 

Prediction of three-dimensional film-cooling. 

The present chapter is concerned with the 

prediction of effectiveness and heat-transfer coefficient 

downstream of three-dimensional film-cooling slots. 	The 

purposes are to present the values of wall effectiveness and 

heat-transfer coefficient, predicted with the aid of the 

computational method of Patankar and Spalding (8); to 

compare these predictions with existing measurements and 

thereby to assess the validity of the procedure; and to 

present the predicted values of effectiveness and heat-

transfer coefficient outside the range of existing measure-

ments for a range of practically relevant parameters. 

The range of slot configurations considered is 

particularly relevant to gas-turbine practice. 	They consist 

of discrete holes, located parallel to the surface to be 

cooled (Fig. 5.2). 	The present chapter considers the 

influence of velocity ratio, density ratio and geometrical 

parameters such as pitch to diameter ratio, lip length and 

lip thickness to diameter ratio, and open area on effective- 

ness and heat-transfer coefficient. 	Exhaustive comparisons 

of these predictions are made with the measurements described 

in section 3.2; these were devised partly to allow 

prediction procedures, such as that of ref. (8), and the 

associated physical hypothesis to be evaluated. 	Comparison 

is also reported with the previous measurements of ref. (14). 

As discussed in section (2.4), the general 

calculation procedure of ref. (8) is more suited than other 
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available methods to solving three-dimensional boundary 

layer equations relevant to practical film-cooling. 	Major 

modifications were introduced in the basic procedure of ref. 

(8) to allow the present predictions. 	These modifications 

and the salient features of the procedure are reported in 

section (5.1) together with a statement of conservation 

equations and boundary conditions. 	Section (5.1) also 

describes the physical hypothesis used and indicates reasons 

for its selection. 	The predictions and their comparison 

with the available data are reported in the first two sub- 

sections of section (5.2). 	The last sub-section presents 

predicted values of effectiveness and heat-transfer 

coefficient for a range of parameters of interest to designers 

and for which measurements are not presently available. 

Section (5.3) states the main conclusions. 

5.1 Mathematical problem and the solution procedure. 

5.1.1 	Relevant equations of motion. 

Differential equations of motion for three-

dimensional boundary layer flows can be written in the 

.following manner in cartesian coordinates: 

 TR- tpu) + a  (6V) a
v) + 	(pw) = 0 (5-1°1) 

a 	a 	a 	 a ax(pu2 )+-6 (puv) + -6-7(puw) 	—.E47  (111,xz) + 	Cru xy) (5-1-2) az 	' 

a 
ay  ox(PUV)+h-(Pv2) +  	ay   	v,xz 	-5.7.-av,xy) (5.1'3)   h(PVW)  	)  	a   ( 
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a 	a 	3 -67c(puw)+,---(pvw) --(Pw2) °P  oy 	ox 	"6777 ( rw,xz) + h(TINT,xy) (5.1-4) 

a —a (pu- +—(pv) + a—(pva) 	xz) 	 —(J6 ,xy) (5.1-5) 
dx ay 	az 	dy 	az ' 

where t. stands for species concentration or stagnation 

enthalpy and the double suffix in the shear stress represents 

the plane on which the shear stress acts. 	In the above 

equations shear stresses and diffusion fluxes acting on yz 

plane have been omitted. 	This omission ensures that no 

influence from downstream can penetrate upstream in accord 

with the boundary layer approximations. 	Body forces have 

been neglected in the above equations. 	It should be noted 

that F, in the equation for longitudinal momentum, is an 

average pressure over a cross-section and is given by the 

free-stream conditions. For the present flow situation 
37 -07 

is zero. 	p appearing in equations for cross-stream 

momentum is calculated differently as will be explained in 

the next section. 

Auxiliary Equations. 	The differential equations do not 

alone specify the problem; additional information is 

required in the form of boundary conditions and auxiliary 

equations that allow the calculation of shear stresses and 

diffusion fluxes in terms of dependent and independent 

variables. 	The boundary layer approximations lead to the 

following expressions for the shear stresses: 
au = 	[Leff --6-7 

= [Leff all/az 
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TN- 7  xz = 

Tv,xy = 

Tw  X7 = 

Tia,xy = 

peff (2aV/ay) 

av 	aw Ileff (-57 + -57) 

aw 	av Ileff ( — + -----) 
ay az 

[J,eff (2aW/az). (5.1-6) 

Diffusion fluxes are approximated by 

xz aeff a/ay  

leff - 
xy = ueff – 

	
a 4 /a7 

The set of equations (5.1.2) to 

(5.1-7) 

(5.1-5) takes the following 

general form after substitution of equations (5.1-6) and 

(5.1.7): 
a ax(poi) fy-cpvy --6—z-(Pw,11) a ( j  

ay (11,xz 
ag1 )  
ay 

 

+ a b_   + 	1  + 	1 az 	,xya 1) z 

  

(5.1-8) 

where functions 1), .
1 

and 1 
are given in the table below: 

.
1  

F''
1 

S(1
1 

U 

v 

W 

§ 

– 	aP/ax 

- 	aP/ay 

- 	aP/az 

0 

o 

av a T7(1.teff T-. 	
a 7.) 	+ -67(ileff 	aW/ay) 

a 	a ay 4Leff aviaz) 	+ -5.7(keff aW/az) 

0 

4eff 

Appropriate boundary conditions for equations represented by 

eq. (5.1.8) are: 
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U,V,W 	= 0. 	at 	y = 0 

a(/ay 	= 0, constant at y = 0 (Wall boundary) 

W, 	= 0 	as 	y—s- m 

UG 	as 	y•-•.- m(Free boundary) 

au 8V  
75-7 / 6z  / "1 	0 	at 	z 	0 (Symmetry line)  

au 	av 	, a§ 	0 	at 	z = P4/2 (Symmetry line) 

V, 	= 0 	as 	z 	cc  

UG 	as 	(Free boundary) 

The particular form of effective viscosity used was: 

teff = p 	/(N)2 	(P? 	[-o5 (t/D)2p5wuw] 	(5.1-9) 

where 
/ = -42y 

L = -09yG  

-09 0<y 	•42 yG 

-09 
Y - -42 YG 

The solution procedure of ref. (8) does not require this 

particular assumption or even the effective-viscosity 

hypothesis. 	Effective viscosity hypothesis based on 

Prandtl's mixing length assumption was used because past 

experience had shown that it was simple in concept and use 

and gave satisfactory degree of accuracy. 	The second term 

on the right hand side of eq. (5.1.9) was added to take 

account of the additional mixing due to the wake behind the 

lip of thickness t in the slot. 	This practice is similar 

to the one used by Pai (6) for two-dimensional film cooling. 

The value of effective Prandtl number was assumed to be unity 

in the present work. 
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5.1-2 	Descri tion of the Solution rocedure. 

The equations represented by eq. (5.1-8) are 

parabolic and the numerical procedure solves these equations 

by marching forward in the x-direction, with the solution in 

the yz plane at each x-station. 	A staggered grid, shown in 

Fig. 5.1-1, is used in the yz plane at which the variables 

U, V, W, P and 	are stored. 	This arrangement has the 

convenient feature that the cross-stream velocities V and W 

are stored at just the points at which they are needed for the 

calculation of the convective contribution to the conservation 

of U and 	. 	The pressures are stored at the node points 

so as to make it easy to calculate the pressure gradients 

which affect V and W. 	The differential equations are 

integrated over the micro-control volume shown in Fig. 5.1.2 

for each grid point and the following finite-difference 

equations are obtained: 

CV((PV)
N 
- (PV)

P
1  + CW f(PW)„

L. 
 - (PW)

P 
 1 = e(PU)P U - (pu) P 3(5'1-10) ,  

U 	U 	 , - 	, 

	

Up  = ANUN  + ANUS  + AEU  UE  + AwU  Uw  + By + DU kaP/ax; 	(5.1-11) 

, 
VP 	N 

= A
v
V
N  AS VS A

V 
 VS 	E + AVE 	

v 
W 

+ AVW  + BV + D
V
kPP  -PS  ) 	(5.1-12) 

v 
 

Wp = A
N
W
N 

+ AsWs  + AWWE 
	W 
+ AwWW  BW  + D

w
(Pp-Pw ) E 	 (5'1-13) 

P = ANN + A S  + AEE + AW-W  + B S  
(5'1-14) 

Here the A coefficients contain mass fluxes, viscosities, 

diffusion coefficients etc.; B coefficients express the 

effects of convection from the upstream station and source 

terms; 0's are areas and D's involve areas, mass flow rates 

etc. 	Subscript U stands for upstream values and 
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unsubscripted variables have downstream values. 	For the 

integration over the micro control volumes it has been 

assumed that the dependent variables have a stepwise 

variation in the x-direction and linear variation in the y 

and z directions. 	The problem is to solve equations (5-1.10) 

to (5.1.14) simultaneously for all the U's, V's, W's, P's and 

's at the downstream x station. 	The coefficients A's, B's, 

C's and D's can be taken as known because they are evaluated 

at the upstream station. 

