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ABSTRACT 

Experimental measurements and matching predictions of the 

impervious-wall effectiveness and several local quantities in the 

two-dimensional flow field downstream of some film cooling geometries 

are presented. The geometries chosen are idealised representations 

of those found in gas turbine practice. 

Measurements were made with a highly automated experimental 

system which was specificallydeveloped. Impervious-wall effectiveness 

was measured for three values of the secondary (slot) to primary trearis 

mass velocity ratio and two values of the slot to stream density ratio. 

For each of the geometries the relevant geometrical parameters were 

also considered. Detailed measurements of velocity profileA and the 

profiles of the fluctuating components of velocity, the local turbulent 

shear stress and spectra of turbulence were made for selected geometrical 

parameters. 

A solution procedure was developed based on an algorithm for 

the finite-difference solution of time- -averaged two-dimensional 

Navier-Stokes equations. It incorporates a Prandtl-Kolmogorov model 

of turbulence with the effective viscosity defined by the solution of 

partial differential equations for the turbulent-kinetic energy and 

the dissipation of turbulent-kinetic energy. The agreement between 

computed predictions and experimental measurements was satisfactory. 
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Chapter 1 

INTRODUCTION 

1.1 The film cooling problem 

This thesis is concerned with some specialised aspects of the 

cooling of gas turbines, in particular those used for the jet propulsion 

of aircraft. To make such engines compact, light-weight and with sup-

erior specific fuel consumption there is the need to increase the 

operating pressure and temperature of the combustion chamber. Pressures 

of upto 4o atmospheres are forseen and temperatures may go to those 

corresponding to stoichiometric fuel-air mixtures; provided materials 

and cooling designs can be developed that will tolerate temperatures 

upwards of 2000 Celsius. 

Temperatures of this magnitude are beyond the metallurgical 

limits of presently available alloys. There is much effort in, this 

direction but such alloys and cermets as have been developed, have 

poor fabricability, strength or resistance to thermal and mechanical 

fatigue. Every metallurgical advance in the history of gas turbines 

has been inevitably followed by the designers increasing the operating 

temperatures in quest of higher thermodynamic efficiency , or by 

advances in combustion efficiency. 

Some form of engine cooling has been and always will be needed. 

The components of the engine where cooling is critical are the walls 

of the combustion chamber and the guide vanes and blades of the turbine. 

The cooling techniques which have been developed may be categorised as 

convection cooling, transpiration cooling, film cooling and combinations 

thereof. 

Upto the present time convection cooling has been the major 
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technique of cooling the turbine. The blades and vanes are made with 

hollow passages through which cooling air is blown. This is not entirely 

satisfactory because it is the wall which is exposed to the highest 

temperature and there can be steep gradients of temperature between 

the surface and the coolant bulk. Convection cooling is therefore 

limited to the less critical turbine blade applications, but modern 

practice is to augment convection cooling by transpiration or film 

cooling. 

Transpiration cooling requires that the walls of the surface 

to be cooled be constructed of a porous material usually made by 

sintered powder metallurgy. The coolant is injected through the pores 

thus cooling the surface and convecting the heat away. The major draw-

backs of the technique are: that special care has to be taken in 

fabrication, that the material is structurally weak and that the pores 

are liable to blockage when the aircraft operates in dusty conditions. 

Further, high coolant rates cannot be maintained because of excessive 

pressure drop and the aerodynamically unacceptable possil5Eity of 

blowing off the boundary layer. However, transpiration cooling has 

achieved some success in blade cooling but even here film cooling is 

begi4ng to prove popular. 

Film cooling attempts to cool and protect the surface by 

blowing a thin film of cooler air along the surface. This film is 

continously renewed and,in addition to insulating the surface, convects 

the heat downstream. Film cooling is the best cooling technique for 

combustion chamber walls and has been used to augment the cooling of 

turbine guide vanes and blades. A similar technique, termed film 

heating, is used for de-icing of aircraft wings, engine intakes and 

wind screens. The hydrodynamic aspects of film cooling are of 

partic ular significance in boundary layer control. 

Film cooling will be the most significant engine cooling 
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technique for some years. In specific applications it is advantageous 

to combine film and convection cooling. This secures fuller utilisation 

of the coolant by first using it as a heat sink and then ejecting it as 

a film. A review of various schemes for combined film and convection 

cooling was recently published by Colladay (1972) 

1.2 Survey of film-cooling geometries 

The most effective film cooling and the maximum surface 

protection for a given coolant flow is almost always achieved by span-

wise -continous injection of coolant directed tangentially to the 

surface. Various considerations, however, make this unattainable. 

Structural considerations make it difficult to have a span-

wise-continous slot. The usual practice is, therefore, to have a 

number of discrete slits or holes. Fabrication limitations may pre-

vent the injection being perfectly tangential though it may be par-

allel to the surface; this is analagous to injection over a hackward 

facing step. At the outlet end of the combustion chamber the chamber 

walls converge and though infection is tangential to the wall it is 

not parallel to the hot stream. 

The above remarks are relevant to combustion chamber cooling. 

For film cooling of blades and guide vanes aerodynamic considerations 

rule out tangential injection and it is standard practice to inject 

through flush slots angled from 3o to 45 degrees to the surface. 

1.3 Relevance of the present selection 

As described above, the film cooling slots in practice 

arrange for injection through discrete holes and the resulting flow 

field is three dimensional. The flow is further complicated by non 

adiabatic walls, temperature gradients and large density gradients. 