Equation (5.1.11), for longitudinal momentum, can 

be solved as ( arVax ) is known from the free stream 

conditions. 	Equations for cross-stream velocities are 

coupled through pressure and so cannot be solved individually 

as the pressures are not known in advance. 	A preliminary 

set of V and W values are calculated based on an estimated 

pressure field P, usually the upstream value of P, from: 

V * V 	* 	* • VP  = AN VN + AS * V V 	
AE 

V V * + AV V *
W  + BV  + D (P - Ps ) S + 	E 	W  

(5-1.15) 

W WP . AN
W  WN + AV/ W * + A W + S S E E' + 3 + DW (P * 

P - PW ) 

(5.1-16) 

The starred values of V and W, given by equations (5.1'15) 

and (5-1.16), will in general not satisfy the continuity 

equation (5-1.10) and will produce a mass source mp for the 

point.P, defined by 

r 	 7 
mp 77  CV{(PV

*
) 1\T  - (PV * ) p i + 	t(PW )- - (PW

* 
 ) pf 

+ c 	pu 	- (Pu) p 	 (5.1.17) 
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Now the starred pressure and velocity fields are corrected 

so as to annihilate this mass source. 	A pressure correction 

P' is defined in the following manner: 

P = P + P' 
	

( 5.1.18 ) 

Using eq. (5.1.18) with equations (5- 1.15), (5.1.16), (5.1.12) 

and (5.1.13) we can write 
* 	 t VP 	VP + Dv  (PP 	PS  ) 	 (5'1.19) 
* 	 r 

WP  = WP 	D
w 
 (Pp  - Pw ) 	 (5-1..20) 

The substitution of equations (5.1.19) and (5.1.20) in the 

continuity equation (5.1.10) gives 

' 	 (5'21) P 	AP P' + AP  P + Ar,P 	+ AP  P + I3P 	 1- 
P N N S S 	 W 

where A's involve C's and D's and mp has been incorporated 

in BP. 	This equation gives pressure corrections and then 

V's and W's are computed from equations (5.1.19) and (5.1.20). 

After solving for U, V and W at the downstream station, these 

values are used to solve for 	(concentration or enthalpy) 

using equation (5.1.14). 

To solve the finite-difference equations two sweeps 

of the standard tri-diagonal matrix algorithm (TDMA) are 

employed, one in the y-direction and one in the z-direction. 

Thus, for equation (5.1.14) 	E  and 	are taken as known 

and equal to the upstream values when the sweep is in y 

direction; similarly N  and cks  are held constant for the 

sweep in the z-direction. 

Some specific modifications had to be introduced, 

in the above procedure, to allow the present predictions.  

These specific features are described in the rest of the 

present section. 
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1. The grid line distribution in the yz plane was chosen 

so that the mass flow from the circular boundary of the jet 

at the starting station could be accurately represented by 

the rectangular grid. 	For the single hole geometry, a 

cross stream grid of 9 x 12 node points (9 pts. in the y-

direction) was used and for the multihole slots a grid of 

8 x 6 node points was used. 	The number of node points in 

the y-direction was increased by 2 when the lip thickness t 

was more than -2D. The mass flow emerging from this 

numerical, non circular slot exit was ascertained to be 

within 2% of the specified value. 	It was assumed that the 

mixing of the jets was uninfluenced by the small deviations 

from roundness. 

2. Initial profiles of the dependent variables U and 

at the slot exit were taken from experiments wherever 

available; otherwise appropriate profiles were assumed. 

initial values of V and W were assumed to be zero. 	The 

initial profile of U was very non uniform and resulted in 

oscillations and, in some cases, divergence of the solution. 

This was overcome by iteration and under-relaxation of the 

U velocity, and by adding a fictitious source term to the U 

equation. 	With this modification equation (5.1.11) has the 

form: 

Up  + Ailip ,,..7  AN UN  + AS US  + A_ U_ + AU  UW  + B
u + AI UP,U S 	AU r., 

. 

or =I+AI) Up  = Up  (ordinary) + AI  Up,u 	(5'1.22) 

Now depending upon the value of AI, the downstream value of 

Up  will be under relaxed e.g. if AI  = 1 

U = A U (ordinary) 	1  U 2 p 	2 plu 
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Al was given a high value to start with and was gradually 

reduced to zero so that no relaxation was done. 	Similarly, 

for the first few steps, 5 iterations were required but the 

number gradually decreased until, at a downstream distance of 

20 diameters, no iterations were required. 

3. As has been indicated in the boundary conditions, the 

left face of the control volume was always taken to be the 

centre line of the jet. 	For calculations of the flow down- 

stream of multihole slots, the control volume was pi /2 wide 

and the right face also conformed to a plane of symmetry. 

For calculations downstream of single hole slots, the jet was 

allowed to spread freely in the y and z directions. 

4. For free boundaries, the boundary values of V and W were 

obtained by performing a mass balance for the forward step. 

It should be noted that this specification is not a unique 

one and alternative procedures could be used to treat free 

boundaries. 

5. A single sweep of TDMA in each of y and z directions was 

found adequate for the calculation of U, V and W but 3 sweeps 

for pressure and five sweeps for (I were found necessary to 

obtain accurate solutions. 

5.2 	Comparison of the predictions with the available data. 

Most of the comparisons presented in this section 

are with the present measurements which represent the most 

complete set of data for present purposes. 	Predictions were 

made for a sample of conditions within the wide range of 

experimental parameters and indicate the range of 

applicability of the prediction procedure. 	In a way similar 
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to section (3.2), predictions for the single hole geometries 

are presented first, followed by the predictions for the 

multihole geometries. 

5.2.1 	Single hole geometries. 

Predictions were made for two slots with the hole 

(diameters = 8 mm and 12.5 mm) located tangential to the wall 

(H = 0.5mm), lip thickness of 1.25 mm (see Fig. 3.2.1) and no 

lip overhang (L = 0). 	Fig. 5.2.1 compares the predicted 

values of effectiveness along the centre line of 8 mm hole 

slot, with the present measurements for density ratios of 

unity and 4.17. 	Measurements are represented by points and 

lines show the predictions. 	Fig. 5.2.2 shows a similar 

comparison for the hole diameter of 12.5 mm. 	Measurements 

with constant density are predicted with good accuracy and the 

predictions clearly show the correct influence of velocity 

ratio and hole diameter. 	The predictions are less satisfact- 

ory for the non-uniform density case in the upstream region. 

For the single hole geometry, the forward recirculation in 

the upstream region is significant, as a result of flow over 

the backward facing step through which the hole is drilled. 

Consequently in the upstream region the boundary layer form 

of equations do not correctly represent the flow and the 

discrepancy between the predictions and measurements is not 

very surprising. 	Larger discrepancies for the density ratio 

of 4.17 are also implied from the mixing length hypothesis 

used in the present predictions. 	This hypothesis defines 

effective-viscosity as proportional to the density which 

results in very high mixing for the higher density ratio of 
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4.17 as compared to the uniform density situation, especially 

in the upstream region. 

Figs. 5.2.1 and 5.2-2 show the accuracy to which 

the present procedure can predict impervious wall-effective- 

ness downstream of slots having a single hole. 	These 

predictions show the influence of a few parameters within 

the range investigated experimentally. 	Due to the 

relatively small significance of the single hole geometry in 

the present investigation, the influence of the other para-

meters was not predicted; instead effort was devoted to the 

prediction of flow downstream of multihole slots. 

5.2.2 	Multihole geometries. 

Fig. 5-2.3 compares predictions with measurements 

obtained with multihole slots 1 and 2 shown in Fig. 3.2.V/ 

and described in Table (3.2-2) for the density ratio of 

unity. 	It indicates the ability of the present procedure 

to predict the influence of velocity ratio, downstream 

distance and lip thickness to diameter ratio upon the 

impervious-wall effectiveness. 	The maximum discrepancy in 

magnitude is 8% of unity for the thick-lip case and the 

trends are faithfully followed. 

Slot 1 was used to permit the assessment of the 

influence of density ratio. 	Measurements and predictions 

which demonstrate this influence are shown on Fig. 5.2.4. 

Fig. 5.2-4 together with Fig. 5.2.3(a) demonstrate that the 

present procedure predicts the influence of density ratio 

correctly. 	The maximum difference in magnitude between 

measurement and prediction is 16% of unity but corresponds to 
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a significantly smaller velocity ratio and higher density 

ratio than those used in practice. 

Fig. 5.2.5 compares predictions and measurements 

based on slot 3 which was designed along with slot 1 to see 

the influence of pitch to diameter ratio keeping the open 

area unchanged. 	The influence is precisely predicted for 

the two density ratios, at which measurements were done. 

Slot 4 of Table (3.2.2) is geometrically similar to slot 2 

but has dimensions which more clearly relate to practice. 

The predictions shown in Fig. 5-2.6 compare very well with 

the measurements of slot 4 and demonstrate that the procedure 

provides satisfactory answers for flow and geometrical para-

meters similar to thosefound in gas-turbine practice. 

The present measurements were confined to slots 

with no lip over hang at the slot-exit. 	To assess the 

capability, of the present procedure, to predict the influence 

of a finite lip length, a sample of the measurements of ref. 

(14) were predicted. 	Predictions and measurements of 

adiabatic-wall effectiveness are shown in Fig. 5.2.7. 	In 

these computations, the flow was treated as confined between 

two walls from the exit of the slot up to the end of the lip 

and then the free stream was included with a free boundary. 

The predictions are in close agreement with the measurements 

and indicate that the influence of lip length can also be 

predicted. 	Fig. 5-2.7 indicates that, in the presence of a 

finite lip length, effectiveness increases. 	The influence 

penetrates up to 25 slot heights for velocity ratios smaller 

than 1 and beyond 40 slot heights for velocity ratios 

greater than unity. 	Predictions were made for two velocity 
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ratios representative of the data of ref. (14). 

Predictions of heat-transfer coefficient down-

stream of slot 1 and slot 3 are shown in Fig. 3-2.10.  and 

Pig. 3.2.16 along with the measured values. 	As discussed 

in Chapter 3, this heat-transfer coefficient is based on the 

difference of wall temperature and adiabatic-wall temperature. 

The adiabatic-wall temperatures were computed first, with 

zero heat flux at the wall and then wall temperatures were 

computed with a constant heat flux at the wall. 	The heat- 

transfer coefficient was calculated from the values of the 

constant heat flux, the wall temperature and the adiabatic- 

wall temperature. 	The predicted values are in excellent 

agreement with the measured values with the exception of one 

case of slot 1 where the velocity ratio is much smaller than 

used in practice. 	The influence of velocity ratio is faith- 

fully predicted and the predicted values tend to the flat 

plate results in the downstream region for all the velocity 

ratios. 	Comparison of Fig. 3.2.1i'and Fig. 3.2.10 shows that 

the present procedure is capable of predicting the influence 

of pitch to diameter ratio on the wall heat-transfer 

coefficient. 	Predicted values of adiabatic-wall effective- 

ness are also shown in these figures and are the same as the 

predicted impervious-wall effectiveness values. 	This is so 

because the governing equations for species and enthalpy are 

same and a value of unity for the effective Prandtl no. was 

used for both. 

The comparisons shown in this section provide 

confidence in the ability of the present prediction method 

and the physical hypothesis to predict impervious-or- 
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adiabatic wall effectiveness and heat transfer coefficient 

downstream of discrete hole slots. 	Short computing times 

(55 seconds from x/D = 0 to x/D = 80) and economical memory 

requirements (34K) are additional attractions of this 

procedure. 	The following section presents some predictions 

outside the range of available measurements and provides 

results which will guide engineer in the design of film 

cooling slots. 

5.2.3 	Prediction of useful trends. 

The predictions presented in section (5.2.2) 

showed the values of impervious-wall effectiveness along 

the centre line of a slot which provided maximum values of 

effectiveness at any downstream station. 	To assess the 

overall cooling affected by a slot, spanwise variation of 

wall effectiveness must be known. 	Fig. 5.2.8 has been 

prepared to demonstrate the three-dimensionality of wall-

effectiveness downstream of single-hole and multihole slots. 

Contours shown in Fig. 5.2.8(b) were computed for the multi-

hole slot 1 (D = 12.5 mm,Pi/D = 2, t/D = .18), density ratio 

of unity and velocity ratio of 1.3 and indicate that wall-

effectiveness does not vary in the spanwise direction after 

20 diameters downstream the slot exit. 

Figs. 5.2.9 to 5.2.12 demonstrate the influence of 

four geometrical parameters on impervious-wall effectiveness, 

for which systematic measurements are not available. 	Where- 

ever measurements are available, they are shown on the figures. 

The influence of lip thickness is shown on Fig. 5.2.9 for a 

velocity ratio of 1.12 and for two density ratios. 	As has 

been suggested by the previous investigations of two- 
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dimensional slots and present investigation of three-

dimensional slots, an increase in t causes a decrease in 

effectiveness and the influence is greater for a density 

ratio of unity. 

The influence of the thickness of the boundary 

layer on the upper surface of the slot, 5, is shown on 

Fig. 5-2.10 for a small value of VI), i.e. 0.18, and for 

two density ratios. 	The influence is small but could be 

important in a combustion chamber where the value of 5 is 

small at the upstream end of the chamber and, due to the 

build up from several films, large at the downstream end. 

Fig. 5.2.11 is concerned with the influence of 

hole pitch to diameter ratio and shows this influence for 

uniform density and for a density ratio of 2.1. 	The figure 

shows the effect of increasingPi/D ratio by increasing pitch 

for a constant mass flow rate through the slot corresponding 

to a velocity ratio of 1.12. 	It was found that the manner 

in whichA/D is varied is unimportant but, of course, if 

Pi/D is increased by diminishing the value of D then the 

effectiveness at a particular x/D corresponds to a smaller x 

than would be the case if Pi was increased. 	In practice Pi/D 

should be as small as is possible with D chosen to provide a 

velocity ratio which corresponds to maximum in the effective-

ness Vs velocity ratio curve. 

Fig. 5.2-12 demonstrates the influence of lip 

length with x measured from the hole exit rather than from 

the end of the lip. 	Clearly the effectiveness is improved 

by a finite lip and, in the practical range of L/D the 

influence is important close to the slot exit. 
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The influence of velocity ratio and density ratio 

on the wall heat-transfer coefficient in presence of film 

cooling is shown on Fig. 5-2.13. 	Fig. 5.2-13(a) shows the 

predictions already presented in section (5.2.2) along with 

the present measurements downstream of slot 1. 	This 

representation clearly indicates the increase in the heat-

transfer coefficient with increasing velocity ratio. 

Similar influence is indicated for the density ratio of 

2.02 on Fig. 5.2.13kb). 	The computations for the higher 

density ratio were effected by assuming that the slot fluid 

was at a temperature lower than the main stream by about 

300°K. 	Comparison of Fig. 5.2.13(a) and (b) reveals thatfora 

particular velocity ratio heat-transfer coefficient decreases 

with the increase in density ratio and the decrease is more 

at downstream locations. 

Figs. 5.2.14 to 5.2.17 demonstrate the influence 

of lip thickness, thickness of the upper boundary layer, hole 

pitch and the lip length respectively on the heat-transfer 

coefficient for the density ratios of .94 and 2.02 and the 

velocity ratio of 1.12. 	Fig. 5.2.14 indicates that an 

increase in t causes a decrease in, the heat-transfer 

coefficient which is based on the difference of adiabatic-

wall temperature and the wall temperature for constant wall 

heat flux boundary condition. 	The influence is equally 

important for the two density ratios investigated. 	The 

decrease in heat-transfer coefficient with the increase in 

lip thickness is related to the decrease in adiabatic wall 

effectiveness with the increase in lip thickness. A similar 

influence was experimentally observed by Pai (6) in the 
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upstream region of a two-dimensional axisymmetric slot. 