This multi-parameter problem is not easy to analyse except on the 

basis of empirical correlations of an extensive parametric study. 
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It is proposed instead to base the analysis on the governing 

differential equations and physical flux laws and thus lay a sound 

foundation for the mathematical modelling of these complex flows. 

There was therefore the need for an algorithm to solve the non-linear 

partial differential conservation equations. No reliable algorithm 

was at hand for three-dimensional flows and it was decided to use one 

available for two-dimensional steady recirculating flows. 

The above decision limited the choice of the geometries to be 

investigated to those which would produce a two-dimensional flow field, 

i.e. with spanwise-continous injection. The idealisation of the practical 

geometries gives plane two-dimensional flow. Further simplifying 

, assumptions are that the flow is incompressible and that the wall is 

smooth and adiabatic. These are not restrictive simplifications. 

The study of the idealised two-dimensional geometries by the 

method proposed above, is the first step towards a more comprehensive 

study of practically releVant configurations. The reduction in the 

number of parameters permits a clear understanding of the basic nature 

of the flow. Also they represent a limiting case: if any configuration 

has unacceptably low effectiveness, its three-dimensional counterpart 

is unlikely to be more satisfactory. 

The above justification led to the choice of four geometries 

for closer study. These are shown schematically in Fig. 1.1 . 

1.4 Review of previous work  

The technological relevance of'film cooling has stimulated a 

number of investigations of its .effectivness and associated problems. 

These investigations fall into two categories: 

1. 	Research done by the engine manufacturers into practical 

configurations; for proprietary reasons full details are not released 

and the analyses are simple and correlative in nature. A recent paper 

by Sturgess (1969) is an example. 
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2. 	University based research into the more basic aspects of film 

cooling; Whitelaw (1965) has reviewed the investigations and Kacker 

(1969) has updated it. The three active schools since 1969 are : 

Minnesota - Goldstein et al (197o), Eckert (1971) - Arizona - Metzger 

et al (1971),(1972) - and the author and his colleagues at Imperial 

College - Sivasegram and Whitelaw (1969), Nina and Whitelaw (1971), 

Matthews and Whitelaw (1971),(1972), Rastogi and Whitelaw (1971),(1972), 

Kacker and Whitelaw (1969),(197o),(1971) and Pai and Whitelaw (197o). 

Many of these have a direct relevance to the present thesis and detailed 

references are made in the text. 

To a large extent these researches are complementary and 

carried out in parallel. It is hoped that the present contribution finds 

a place in the furthering of the understanding of film cooling. 

1.5 Outline of thesis  

The thesis consists of seven chapters. The main body of the 

thesis is in five of the chapters. This Introduction is Chapter 1 and 

Chapter7 is a Sequel. The main thesis may be considered in two segments: 

first the experimental measurements and then the computed predictions. 

The segment on experiments begins with Chapter 2 which 

describes the experimental procedures and equipment used. Chapter 3 

deals with the measurements of the impervious-wall effectiAess. The 

objectives and scope- of the mesurements are first discussed : sub-

sections present the measurements for three configurations (correspond-

ing to Figs. 1.1b, 1.1c and 1.1d ) and discuss the implications. 

Chapter 4 deals with the aerodynamics of the flow. Flow 

sepwation and flow periodicity phenomena are discussed and measurements 

reported for three configurations(correspondinc to Figs. 1.1a, 1.1b 

and 1.1c ) and detailed turbulence measurements for two configurations 

(corresponding to Figs. 1.1b and 1.1c),It will be noted that only a few 
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measurements are made on the configuration corresponding to Fig. 1.1a; 

this was investigated in an earlier thesis - Kacker (1969) - and the 

present measurements are a check. 

The segment on predictions begins with a description of the 

Solution Procedure in Chapter S. Brief details of the numerical 

algorithm are given and the choice for the mathematical model of 

turbulence discussed. The predictions obtained, with the Solution 

Procedure, are presented in Chapter 6 and comparison made with the 

measurements in earlier Chapters. 

The Sequel reviews the first six chapters and draws conclusions. 

On the basis of this and other current work some recommendations are 

made for future research. 
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Chapter 2 

EXPERIMENTAL PROCEDURES AND EQUIPMENT 

2.1 Introduction  

This Chapter describes the equipment used and the procedures 

followed in obtaining the measurements reported in later Chapters. 

Wherever possible commercially available equipment was used and only 

the model number is quoted. Brief specifications are given for the 

more unusual instruments. 

The techniques describeS-are those which have led to a qual-

itative understanding or quantitive measurement of the perfomance of 

film cooling geometries. These include flow visualisation, effectiveness 

evaluation by gas concentration measurement and a study of the turbulent 

flow field by hot wire ariemometry. The need for accurate recording and 

rapid processing of the data led to the use of automated systems. 

Some of the measurement techniques such as those for gas 

concentration measurement are new developments and have been described 

in greater detail. The pioneering use of digital computers for on-

line reduction of turbulence data is fully documented elsewhere: 

Matthews (1972). 

2.2 Wind tunnel  

Measurements were made in the 18 inch x 12 inch (o.457m x 

o.3o5m) open circuit wind tunnel previously described by Whitelaw 

(1967). The flow in the working section has a turbulence level less 

than o.4% at a velocity of 2o m/s . This velocity could be varied 

from 10 to 3o m/s by regulating a throttle on the blower inlet. 