Jig. 5.2.15 shows the influence of thickness of 

the upper boundary layer on the heat-transfer coefficient 

downstream of slot 1 (i.e. t/D = .18). 	It indicates that 

in the presence of thin lip and 5/D ratios of up to 3.5, the 

influence of F,  is small. 	Heat-transfer coefficient decreases 

with increasing 

The influence of pitch to diameter ratio is shown 

to be'small on Fig. 5.2.16. 	This effect was computed by 

changing pitch for a particular value of hole diameter. 

Heat-transfer coefficient decreases in the upstream region 

for Pi/D ratios of greater than 4 and remains unchanged in 

the downstream region. 	Fig. 5.2.17 demonstrates the 

influence of lip length with x measured from the hole exit. 

Increasing the lip length does not effect the heat-transfer 

coefficient very much. 

Trends shown on Figs. 5.2-14 to 5.2.17 for 

influence of geometrical parameters on the heat-transfer 

coefficient, are similar to the trends shown on Figs. 5.2-9 

to 5.2.12 for the adiabatic or impervious wall effectiveness. 

The reason is that in the presence of constant non zero wall 

heat flux condition, the wall temperature is not as much 

influenced by the geometrical parameters of the slot, as the 

adiabatic wall temperature. 	This also results in smaller 

influence on the heat-transfer coefficient. 	It is clear 

from Figs. 5.2.14 to 5.2.17 that lip thickness has a more 

significant influence on the heat-transfer coefficient than 

/D, Pi/D, and L/D. 
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5.3 	Conclusions. 

The following main conclusions may be extracted 

from the results presented in. section 5.2. 

1. The numerical procedure, which solves the three-

dimensional boundary-layer equations and incorporates a form 

of mixing-length hypothesis, predicts values of impervious-

wall effectiveness and heat-transfer, coefficient which are 

in close agreement with experimental data. 	The comparisons 

cover a range of initial conditions which satisfactorily 

validate the procedure for flow and geometrical parameters 

similar to those found in the film-cooling of gas-turbine 

combusters. 

2. In general terms the procedure predicts that the down-

stream effectiveness increases with velocity ratio and 

density ratio while the heat-transfer coefficient increases 

with velocity ratio and decreases with density ratio. 

Effectiveness and heat-transfer coefficient increase with 

D/t, D/Pi, L/D and DA. 	The influence of the geometrical 

parameters, except t, is more significant on effectiveness 

than on heat transfer coefficient. 	The influence of each 

parameter and their interactions are, however, complex and 

the availability of the procedure greatly diminishes the 

need for further experiments. 

3. The procedure is economical of computer time and 

storage, approximately 55 seconds and 34k locations of 

CDC 6600 time and storage being required to predict the 

wall effectiveness for a single set of initial and 

boundary conditions to a downstream distance corresponding 

to x/D of 80. 
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CHAPTER 6 

6. 	Practical relevance of the present results. 

The discussion in previous chapters was mainly 

concerned with the performance of discrete-hole film-cooling 

slots in low-turbulence wind tunnels and in the absence of 

combustion and radiation. 	Radiation forms an important part 

of the conditions under which film-cooling slots operate in 

gas turbines and it is, therefore, important to incorporate it 

in the present prediction procedure and to obtain predictions 

of relevance to gas-turbine practice. 	This is the main 

.purpose of the present chapter. 

The important characteristics of the flow inside the 

flame tube of a combustion chamber and normally not present in 

the wind tunnels are as follows: 

1. large radiative heat-fluxes from the hot gases to the 

tube wall and from the tube wall to the outer annulus, 

2. assymetry and irregularities in the main flow which 

results in three-dimensionality in the whole region, 

3. multiple slots in series resulting in overlapping films, 

4. periodicity in the flow caused by instabilities in the 

recirculating flow pattern, 

5. large temperature, velocity,. density and concentration 

gradients due to combustion and chemical reaction, 

6. large values of turbulence intensity and scale. 

Thus the flow is of a complex nature and, particularly in the 

presence of periodicity, indicates that the time averaged 

quantities should be regarded with caution. 	Time dependent 

three-dimensional studies are not feasible at the present 

time because of the large computing time requirements and 
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attention will be restricted to time-averaged properties in 

the present chapter. 

Previous attempts to effect predictions relevant to 

gas-turbine film cooling have been made, for example, by Pai 

(6), Whittaker (82) and Colladay(83). 	Pai predicted wall 

temperatures some 30000 lower than the thermal paint measure- 

ments in a combustion chamber. 	This discrepancy stemmed 

largely from the inability, at that time, to solve the 

equations appropriate to the flow downstream of three- 

dimensional film-cooling slots. 	Whittaker made use of 

various correlations in his analysis and these are known to be 

unreliable outside the range of data upon which they are based. 

Colladay investigated different cooling arrangements but 

neglected radiative heat fluxes and confined himself to two- 

dimensional cooling configurations. 	The present research has 

resulted in a general method which can predict the flow down-

stream of three-dimensional slots and it is the purpose here 

to show the extent to which the present advance can be 

employed to obtain realistic predictions to the wall temp- 

erature of a gas-turbine flame tube. 	The procedure to 

predict the wall temperature is outlined in the next section. 

Section 6.2 presents the predicted values of wall temperature 

and compares them with the available data. 	Predictions are 

also presented in section 6.2 for the conditions outside the 

range of available data. 	The last section states the 

conclusions. 

6.1 	Procedure to predict Flame-tube wall temperature. 

The temperature assumed by the flame tube is such 



114 

that it represents the balance between the heat received from 

the hot gases and the heat lost to the surroundings. 	Heat 

is received and lost by the flame tube through radiation and 

convection; the various fluxes can be expressed in the 

following manner. 

Internal Radiation, RI. 

The radiant heat flux from the hot gases to the wall 

may be calculated from the relation derived by Reeves (84) and 

expressed in the following way: 

B R 	= 	(
11- e 	( eG TG

4 - aw Tw4 ) 7- (6.1.1) 

In eq. (6.1.1) the effects of reflection and re-radiation at 

the wall are allowed for by the term (
1fe  w ). 	The flame 

2 
absorptivity, aw  ,at wall temperature is calculated from the 

relation 

a T 1.5 
— 	() eG 	Tw 

(6-1-2).  

The derivation of eq. (6.1.1) involves major 

empiricism because of the uncertainties in various quantities, 

in particular eG  and TG; these have significant influence on 

the wall temperature. 	The gas emissivity is a function of 

the pressure, temperature, effective fuel-air ratio and 

burning characteristics of the fuel. 	Current practice is to 

calculate it from empirical formulae. 	In the present 

calculations the relation given by Reeves (84) has been used. 

The gas temperature is estimated from the effective fuel air 

ratio and combustion efficiency. 	This is a crude way of 

estimating TG  and does not take proper account of severe 

temperature gradients in the axial direction. 	In the present 

calculations, the gas temperature variation is assumed to be 
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known and has been taken from the available industrial 

calculations. 

Internal Convection, CI. 

The heat received by the flame tube via convection 

depends upon whether a film-cooling strip is encountered or 

not. 	Before a film-cooling slot is encountered, hot gases 

transfer heat through the wall boundary layer; the flux can 

be adequately estimated by two-dimensional boundary layer 

theory, e.g., ref. (9). 	In the presence of a film-cooling 

strip, the convective heat flux is expressed by 

CI = hf'(Ta,w - Tw) 	(6.1-3) 

The adiabatic-wall temperature is used in eq. (6.1-3) since it 

is independent of the heat transferred to or from the wall. 

Calculation of hf and Ta,w in the past has also been made 

using flat plate theory and correlations which cannot give 

successful results for the flow downstream of three- 

dimensional practical slots. 	The results discussed in 

previous chapters have provided confidence in the ability of 

the - present procedure to predict precisely the influences of 

various parameters of three-dimensional film cooling slots on 

hf and Ta,w. 	The procedure was tested for discrete hole 

slots only but is also suitable for other practical slots 

which do not have significant regions of forward recirculation. 

Given proper initial conditions and boundary conditions the 

solution procedure can predict hf and Ta,w or 11 downstream of 

a particular slot configuration. 	Hence the cumulative 

effect of multiple slots can also be taken into account very 

conveniently in the present procedure. 	hf and have been 

shown (6) to'have important effects on the prediction of wall 
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temperature and therefore haVe been computed using the 

procedure presented in chapter 5, instead of previous two-

dimensional procedures and correlations. 

External Radiation, R0. 

Heat lost from the flame tube by radiation to the 

outer casing can be expressed by the equation, 

Ho 	0.B ewi 	( T 	To4 ) 	 (6.1.4) 

which assumes that the effective emissivity of the tube wall 

and the outer casing is the same. 	e/  is expressed in terms 

of e and e and the diameter of the flame tube and the casing, 

e.g., see ref. (82). 	T0, in eq. (6.1.4) is taken as the 

coolant temperature instead of the wall temperature of the 

casing. 	As can be expected and has been shown in ref. (6), 

TO  in the above equation has an equally significant influence 

on Tw as TG has in equation (6.1.1). 

External Convection, Co. 

Heat lost by convection can be expressed as 

CO  = h2  (Tw - `.PC ) 
	 (6.1.5) 

h2 in eq. (6.1.5) has been computed using two-dimensional 

turbulent boundary layer theory. 	This component in the heat 

balance depends upon the coolant mass which is utilised for 

convection cooling at a particular location. 	The net mass 

available for convection reduces, with increasing distance, 

as the coolant is bled off through film-cooling slots and 

dilution holes. 	The influence of the external convection on 

the wall temperature also depends upon the direction of flow 

in the annulus. 'Colladay (83) has shown, for a two-

dimensional model, that a combination of convection and film- 
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cooling is particularly advantageous when the flow in the 

annulus is in a direction opposite to the gas flow. 

Using equations (6.1-1) to (6.1-5), the wall 

temperature can be calculated so that 

RI  + CI  = Ro  + Co 	(6.1-6) 

The next section presents sample calculations of the wall 

temperature under the operating conditions of a modern high-

compression-ratio aero-engine, in order to show the extent to 

which the results of the present research can be used in 

practice. 	The influence of three geometrical parameters, 

namely, Pi/D, 1.1/ID and t/D is also demonstrated on the wall 

temperature under the same operating conditions. 	These 

parameters have been chosen on the basis of results presented 

in chapter 5. 

6.2 	Wall-temperature predictions. 

Fig. 6.2-1 shows the predicted values of wall 

temperature along with the thermal paint measurements for the 

outer wall of an annular flame tube. 	The wall temperatures 

shown on this figure correspond to the primary zone of a 

combustion chamber and have been measured and computed down- 

stream of the first cooling ring. 	The cooling ring consisted 

of discrete holes with coolant injecting tangential to the 

wall; it is shown on Fig. 6.2-1 along with the flow parameters 

of relevance to the prediction procedure. 	Wall temperature 

predictions, labelled by Twall, represent the temperatures 

along the centre line of the holes and were obtained using the 

procedure outlined in section 6.1. 	The temperature shown by 

the dotted line represents the maximum wall temperature 
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measured downstream the first cooling ring as a result of a 

thermal paint test carried out for the whole flame tube. 

The thermal paint used for these measurements changed colour 

only at about 800°K and this temperature was obtained at 25 

diameters downstream of the slot exit. 	Thus no measurements 

are available upstream of 25 diameters. 	The measurements 

shown on Fig. 6.2-1 should be treated with caution as at some 

circumferential locations and at the same streamwise distance, 

lower temperatures by some 100°0 were recorded. 	The present 

predictions are 125°  to'150°C below the maximum values of 

measured wall temperature in the region downstream of 25 

diameters. 	The main reasons for this discrepancy are as 

follows: 

i) the measurements of wall-temperatures are imprecise 

and are influenced by the lack of symmetry of the flow, 

ii) eq. (6.1-1), to calculate the radiation flux from the 

hot gases to the wall, is based on oversimplified 

assumptions, 

iii) the values of gas temperature (Fig. 6.2-1) used in the 

present predictions are inaccurate. 

The first two of the above reasons are outside the scope of 

this thesis: the third is discussed below. 

The temperature of hot gases in a gas turbine 

flame tube cannot be measured accurately. 	Those shown on 

Fig. 6.2.1 are computed from combustion efficiency and air- 

fuel ratio and are, therefore, approximate. 	At a down- 

stream distance of 35 diameters the predicted wall temperature 

would conform to the maximum measured wall temperature if the 

gas temperature was increased by 30%, i.e. a gas temperature 
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of about 1500°K; this is a plausible value for modern 

combustion chambers. 	This indicates the significance of 

gas temperature on the prediction of wall temperature. 

In the present calculations, the external convect-

ive heat-transfer coefficient, h2, was computed from existing 

correlations for simplified flows, e.g., fully turbulent flat 

plate boundary layer or a fully developed channel flow. 	The 

influence of calculating h2  by different ways, on the 

prediction of wall temperature is discussed in the following 

paragraph. 

Fig. 6.2-1 shows predicted values of wall 

temperature for two cases: a) parallel flow convection i.e. 

the flow in the outer annulus is in the same direction as the 

film; b) counter flow convection i.e. the flow in the outer 

annulus is in opposite direction to the direction of film 

inside the flame tube. 	For parallel flow convection, these 

predictions were obtained by computing h2  from the correlation 

(85) for a fully turbulent boundary layer on a flat plate. 

The origin of the boundary layer was assumed 50 mm upstream 

of the slot exit and corresponds to the beginning of the flame 

tube. 	A calculation, assuming the origin of the boundary 

layer to be at the slot exit, resulted in wall temperatures 

about 7°C less than those shown in Fig. 6.2.1. 	This reveals 

that choice of the origin for external boundary layer does not 

significantly influence the wall temperature predictions. 

For the counter flow convection case h2 was calculated using 

the same flat plate correlation and assuming the origin to be 

at 50 mm downstream of the last point calculated which was 35 

diameters downstream. 	The coolant temperature and the mass 
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flow rate was assumed the same as the parallel flow case and 

the heating of the coolant before passing through the slot 

was neglected. 	As shown on Fig. 6-2.1 and also found by 

Colladay (83) counter flow convection results in lower wall 

temperatures (by some 25°C at 35 diameters downstream) than 

obtained in parallel flow convection. 	This is due to the 

complementary interaction of the film on inside and convection 

cooling on outside in counter flow case and means that, to 

maintain the wall temperature within a particular limit, for a 

given temperature of the hot gas and the coolant, counter flow 

convection would require a smaller amount of cooling air than 

parallel flow convection. 	The predictions based on h2  

calculated from correlation for a fully developed channel flow 

(85) resulted in wall temperature 200C above the value shown 

on Fig. 6.2-1 at 35 diameters downstream for parallel flow 

convection. 	The reason was that for the present annulus gap 

fully developed channel flow relation gave smaller value of 

h2 than that given by the flat plate boundary layer relation. 

It should be noted that use of the fully developed channel 

flow relation to compute h2  would give the same wall 

temperatures for parallel flow and counter flow convection. 

Due to the uncertainties in the wall temperature 

measurements and gas temperature estimates, the accuracy of 

absolute values of the predicted wall temperatures cannot be 

assessed. 	However the present calculation procedure can 

provide practically valuable indications of the influences of 

various flow and geometrical parameters on the wall 

temperature. 	Predictions showing these influences are 

presented and discussed in the following paragraph. 
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Fig. 6.2.2 shaws the predicted influence of three 

geometrical parameters, Pi/D, L/D and t/D, on the wall 

temperature of flame tube, maintaining other parameters the 

same as shown on Fig. 6.2-1. 	By increasing the pitch to 

diameter ratio, the wall temperature increases; this is 

consistent with the previously indicated influence of Pi/D on 

11 and hf. 	Increasing the lip length decreases the wall 

temperature and increasing the lip thickness increases the 

wall temperature slightly. 	The influence of lip length and 

lip thickness is less significant than the influence of pitch 

on wall temperature. 	The results of chapter 5 have indicated 

that lip length does not influence 11 and hf appreciably within 

the present range of lip length and, therefore, the small 

influence of lip length on the wall temperature in Fig. 6.2.2 

is not surprising. 	Althoughll and hf are significantly 

influenced by variation in lip thickness, the wall temperature 

is not influenced very much because the decrease in It and 

decrease in hf with increase in lip thickness have opposite 

effects on the wall temperature. 	Calculations to predict 

the relative influence of Pi/D, L/D and t/D on wall 

temperature were also performed for a velocity ratio of 1.12 

and density ratio of 2.0 at the slot exit and in the absence of 

pressure gradient in the main flow. 	The gas and coolant 

temperatures were maintained at the same values as shown on 

Fig. 6.2.1. 	For these predictions 11 and hf values were taken 

from the results presented in chapter 5. 	These predictions 

revealed similar influences of Pi/D and L/D on wall 

temperature but the influence of t/D was more than shown on 

Fig. 6.2-2, e.g., increasing t/D from •2 to .8 resulted in 
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an increase in wall temperature of 22°C at 30 diameters 

downstream. 	This indicates that the influence of lip 

thickness is more significant for velocity ratios of 

approximately unity than for velocity ratios higher than 

unity at the slot exit. 