Prior.tests had established that the flow in the working section was 

two-dimensional. 
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The tunnel has a secondary air system designed for large scale 

film cooling investigations. The air is supplied by a separate blower 

and metered with a standard orifice. A heat exchanger, at the inlet to 

the secondary system, was used to equalise the temperature of the 

secondary and primary streams as measured at the inlet to the working 

section of the tunnel. The flow rate was regulated by a butterfly 

valve. 

A separate butterfly valve regulated a branch of the secondary 

system through which Freon-12 could be introduced. This branch had a 

manifold to which upto 6 cylinders of Freon could be connected. The 

flow rate was metered by a standard orifice.It was thus possible to 

blow either air or Freon or a mixture of both through the secondary 

system. The two branches were upstream of the secondary blower and 

thorough mixing of the secondary gases was obtained in the blower. 

The secondary blower discharges into a plenum through a short 

flexible duct. This, together with screens in the plenum, ensured 

that the flow in the plenum had a turbulence level less than o.5% 

and without any preferred frequency in the spectrum of turbulence. 

Probe traversing. It was possible to move a probe within the tunnel 

independently and accurately in all three coordinate directions. The 

probe positioning block consisted of two machine tool type slides. 

The lower slide permitted movement in the x-direction. The lower sliding 

block had another slide cut in its top surface in which another sliding 

block could move in the z-direction. These two slides were precision 

machined to a modified optical bench design. The slides were actuated 

by micrometer spindles on ball bearings. Backlash was completely 

eliminated by spring loading the moving blocks against the micrometer 

spindle. The micrometers had a maximum extension of 5o mm with a 

resolution of o.o1 mm . The entire positioning block could be relocated 

anywhere along the length of the tunnel by moving it within a groove in 

the tunnel ceiling. 
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Traversing in the y-direction was accomplished using a DISA 

55Ho1 Traversing Mechanism. In this system the probe is supported by a 

4 mm stainless steel tube held by a chuck in a 10 mm stainless steel 

guide tube. This is guided by two V-face guide rollers and traversed 

by a drive roller . The roller is driven through a gear box with 

facilities for 1:1 coupling and 1o:1 coupling. The drive is provided 

by a Philips Type 99o4 112 o6001 stepper motor actuated by synch-

ronous pulses from a DISA 52Bo1 Sweep Drive Unit. The Unit gives an 

output signal which isalinear function of the probe position. The 

mechanism has a maximum traverse length of 100 mm and resolution of 

o.o2 mm with a 1o:1 gear ratio. The corresponding figures for 1:1 

gear ratio are 1000 mm and o.2 mm . 

2.3 Slot geometries  

The secondary plenum lend to the floor of the wind tunnel 

working section. A number of different slot configurations were 

constructed which controlled the injection of the secondary stream 

into the working section. Details of these slots are given below. The 

common feature of all was that the slot spanned continously across 

the 18 inch (o.457 m) width of the tunnel. The flow in the working 

section was essentially two-dimensional. Surface flow visualisation 

confirmed the two-dimensionality of the flow, except for 10 mm wide 

regions adjacent to the tunnel side walls. 

The construction details of the tangential injection 

geometry are shown in Fig. 2.1 . The slot height could be varied from 

o to o.3 inch (7.6mm) to an accuracy of within o.003 inch checked by 

precision slip gauges. The thickness of the slot lip could be varied 

by locating machined metal plates of different thicknesses on top of 

the slot lip contraction. They were located with fitted recessed screws. 

An extension of the above geometry leads to the configuration 

of the secondary fluid injected over a backward facing step. This is 
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shown schematically in Fig. 2.2 . The height of the step could be 

contAusly varied upto o.5 inch (12.7 mm) . In the limit of zero 

step this geometry reverts to the tangential injection geometry pre-

viously described. 

The third geometry constructed was for flush angled injection 

Fig. 2.3 . This was set up using precision milled perspex slot pieces. 

The downstream piece had a semicircular cylinder screwed to its under-

side to prevent flow separation at inlet. The upstream piece had 

screwed to it the leading edge for the primary stream. It was mounted 

on rails, thus permitting the slot separation to be continUously 

varied upto o.5 inch (12.7 mm). 

The fourth geometry constructed was for tangential injection 

into a converging flow. The downstream slot piece of the third geometry 

was removed. Instead a separate inclined base plate, made of tufnol, 

was inserted with its leading edge into the secondary plenum as shown 

in Fig. 2.4 . This plate'spanned across the full width, of the tunnel 

and could be supported at angles between 2o and 5o degrees. By inclin-

ing it at the same angle as the upstream slot piece, tangential 

injection was possible. To the trailing edge of the plate was attached 

a short piece parallel to the roof to form a parallel section. This 

was to ensure that the effect of the following expansion was not fed 

upstream into the converging section. 

2.4 Concentration measurement  

The advantage of the mass transfer analogy in film cooling 

effectivenezmeasurements has been described by Whitelaw (1967) , 

Pai (1969) , Kacker (1969) and others who used it. The measurement, 

within the flowlof the mass fraction of a tracer gas introduced into 

the secondary is analogous to the measurement of the temperature(or 

enthalpy) field provided the eddy diffusivities of enthalpy and 

species transport are equal. In particular, measurement of the mass 
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concentration at the wall leads to the direct evaluation of the impervious 

wall effectivness, analogous to the adiabatic-wall effectiveness.The 

significant advantage of the analogy is that an impervious wall 

condition is more easily achieved than an adiabatic wall. 