6.3 Conclusions. 

The following conclusions may be drawn from the 

results presented in section 6.2. 

1. Gas temperature has a very significant influence on the 

prediction of flame tube wall temperature. 	Although the 

present procedure predicts wall temperature within the 

measured range, quantitative assessment is precluded by the 

unavailability of accurate values of gas temperature and wall 

temperature measurements. 

2. To maintain the flame tube within a particular temperature 

limit, for a given coolant and gas temperature, film cooling 

with counter flow convection requires a smaller amount of 

coolant as compared to film cooling with parallel flow 

convection. 

3. The procedure predicts that increasing pitch to diameter 

ratio increases the wall temperature and lip length and lip 

thickness have less significant influence on the wall 

temperature as compared to pitch of the holes. 

4. The calculations presented in section 6.2 indicate that 

the wall temperature downstream of the practical slot 

(Fig. 6.2.1) can be reduced by about 5% at a distance of 

68 mm from the slot exit, by judicious choice of parameters. 

For example alby decreasing pitch to diameter ratio from 
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1.47 to 1.2 and maintaining the same coolant mass flow rate, 

a decrease of 25°C (3.7%) in the wall temperature would be 

obtained, b) using counter flaw convection in the outer 

annulus a maximum decrease of 1000 (1.47%) would be 

obtained in the wall temperature. 	For the flow conditions 

shown on Fig. 6.2.1, increasing the lip length and decreasing 

the lip thickness within the practical range would make little 

difference to the wall temperature. 
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CHAPTER 

7.1 	General conclusions. 

Conclusions specific to the work described in each 

of chapters 3, 4, 5 and 6 are listed in the last section of 

the relevant chapter. 	The present section lists the 

conclusions in a more general way in that it explicitly 

brings together the conclusions of individual chapters and 

indicates their inter-relationships. 	The conclusions 

presented in this section indicate the extent to which the 

aims of the present study, as listed in section 1.2 have been 

achieved. 

1. The effectiveness and heat transfer coefficient down-

stream of three-dimensional discrete hole film-cooling slots 

are significantly influenced by slot geometrical parameters 

and the flow parameters at the slot exit. 	The present 

measurements imply that the effects are complex and a general 

prediction procedure, based on relevant differential equations, 

is necessary to understand the influences clearly. 	Such a 

prediction procedure must always take into account the values 

of Pi/D, t/D, b/D, H/D, UC/UG  and pc/P G  and should be able to 

quantify their influence on Tl and hf. 

2. A prediction procedure based on the steady three-

dimensional boundary layer equations of conservation of mass, 

momentum and species or enthalpy and the numerical algorithm 

developed by Patankar and Spalding is shown to yield 

satisfactory predictions of 11 and hf downstream of discrete 

hole film-cooling slots. 	The procedure incorporates a form 

of mixing length hypothesis and permits, the influence of 
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important parameters on effectiveness and heat-transfer 

coefficient to be satisfactorily predicted. 

3. The balance of convective and radiative heat fluxes on 

the two sides of a combustion chamber flame tube wall has led 

to predicted wall temperatures which are within the possible 

error margin of the measured wall temperatures. 	The error 

margins in wall temperature measurements and computed values 

of gas temperature used for wall temperature predictions are 

large and make it impossible to assess the accuracy of wall 

temperature predictions. 	Although the precision of absolute 

magnitudes of predicted wall temperature cannot be assessed, 

the present procedure indicates the relative significance of 

different geometrical parameters on the wall temperature. 

These relative trends are of direct relevance to the design 

of practical film-cooling slots. 

4. The solution procedure of Spalding and Patankar (9) for 

two-dimensional boundary layers has been modified to include 

relevant conservation equations with an appropriate version 

of Prandtl's mixing length hypothesis and thereby, to predict 

the influence of longitudinal curvature on two-dimensional 

wall-jets. 	The procedure has been shown to satisfactorily 

predict the effect of longitudinal curvature on the impervious 

wall effectiveness and growth rate parameters of wall-jets. 

5. The merits of replacing Prandtl's mixing length 

hypothesis by a three equation turbulence model (equations 

for turbulent kinetic energy, dissipation of turbulent 

kinetic energy and turbulent shear stress), for the 

prediction of impervious wall effectiveness downstream of 

two-dimensional film-cooling slots have been assessed. 	The 
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accuracy of predictions obtained with the three equation 

model depends upon the precision of the initial conditions 

provided. 	For the initial conditions provided in the 

present calculations, the three-equation model results in 

predictions that are similar in precision to those obtained 

with the mixing length hypothesis. 

6. 	The procedure of Gosman et al. (10) for solving two- 

dimensional elliptic equations has been combined with the 

procedure of Spalding and Patankar (9) for solving two-

dimensional boundary layer equations and provides a general 

solution procedure to predict effectiveness downstream of 

two-dimensional slots. 	The procedure is shown to predict 

effectiveness satisfactorily in the presence of thick lip and 

backward facing step. 

7.2 	Recommendations for future work. 

Although the aims formulated in chapter 1 of the 

present thesis have been achieved, the present work should be 

considered as a beginning for a systematic investigation of 

practical film-cooling. 	The gas conditions existing inside 

a combustion chamber and the performance of practical film-

cooling slots, are the two main fields in which further 

research should be done before the mean wall temperature of 

a flame tube can be predicted with confidence. 	The research 

reported in the present thesis has contributed to the 

understanding of cooling performance of practical slots and 

the purpose of this section is to provide suggestions for 

future research in that direction. 

1. 	In the immediate neighbourhood of the slot exit, forward 
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recirculation is present and in that region the complete 

three-dimensional time averaged Navier-Stokes equations are 

required to represent the flow. 	In the downstream region 

there are no forward recirculations and the three-dimensional 

boundary layer equations represent the flow correctly. 

Therefore a calculation procedure should be developed which 

solves the relevant equations in the upstream and downstream 

regions, in a way similar to the method reported in section 

4'2 for'two-dimensional film-cooling. 	Such a procedure 

should also be used to predict the flow downstream of film-

cooling slots that have normal injection holes along with the 

tangential holes, usually known as splash cooling slots and 

are used in practice. 

2. The experimental investigation should be extended to the 

measurement of effectiveness, heat-transfer coefficient and 

detailed profiles downstream of splash cooling slots. 	The 

influence of various parameters, relevant to these slots, on 

the cooling performance should be investigated and the 

important parameters identified. 	Measurements should be 

made in a manner so that the validity of the solution 

procedure suggested in the above paragraph can be assessed. 

3. The present work has reported some measurements down- 

stream of a slot having three rows of holes. 	A more 

extensive experimental study should be carried out on multi-

row slots to provide the optimum balance between the number 

of rows and machining costs. 	A prediction procedure should 

also be developed for such slots. 	Since the flow down- 

stream of the multirow slots becomes two-dimensional at 

short distances from the slot exit, use of the present three- 
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dimensional procedure should not be preferred to use of two- 

dimensional solution procedures such as ref. (9). 	However 

in the vicinity of the slot exit, flow is complex and 

prediction in that region would require solution of complete 

Navier-Stokes equations with a complex turbulence model. 

4. 	Although the present calculation procedure with the 

simple physical hypothesis has faithfully predicted a wide 

range of data on wall properties for discrete hole slots, it 

will not predict the details of the flow *with the same 

precision'as it does not take account of noncoincidence of 

zero shear stress and zero velocity gradient in wall jet flows. 