The concentration analysis system of the above investigators 

consisted of a gas chromatograph to seperate the gas components and 

a detector to produce a chromatogram. The detector was a thermal 

conductivity cell and the tracer was Helium chosen for its high thermal 

conductivity. 

2.4.1 Microkatharometer. The experimental technique was modified from 

that described above to permit rapid, on-line concentration measurements. 

Since only two-component mixtures were to be analysed, the chromatograph 

colOumn could be eliminated provided a sensitive detector were available. 

The detector employed was the microkatharometer Servomex MK158 

which combined sensitivity with stability , low internal volume and 

the ability to sustain high flow rates. The microkatharometer consisted 

of two chambers, each of 2.6 mm
3 
 internal volume and containing a 

matched pair of platinum filaments. The two sets of filaments formed a 

Wheatstone bridge and were supplied with constant voltage by an external 

control unit with zeroing and signal attenuation controls. The balance 

voltage, which resulted from one set of filaments being exposed to a 

gas of different composition to the reference gas, was scanned by a 

data acquisition system. The flow rate of both streams was regulated 

by matched needle valves and measured on matched rotameters. The 

microkatharometer and preheating coils were housed in a thermostatic 

oven. These precautions ensured that the balance voltage was a 

function of concentration alone. 

2.4.2 Calibration of microkatharometer. The reference gas used was 

laboratory air. This neutralised the humidity of the air in the sample 

and any small build up of tracer gas in the laboratory environment. 
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The microkatharometer was calibrated for tracer concentrations of Helium 

(volume concentration less than 1%). For such low concentrations the 

balance voltage is linear with concentration. 

For experiments in which the secondary gas contained Freon, no 

tracer is needed. Large concentrations are to be expected however. The 

calibration is shown in Fig. 2.5 and is not linear. For the mass 

concentration range upto o.5 the following law may be fitted: 

c = o.o5o4 E - 0.0016 E
2 

where c is the mass concentration of Freon-12 

and E is the balance voltage in millivolts. 

The calibration was obtained by passing premixed reference 

samples through the microkatharometer under conditions identical to 

that used during subsequent measurement. The reference samples were 

prepared in a 'calibrated 1 litre glass bottle. To ensure proper mixing 

the less dense gas (air) was added under the heavier gas (Freon) and 

then stirred. 

2.4.3 Sampling system. Samples were induced from the static pressure 

taps on the tunnel floor through equal lengths of hypodermic tubing to 

a fluidics type selector valve. This valve permitted any one of ten 

sample lines to be switched to the microkatharometer. The choice of 

valve and tubing was dictated by the necessity of keeping the internal 

volume as small as possible to permit rapid flushing. The flow was 

induced by a vacuum pump and a choked orifice, between the pump and 

the microkatharometer, ensured that the flow was free from pulsations. 

A sampling rate of loo ml/min was found satisfactory. 

The arrangement described above yielded measurements of mass 

concentration to a precision of ± 1% and with a response time less than 

2 seconds. 



2.5 Turbulence measurement technique  

Constant temperature hot wire anemometry equipment manufactured 

by DISA were used. A schematic of the instrumentation is shown in 

Fig. 2.6 . 

2.5.1 Analysis of turbulence. The objective, of the measurements was 

to measure the two components of mean velocity, three components of 

fluctating velocity and the shear stress. Several methods of signal 

analysis have been proposed. The one adopted was that of Champagne 

and Sleicher (1967) for linearised hot wires. This analysis includes 

the effect of wire cooling by the tangential component in the form: 

U
eff 
2 	U2 (cos2m + C

2
sin

2
m) 
	

(2.5-3) 

where m is the angle between the direction of U and the axis of -  the 

probe. The authors recommend a value of o.2 for the constant C and 

this was adopted. 

Modifications to the above approach were proposed by Kjellstrdm 

and Hedberg (1968) and others but are not significantly different. 

Alternative methods of signal analysis have been proposed by Guitton 

(1968) and Durst and Rodi (1972) , particularly for highly turbulent 

flows , but their validity has yet to be confirmed. 

The measurements were made with a straight wire probe and a 

single 45 degree wire probe. The use of the crossed wire probe was 

rejected because 	the mutual interference of the wires and the 

larger size of the probe were unacceptable. Instead the single inclined 

wire probe was rotated into three different wire orientations. This 

yielded sufficient response equations for the simaltenous solution 

of the turbulence quantities. 
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2.5.2 Signal processing. Two separate systems of anemometer signal 

processing were used : analogue and digital. The digital signal pro-

cessing was part of an elaborate data acquisition system and is des-

cribed in section 2.8 . When analogue signal processing was employed 

a DISA 55D10 Lineariser was used to transform the hot wire response 

equation : 

E2 = E2 Bum 
0 

where E
o 

is the zero velocity voltage 

U is the instantgrfous velocity 

B and m are constants 

to the form: 

E = bU 

(2.5-1) 

(2.5-2) 

where E is the linearised voltage 

and b is a. constant of proportionality 

The RMS of the fluctuating component of the signal was measured using 

a DISA 55D35 RMS Voltmeter . A DISA 55D25 Auxiliary unit was used 

for signal filtering and amplification. 

2.5.3 Calibration. The hot wire, probes were initially calibrated in 

the potential core of an axisymmetric jet issuing from a specially 

2o 
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constructed calibration tunnel. The calibration was then repeatedly 

checked in the free stream of the working tunnel. The standard used 

was a pitot tube connected to a Betz manometer. 

2.6 Spectral analysis technique  

The spectra of turbulence were obtained by feeding the anemometer 

signal to a Wave Analyser and to a RMS Digital Voltmeter. 

The Wave Analyser used (General Radio Type 1564-A) had a range 

from 2.5 Hz to 25 kHz in four decades. The band width selected was 0.1 

octave for which there was 4o db attenuation at one half and twice the 

selected frequency. The cut-off frequency due to the anemometer response 

characteristic was 2o kHz. 

The Wave Analyser was linked to a Graphic Level Recorder 

(General Radio Type 1521-8Q1) . The Recorder trace was proportional to 

the logarithm of changes in input level and hence linear in decibels. 

The Recorder was set up to drive the centre frequency dial selector of 

the Wave Analyser giving,  a direct plot of level against frequency. This 

arrangement permitted a slow continous sweep through the spectrum. The 

frequency response of the Analyser was + 2 db throughout the range. The 

assembly of Wave Analyser and Level Recorder was calibrated using a 

sine wave signal generator and an accurate RMS meter. 

The measured value of the one-dimensional energy function 

E
1
4k
1
4 is determined by 

1 
E14k14 	lim E. 	u 2  4k1, t, h4 	 (2.6-1) 

b o 

where b is the bandwidth of the Analyser. The implications of the 

perfomance of the Wave Analyser may be determined with the aid of this 

equation. For values of E
1
4k
1
4/1.17  less than approximately 5 x 10-6m 

only the general trends shown by the results can be considered 

meaningful. 
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2.7 Flow visualisation 

e. 
Two flow visualisation techniques titre used. Smoke was used to 

visualise the eddy patterns in the flow and oil films for surface flow 

visualisation. 

2.7.1 Smoke visualisation  

Qualitative checks on the spectra of turbulence were effected 

using smoke traces. These traces were injected upstream of the region 

to be studied. The tunnel was darkened and the flow field illuminated 

by the periodic discharge of a Xenon tube stroboscope. The strobe 

frequency was adjusted until the eddy pattern appeared steady. This 

frequency is a measure of the periodicity in the flow. The pattern was 

recorded on high-speed film (ASA 400) with a camera aperture of f/2 

and 1/6o th of 'a second exposure. The stroboscope was located on the 

ceiling and the camera located at the side of the tunnel. 

2.7.2 Oil film visualisation 

Oil films were used for surface flow visualisation in the 

near slot region of geometries Tre separation was suspected. The 

objectives were to locate the reattachment point after separation and 

to examine the surface flow pattern as an aid to the interpretation 

of other measurements. 

A white pigmented oil mixture was prepared as suggested by 

Haines and Rhodes (1954). This was brushed onto the floor of the 

tunnel in a lateral swab pattern. The flow was started and the drift 

of the oil film watched. When a steady pattern was obtained, it was 

photographed. 
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2.8 Data acquisition and reduction methods  

Two separate data acquisition systems were employed. Both were 

highly automated and enabled the acquisition and processing of large 

volumes of data. The earlier part of the measurements used a system 

centered on a Data Logger which logged data for subsequent off-line 

reduction on a remote computer. Later on a dedicated minicomputer 

became available for on-line instant4us data reduction. Both systems 

are described briefly below. 

2.8.1 Data Logger  

The Data Logger was a DYNAMCO model 'microscan' . This had a 

capability of scanning upto 10o channels arranged in 10 blocks of 1o. 

The scan could be started with'the first channel of any block and 

terminated at any channel. The scan cycle could be repeated continously 

or terminated after a single sweep. Channels could be skipped in blocks. 

Scan rates of 1, 2, 4 or 10 channels per second could be selected. The 

input signal could be in the four possible ranges of o.1V, 1V, 1dJor 

1ooV and had to be preselected. Incorporated in the Logger was an 

analog to digital (A/D) converter and digitiser. The output of the 

Logger was a string of binary coded digits (bcd) according to a hard 

wired format. Typically the format contained a two digit channel number, 

a polarity bit and $ four. digits for the signal. 

The bcd output from the Logger was fed into a Data Dynamics 

High Speed paper tape punch. This punch had a top speed of 110 char-

acters per second and was able to keep up with the fastest scan rate 

of the Logger. The punch code was controlled by a printed circuit card 

in the Logger and was set so that the paper tape could be processed on 

London University's CDC6600 computer. 
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2.8.2 Minicomputer  

This was a small digital computer dedicated to data acquisition 

and on-line data reduction. Signals could be fed into the processor 

through an Interface unit, and manipulated according to a programme of 

machine language instructions input from a terminal keybOard. The pattern 

of data acquisition and reduction was completely under the control of 

the stored program. Computed results were printed out in a programmed 

format on the tele-typewriter. 

A set of machine language programs was written for the reduction 

of data from hot wire anemometry and gas concentration measurements. 

These together with full details of the hardware are fully documented 

in a separate report : Matthews (1972). Only the salient features are 

given below. 