To be able to predict the details of the flow correctly, the 

present physical hypothesis should be replaced by a turbulence 

model which solves for each turbulent shear stress appearing 

in the governing equations. 	In addition to shear stress 

equations such a model will require the solution of 

turbulent kinetic energy and will be able to predict the 

influence of turbulence levels in the flow field. 	However 

for predicting the wall properties, in particular the wall 

temperature of a flame tube, an advanced model need not be 

usedr•since reliable estimates of gas temperature and wall-

temperature measurements are not available. 
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NOMENCLATURE  

Symbol 	 Meaninq 

a 	 constant in eq. (3.1-2) 

a 	 coefficient in eq. (4.1-12) 

A 	 coefficients in difference equations 
of section (5•1'2) 

A
C 	 constant in eq. (4.1-10) 

fictitious source term in eq. (5•1•22) 

A
K 	 constant in mixing length 

A0 	 open area of the slot 

A
t 	 total area of the slot 

b 	 constant in eq. (3.1-2) 

b1 	 coefficient in eq. (4'1-12) 

B 	 coefficients in difference equations 
of section (5•1-2) 

c 	 concentration 

coefficient in eq. (4'1'12) 

c/ 	 concentration fluctuation 

C! 	 constant in eq. (2.4•2) 

C
D 	 constant in eq. (2.4'3) 

C
f 	 shear stress coefficient 

CI 	 internal convection eq. (6.1-3) 

C
o 	 external convection eq. (6°1-5) 

CP 	 specific heat at constant pressure 

C
pl 	

(P
W - PG)/iPGUG 

Cs 
constants in eq. (4'2•6) 

S2 

3 	 constants in eq. (4'2'8) c 
e2 
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Symbol 	 Meaning  

d
1 	 coefficient in eq. (4.1'12) 

D diameter of the hole OR 
coefficients in section (5'1.2) when 
appearing with a superscript 

mean diameter of slot 5; equivalent 
to a single row of holes to give the 
same open area 

E constant in the law of the wall 

F 	 pressure gradient parameter 
-dP 
dx -10

U
2 2.5 
j 

Gr 	 Grashof number 

hf 	 heat-transfer coefficient in presence 
of film-cooling 

hL 	 heat-transfer coefficient of losses 

h
2 	 heat-transfer coefficient of external 

convection 

H defined in Fig. 3.'2-1 

H
L 	 defined in Fig. 3.2.1 

H
12 	 sh6pe factor 

J diffusional flux 

k 	 kinetic energy of turbulence 

K reciprocal of radius of curvature 

K
1 	 constant in the law of the wall 

K
2 

K
3 
	 constants in eq. (2-4'3) 

K 
I' 	 pressure gradient parameter 

Ev/U2
G. dUG 

 /dx] 
 

Prandtl's mixing length 

length of the hole 

L 
	

lip length 

m 	 slot to main stream mass velocity 
ratio 
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Symbol 	 Meaning  

mp 	 mass source. eq. (5•1•17) 
N number of rows of holes 
NU
D 	

Nusselt's number based on the hole 
diameter 

Nu
free 	 Nusselt's number of free convection 

P 	 average pressure over a cross-section 

P pressure in the y-z plane 

Pi 	 pitch of the hole 

Pr 	 • Prandtl number 

4"gen 	 generated heat-flux 

qw 	 heat-flux at the wall 

R 	 radius of curvature 

RC 	 Reynolds number based on slot 

R
E 	

Reynolds number for the first grid 
interval near the wall 

R
I 	

internal radiation. eq. (6.1-1) 

R
0 	 external radiation. eq. (6°1.4) 

R
R 	

Reynolds number based on the radius 
of curvature 

R
X 	 Reynolds number based on longitudinal 

distance 

Rb 	 Reynolds number based on momentum 
2 	 thickness 

S shear stress coefficient. eq. (4.1-15) 

S
1 	

correlation parameter of Sturgess. eq. 
(2'4'2) and eq. (2.4-3) 

t thickness of lip 

T 	 temperature 

u fluctuating component of velocity in 
x-direction 

u
/ r (fig. 3'1-9) 

uv 	 turbulent shear stress 

conditions 
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Symbol 	 Meaning  

U mean velocity in x-direction 

UC' UC 	
mean velocity at the slot exit 

UW 	 velocity deficit in the wake 

, 
UCm2+ U

G  
Umin 

U 21  

G 
U+ 	 dimensionless velocity r 

-U cf"' 

✓ fluctuating component of velocity in y-
direction 

v 

✓ mean velocity in y-direction 

w fluctuating component of velocity in 
z-direction 

tri5  
mean velocity in z-direction 

x 	 longitudinal distance 

xp 	 length of the potential core 

X 	 correlation parameter. eq. (2.4-l) 

y 	 distance normal to the wall 

yc 	 slot height 

c y+ 	 dimensionless distance [y G 
— v 2
f 
 

Y
H 	 defined in fig. 3.2'9 

z 	 lateral distance 

a
w 	 flame absorptivity at the wall 

diffusivity 

Lx 	 length of the forward step 

6 	 upper lip boundary layer thickness 

8
1 	 displacement thickness 

6
2 	 momentum thickness 

6
W 	

width of the wake 

dissipation of kinetic energy of 
turbulence 
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Symbol 	 Meaning  

	

c 	 emissivity of the combustion chamber 
casing 

	

G 	 emissivity of the flame 

Cw 	 emissivity of the flame-tube wall 

elAr 	 effective emissivity of the flame-tube 
wall and the casing  

film-cooling effectiveness 

XLI 	
defined in eq. (4•2.12) 

X 	 mixing length constant 

laminar viscosity 

kinematic viscosity 

P 	 density 

pw 	 average density in the wake 

shear-stress 

	

1 	 a conserved property 

concentration or enthalpy 

*I an integral 	j
2'5 

 PU dy/(PU) 2•5j2-5dy] 
O 

 

111 	 stream function 

a 	 Prandtl or Schmidt number 

a
s 	 Schmidt number for turbulent shear stress 

a
B 	 Stefan-Boltzman constant 

cu 	 non-dimensional stream function 

vorticity 

Subscript 	 Meaning  

a,w or ad 	 adiabatic wall 

c 	 concentration 

C , j 	 secondary flow 

	

Cm 	 secondary maximum 
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Subscript 	 Meaning  

c,t 	 concentration equation, turbulent 
component 

E east point' 

eff 	 effective 

exp 	 experimental 

G or 'cc 	 main flow 

imp 	 impervious wall 

k 	 kinetic energy of turbulence 

k,t 	 k equation, turbulent component 

max 	 maximum 

min 	 minimum 

N north point 

grid point 

prd 	 predicted 

S south point 

t turbulent 

w 	 wall 

W west point 

y 	 direction y 

dissipation of turbulent kinetic 
energy 

1 
2 	 length corresponding to half velocity 

difference 

2•5 	 mid point of cell nearest to wall 

P pressure 

U mean longitudinal velocity 

✓ mean velocity in y-direction 

W mean velocity in z-direction 

corresponding to guessed pressure 

correction to guessed quantities 
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Fig. 3.1.4. 	Schematic diagram of the secondary flow circuit. 
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Fig. 3.2.1,-  Single hole slot geometry. 



Table 3-2-1  

X D L H HL  2D t UC/UG PC /A G 

0 to 880 5,8,10,  
12.5 

0 •5 1• 25 1.25 •4 to 2.4 1.0 

0 to 880 5,8,14 0 •5 1.0 25 1.25 

- 

-2 to 1.0 

, 

' 	4.17 

0 to 880 12.5 0 •5 1.0 25 1.25 cc 1'0 

0 to 640 8 0 •5 to 
8.0 

1.0 25 1.25 -.85 to 1.8 1.0 

0 to 880 10 0 to 
2-2 

•5 1'0 25 1.25 1'0 to 1.8 1.0 

(all dimensions dimensions in mm). 
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Fig. 3.2.4.(a) 	Measured profiles of longitudinal velocity 
and concentration on the centre line down-
stream of a single hole slot for Uc/UG  = 0.9 



Fig. 3.2.4.(b) 
	

Measured profiles of longitudinal velocity 
and concentration on the centre line down-
stream of a single hole slot for Uc/UG  = 1.3 



Fig. 3.2.5. Measured impervious wall effectiveness along the 
centre line of single hole slots for Pc/Pa  = 1.0 
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Fig. 3.2.9. 	Multi hole slot geometry. 