The computer is the model 'pdp 8/e' of the Digital Equipment 

Corporation. The gross features of the hardware system are shown 

schematically in Fig. 2.7 . It consists of a central processor, core 

memory and peripherals; all of them inter-relating via a common bus. 

The basic processor is a single-address fixed word length, parallel 

transfer computer using 12 bit 2's complement arithmetic with a cycle 

time of 1.2 microseconds. The memory is a 4o96 word (4K) random address 

magnetic core. The main peripheral is a Teletype model ASR33 Console 

serving as a combination keyboard, printer, paper tape reader and 

paper tape punch. 

The computer was linked to the experimental set up through an 

A/D Interface. This is a multi-channel analog data acquisition peri-

pheral consisting of a solid state four channel multiplexer with pro-

grammable input range selection, programmable channel selection and an 

A/D convertor with bipolar option. Ten bit digitisation of analog 

signals having a full scale range of +1.25V, +2.5V, +5V or +1oV is 
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possible. The maximum throughput rate is 7o kHz with a conversion aperture 

of 10 Its . 

In addition to data acquisition and data reduction the computer 

was used for some digital signal processing. The RATS of the fluctuations 

was computed using the algorithm: 

1/2 
s= [al2 	( La)  2 

where g are the discrete instantenous signals 

n is the number of signal samples ,  

s is the root mean square. 

The lineariser in hot wire anemometry was simulated by computing the 

instant4us velocity from the instantaltus hot wire voltage by (2.5-1) 

to give: 

U.= exp m In (E.
2  - E 

o
2) (2.'2)-2) 

It is even possible to compute iteratively when m is a function of U. 

Further the mean velocity is given by: 

n 

U = 1 y 
1 
U. 

n . 1.1 

and the fluctuating component by: 

- 1/2 

(U.) 2  - U2  
n i=1  

U = 

(2.8-3) 

(2.8-4) 

In the above' analyses care was taken that: 

(a) The number of samples was large enough to attain a suitable 

confidence leVel. 

(b) The sampling rate was fast enough not to contravene Shannon's 

Theorem (1948) which states "To avoid aliasing, the sample rate 

must be atleast twice as high as the highest frequency present" 
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Chapter 3 

MEASUREMENT OF FILM-COOLING EFFECTIVENESS 

3.1 ajective of the measurements 

The practical film cooling need is for information of the 

influence of initial and boundary conditions on the film-cooling 

effectivEness.One approach to the problem is to systematically investigate 

the several flow and geometrical parameters and formulate correlations. 

This approach is uneconomic and the large number of parameters precludes 

' the testing of sufficient combinations to ensure reliable correlations. 

Also 	correlations are of limited applicability and cannot be confid- 

ently extrapolated to conditions which are even slightly different 

from those prevailing during the experiment. 

Instead it is proposed to predict (Chapter 6) the influence of 

the several parameters using a Solution Procedure. Only a limited number 

of experimental measurements are performed in order to (a) identify 

the important parameters and their gross effects and (b) test the 

correctness of the solution procedure. 

The measured quantity is the impervious-wall effectiveness: 

II 
cw CG 

cC cG 
(3.1-1) 

This is analogous to the adiabatic-wall effectiveness and identical to 

it if the Lewis number is unity. The data of Zakkay et al (1964) 

sucgest that this condition is met for tracer concentrations. The 

effectivness measurements were made according to the technique 

described in section 2.4 



3,2 Scope of the measurements 

The range of parameters, for which experimental measurements 

have been made, was decided with reference to their engineering relevance 

a in film cooling. The effectiveneameurements were confined to within 

6o slot widths of the slot exit and for slot to stream velocity ratios 

of o.7, 1.o and 2.o , and for slot to stream density ratios of unity 

and 2 . The preferred width of slot was o.25 inch (6.35 mm) though 

some check measurements were made for slot widths of o.5 inch (12.7 mm) 

and o.125 inch (3.17 mm). 

For geometries in which the two streams were parallel, the 

thickness of the lip was chosen to give lip-thickness to slot-height 

ratios of unity and o.125 ; referred to as the thick lip and the thin 

lip respectively. For geometries in which the two streams were inclined 

to each other, angles of 3o and 45 degrees were investigated. 

3.3 The step geometry  

3.3.1 Relevance of the ceometry . The occurnce of a backward facing 

step in gas-turbine combustor cooling may be caused by a weld or by 

the use of slots with multiple rows of small holes. In this latter 

case the holes can seldom be located close to the wall and,since the 

individual jets coalesce in a very short distance, the resulting 

geometry conforms to that of Fig. 2,2 with an increased initial turbulence 

intensity. 

3.3.2 Results . The measured values of impervious-wall effectiveness are 

shown on Figs. 3.1 and 3.2 . Figure 3.1 indicates the influence of the 

backward-facing step for three velocity ratios, three downstream 

distances and for two values of the lip thickness to slot height ratio. 
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The measurements shown in Fig. 3.1 were obtained using a tracer of Helium 

gas in the slot flow and conform, therefore, to uniform density. It is 

clear that, in the case of the thin lip, the decrease in effectivness 

with step height is greatest for the lower velocity ratios; the maximum 

decrease in effectiveness corresponds to approximately 15% of unity for 

a step height to slot height ratio of 2 . For the case of the thick lip, 

the highest velocity ratio resulted in the greatest decrease in effectiveness 

close to the slot exit; this trend is reversed with downstream distance 

and at x/yc  of 56, the largest decrease in effectiveness was recorded 

with the lower velocity ratios. 

Figure 3.2 presents measurements corresponding to the thin lip 

and for a density ratio of 2. These results were obtained by injecting 

a mixture of Freon-12 and air through the slot exit and relate part- 

icularly to gas-turbine combustor practice where similar density ratios 

are encountered. It is clear that the influence of the step height is 

considerable; for example, a decrease in effectivness of 5o% was 

recorded at x/yc  of 16 for the lowest blowing rate and for a step height 

to slot,  height ratio of 2. The measurements with foreign gas injection 

were not repeated with the thick-lip geometry because it was antj.cipated 

that the influence of the step height would be less in this case. 

Figure 3.3 presents the measurements of Figs. 3.1 and 3.2, for 

the particular case of the thin-lip geometry, replotted to indicate the , 

decrease in effectivness observed in the upstream region but not other 

wise revealed. For the case of uniform density, the separation region 

immediately downstream of the step causes a maximum in the effectiveness 

curve at the reattachment line. Upstream of the reattachment line, the 

effectiveness drops to a minimum. In contrast, the measurements obtained 

at a density ratio of 2 appear monotonic. 

3.3.3 Implications of the results . Previous experiments by Pai and 

Whitelaw (1968) have shown that, for a wall jet without a backward 
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step, the impervious-wall effectiveness increases with increasing slot 

fluid density and that the higher the mass flow ratio (pCUC/pGUG) the 

more significant the effect. Most of the results reported by them 

pertain to mass flow ratios greater than unity but those measurements 

for mass flow ratio less than unity do indicate an improvement in 

impervious-wall-effectiveness with increasing slot-fluid density. In 

contrast, the present measurements with a backward facing step indicate 

that the impervious-wall effectiveness decreases with increasing slot 

fluid density when the denser slot fluid is supplied at the same mass 

flow ratio. The larger the step height the more pronounced is this 

worsening in effectiveness with increasing density ratio. 

The present results indicate that, depending on the density 

and velocity ratio, the use of multiple rows of holes may not result 

in increased values of effectivness unless the holes are located 

tangential to the wall. Conversely, with a slot configuration conforming 

to Fig. 2.2 , a dense secondary fluid may be disadvantageous. 

3.4 Flush anaL21111211aELE1at 

3.4.1 Relevance of the geometry . The flush, angled, two-dimensional 

injection slot is shown in Fig. 2.3 . Such slots are employed on 

turbine blades and cooled vanes where aerodynamic considerations are 

important. 

3.4.2 Previous investigations . The engineering relevance of this 

geometry has prompted several investigations. One of the earliest was 

Papell (196o). More recently there have been a series of publications 

by Metzger et al (1968),(1971),(1972) of the Arizona State University, 

Sivasegram and Whitelaw (1969), and Artt (1970). A recent Soviet 

publication is by Dyban et al (1971). 



A comparison (Fig. 3.4) of the results obtained by the several 

investigators reveals a wide divergence with no quantitative and little 

qualitative agreement. There are three main reasons for the disparity 

between the results obtained by the several investigators: 

(a.) 	The flush angled injection slot has a sharp upstream edge and 

there is no appreciable separated flow region between the primary and 

the secondary streams. Thus the character of the upstream velocity and 

concentration (or temperature) profiles can have a significant effect 

on the downstream film cooling perfomance. 

(b) Some of the investigations,such as Papell, were made with large 

temperature differences and at Mach numbers greater than o.5 . Conseq-

uently it is not possible to separate the influence of density 

differences from the other parameters. 

(c) At high injection angles (greater than 2o degrees) there is a 

significant region of separated flow. This is susceptible to three 

dimensionality because of lateral flow into the low pressure region 

unless precautions are taken such as having the slot span across the 

width of the tunnel. It is noted that Metzger et al have observed this 

precaution. 

3.4.3 Present investication . In view of the disparity between the 

several investigators a new set of effectivene:ss measurements were made. 

Previous investigators had not recorded details of the initial conditions 

such as profiles of velocity and turbulent-kinetic energy in the slot 

and main stream. These are likely to have an important influence on the 

effectiveness and are also needed for the solution procedure. These 

measurements are recorded in a later chapter (section 4.6) 

All the previous investigators measured the adiabatic-wall 

effectiveness; Metzger et al used a transient technique. The present 

measurements were of the impervious-wall effectiveness and offer a 

decided advantage because of the criticality of upstream conditions. 

3o 
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The tracer concentration in tle slot is rectangular and the tracer 

concentration in the primary stream is zero. In contrast the temperature 

is not rectangular because of conduction losses and in the abs_ence 

of detailed measurements of this profile considerable uncertainty 

arises particularly because even a small asymmetry can be significant 

to the results. 

3.4.4 Results and discussion Measurements of effectiveness were made 

at two different thicknesses of the main-stream boundary layer. In one 

.set the layer was thickened to 18 mm in the other the layer was 6mm. A 

comparison of the results obtained is shown in Fig. 3.5a which presents 

the measurements for 38'injection and at a slot width of o.25 inch 

(6.35mm) This shows that the effectiveness at high blowing rates decreases 

with increasing boundary layer thickness but for velocity ratios less 

than unity the thicker boundary layer gives a higher effectiveness. 