TABLE 3-2.2  

YH D 1:),1 t AD N Ao Ao/Pt 

Slot 1 15.25 12.5 25 2.25 25 1 15.3 x 102  .328 

Slot 2 23.25 12.5 25 10.25 25 1 15.3 x 102 .215 

Slot 3 10.95 9 12.5 1.60 18 1 15.3 x 102 .457 

Slot 4 3.72 2 4 1.64 4 1 2.45x 102 .215 

Slot 5 15.25 3.18 4.77 2.25 6.36 3 15.3 x 102 .328 

(all length dimensions in mm) 
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Fig. 3.2.12. 	Measured impervious Wall 
effectiveness downstream of slot 3. 
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U 

Fig. 4.1.1. 	Coordinate system for a wall jet over a 
curved surface. 



TABLE 4.1.1  

Authors Ref. No. Measurements 

R.A. Sawyer 68 Surface pressure, decay of maximum velocity, rate of growth 
and 17, v2, uv of turbulent wall jets on logarithmic sprial 
surfaces in absence of free stream. 

S. Eskinazi 
& H. Yeh 

71 Turbulence intensity, turbulent shear, and energy spectrum 
for flow in a curved channel. 	Mean flow properties are not 
measured. 

B.G. Newman 75 

- 
Surface pressure, decay of maximum velocity, rate of growth 
of turbulent wall jet outside a circular cylinder in absence 
of free stream. 

D.E. Guitton 74 
Surface pressure, decay of maximum velocity, rate of growth 
of turbulent wall jet inside a circular cylinder in absence 
of free stream. 

• 

R.J. Kind 76 
Surface pressure, decay of maximum velocity, rate of growth 
of turbulent wall jet outside a circular cylinder in 
presence of a free stream: lift coefficients for the 
aerofoil also measured. 

G.B. Schubauer & 
P.S. Klebanoff 77 

Displacement and momentum thickness, wall shear stress 
coefficient on a convex surface in presence of severe 
main-stream pressure gradients. 
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growth rate of a turbulent wall jet on a concave 
surface. 	Data of Guitton (74) 
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Fig. 4.1.3. 	Surface pressure, decay of maximum velocity 
and growth rate of a turbulent wall jet on 
a convex surface. 	Data of Newman (75). 
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Fig. 4.1.4. 	Decay of maximum velocity and wall shear 
stress for laminar wall jet, on curved 	 

R = 2.55"; ye = 0.282R; 	 =2000,  surfaces. 
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Fig. 4.1-5. 	Surface pressure and decay"of maximum 
velocity of a turbulent wall-jet on 

. logarithmic-spiral surfaces. 	Data 
of Sawyer (73). ,yc 
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to Fig. 4.1.6. 

Fig. 4.1.7.(b) 	Impervious wall effectiveness 
corresponding to Fig. 4.1.6. 
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Fig. 4.1.8. 	Surface pressure and the wall shear 
stress for a turbulent wall jet on a 
convex surface in the presence of a 
free stream. 	Data of Kind (76). 
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TABLE 4.1.2 

Comparison between the experimental result of reference 77  

and computations with and without curvature modifications' . 

x ft, 'Experimental With Curvature Without Curvature 

Cl H12 82 in Cf H 12 82 in C f H12 62 in 

16.5 .00238 1.310 .225 .00246 1.3143 .218 • .00246 1.314 .216 

18.0 .00236 1.298 .232 .00236 1.3151 .232 .00240 1.313 .240 

20.0 .00194 1.359 .324 .00186 1.3728 .350 .00208 1.349 .312 

23.0 .00102 1.613 .671 .00714 1.4797 .695 .00136 1.470 .60 

25.0 .00025 2.324 1.136 .00088 1.5571 .996 .00116 1.530 .830 

ti 
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Fig. 4.2.1. 	The general flow configuration of a 
two-dimensional film-cooling slot. 
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x/yc  12.5 32.5 52.5 72.5 92.5 112.5 132.5 172.5 212.5 IV% 

Exp .930 .655 .530 .405 .318 .288 .244 .210 .170 .575 

C .984 .598 .401 .331 .288 .252 .224 .187 .162 Air 

A .935 .532 .362 .302 .267 .235 .211 .178 .156 

Exp .955 .800 .661 .635 .565 .540 .511 .461 .394 1.035 

C .977 .862 .772 .706 .650 .601 .556 .472 .403 Air 

A .915 .751 .667 .611 .564 .525 .488 .420 .364 

Exp .954 .807 .705 .608 .594 .520 .505 .461 .425 1.85 

C .957 .777 .674 .616 .575 .544 .518 .478 .446 Air 

A .90 .710 .605 .520 .480 .420 .400 .381 .345 

Exp 1.00 .975 .936 .920 .885 .870 .840 .785 .752 .884 

C .989 .976 .946 .912 .876 .839 .806 .747 .696 F12 

Al .971 .945 .905 .868 .833 .798 .767 .716 .674 

A2 .932 .888 .829 .774 .725 .682 .645 .586 .540 

Exp .996 .990 .960 .940 .922 .905 .890 .870 .845 1.645 

C .984 .935 .881 .841 .797 .765 .736 .692 .658 F12 

Al .979 .931 .866 .810 .774 .740 .716 .675 .643 

A2 .938 .797 .713 .664 .617 .581 .555 .513 .481' 

TABLE-4.2.1. Predicted values of impervious wall effectiveness with 

initial profiles of concentration shown on Fig.4.2.2- 
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UC/UG RC PC/PG 

.55 1970 1.0 

.76 2620 1.0 

1.23 4170 1.0 

1.85 6330 1.0 

.575 5150 4.17 

1.645 14250 4.17 

Mixing Length 	Present Model 

A100 	Dmax 	 100 max 

.030 	± 0.03 good 	.07 	- .074 fair 

.034 	+ .03 good 	.050 	+ .046 good 

.024 	+ .02 good 	.034 	+ .06 good 

.063 	+ .07 fair 	.016 	- .031 good 

.012 	+ .02 good 	.064 	- .120 fair 

.018 	- .07 good 	.085 	- .110 fair 

Ratings: 	0.05 	Good 
0.05 <pc < 0.11 Fair 
0.11 < 	Poor 

TABLE - 4.2.2. 
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Pig. 5.2. 	Slot configuration and the coordinate system. 
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for a multihole slot. 



a 
	 207 

0.4 	0-8 ' 	1-2 	1.6 0 	04 	0.8 	1.2 	1.6 
t /D 	 t/D - 

Fig.5.2.9.Influence of lip thickness on impervious wall effectiveness. 

S/D 6/0 
Fig.5.2.10.Influence of the thickness of the boundary layer on the 

upper surface of the slot, on limp. 



0•2 

0 

3 
P/D 

3 	4 	5 1 
P/D 

208 

x/D 

ec  4= 2-10. 	x / D 

10 
6)c leo = 1 * ° 

25 

25 
50 

50 

Fig. 5-2.11. 	Influence of hole pitch to diameter ratio on 
impervious wail-effectiveness. 

1• 0— Pc  / PG- 1.0
x/D  
10 

0.8 

25 

50 
0.4 

2 	4 	6 	8 
L/D 

Fig. 5.2.12. 	Influence of lip length on impervious 
wall-effectiveness. 

25 

Pc  /PG  -2.10 x/D 10 

4 
LID 



1 	1 
0.8 
U 

04 	0,S 0 
Uc ( UG  

xit) So 
0 lc) 

   

    

E'cie 

Fig. 5.2.13.(a) Comparison between measured and 
predicted values of heat-transfer 
coefficient downstream of slot 1. 

Fig. 5.2-13.(b) 	Predicted values of heat- 
transfer coefficient in presence 
of density gradients. 
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Fig. 5.2.14. 	Influence of lip thickness on heat-transfer 
coefficient. 
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Fig. 5.2.16. 	Influence of hole pitch to diameter ratio 
on heat-transfer coefficient. 
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• Fig. 6.2.1. 	Practical slot geometry, gas velocity and 
temperation variations and measured and 
predicted values of wall temperature. 
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