This may appear surprising but cah be explained as follows. 

At large slot velocities the thinner the stream boundary layer the less 

mixing there is between the two streams and hence higher effectiveness. 

The secondary jet displaces the primary stream and the stream parameters 

are not important. At lower slot velocities the secondary jet has inad- 

equate momentum to displace the primary stream but may, to a limited 

extent,do so through the lower local velocity of a thick stream boundary.  

layer. 

Subsequent measurements were confined to the thinner stream 

boundary layer. A comparison of Fig. 3.5 and Fig. 3.6 shows that the 

film cooling' effectiveness is higher for the smaller injection angle 

under all conditions. This is consistent with all other investigators. 

Both figures show the effectiveness for two different slot widths. 

There is a disparity between the two sets when presented in the form 

shown i.e. normalised with slot width. This is further proof of the 
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influence of upstream conditions; for example the ratio of the slot inlet 

boundary layer thickness to slot width is different for the two sets. It 

may be expected that such effects are proportionately less for the 

wider slot (o.25") and subsequent attention is focussed on the measure-

ments for this slot width. 

The influence of velocity ratio is different for the two 

injection angles. At 3o degree injection the highest film cooling 

effectiveness is at equal slot and stream velocities. In contrast, the 

effectiveness of the 45 degree injection is highest at the highest 

velocity ratio. This may be partly due to the sharp peak in the film 

cooling effectiveness at the point of reattachment, which for this part-

icular combination of parameters is at 15 slot heights downstream. 

Figure 3.7 presents the results for injection of a denser gas: 

the density of the secondary is twice that of the primary. Direct comp-

arison may be made with Figs. 3.5 and 3.6 on the basis of mass velocity 

ratio (ocUc/pGUG) . These show that 	the dense gas injection is in 

every instance more effective. For injection at 3o degree there is an 

interesting cross over with the mass velocity ratio of unity being more 

effective upto 25 slot widths thereafter becoming less effective than 

the highest mass velocity ratio. 

3.4.5 Comparison with previous investigators . The results reported in 

the. last subsection may be viewed in the context of previous invetgations. 

Comparisons at a doWhstream distance of So slot widths are shown in Fig. 3.4.. 

The 3o degree injection angle was also tested by Sivasegl.ram 

and Whitelaw (1969) and Artt(197o). The present measurements are in 

very close agreement with those of Artt but are pessimistic to the order 

of lo% in comparison with Sivaseam and Whitelaw. It is noted that 

Artt had an identical slot width (o.25") to that used in the present 

investigation and a main stream velocity of 15m/s. 

The only other investigation of 45 degree injection is by 
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Dyban et al (1971) , apart from Papell (196o). Dyban et al have measu-

red a slightly higher effectivness than the present results. At unit 

velocity ratio they report an effectivness of about o.5 compared to 

o.43 reported here. 

The possible reasons for the disagreement between the various 

investigations have been enumerated in section 3.4.2 . It will be 

shown in Chapter 6,by comparison with computed predictions, that the 

present measurements are consistent with the boundary conditions and 

inlet profiles reported in Chapter 4. 

Eckert (1971) has investigated the film cooling effectiveness 

for injection of Freon through a single hole. This is a three-dimen-

sional flow and not quantitatively comparable with the present two 

dimensional continous-span slot. However there is qualitative agreement 

that injection of a denser gas does give higher effectivenpqs at the 

same mass velocity ratio. 

3.5 Tan ential iection along converginc walls 

3.5.1 Intoductory remarks. In the exit section of the gas-turbine corrbustor 

the chamber walls converge and there is a large pressure gradient. The 

coolant is injected tangentially along the wall but the wall itself is 

at a direction to the main stream. 

There have been a few investigations of the influence of pressure 

gradients on film cooling effectiveness: experimentally by Seban and Back 

(1962), Pai and Whitelaw (1968) and others; and computationally by 

Pai.(1969) and Matthews (197o). These investigations were confined to 

the cooling of the non-converging wall opposite to a converging wall. 

Wet 
Carlson and Talmor (1968) realised that such data wes not applicable 

to film cooling of converging walls and investigated a geometry identical 

to that of Fig. 2.4 
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The present investigation differed from that of Carlson and Talmor 

in three essential respects: 

(a) Their primary stream was nitrogen at l000°F (538°C) and boo psi 

(70.3 k cm
2
) ; therefore the influence of density gradient and pressure 

gradient are not separable. In the present investigation one set of 

experiments was done for air to air injection with helium tracer and 

another with a slot to stream density ratio of 2. 

(b) They measured the adiabatic-wall effectivem$ while the present 

measurements are of the impervious-wall effectivos. The uncertainIties 

in measuring adiabatic-wall effectimyws have been detailed in section 3.4.2 

for the angled injection geometry and are equally relevant here. 

(c) Their wind tunnel had dimensions of o.25" x 3.5" and the measure-

ments were made on the o.25" wall. There is some doubt whether the flow is 

adequately two-dimensional because of the corner vorticles. 

3.5.2 Results and discussion. The present measurements were made at two 

angles of the converging wall: 3o degrees and 45 degrees. These correspond 

to a pressure gradient parameter Kp  x 10
6 

of 4.7 and 8.1 respectively 

based on the free stream velocity at the slot inlet. At these acceler-

ations laminarisation - also termed as reverse transition - is likely 

to occur: Jones and Launder (1972a). 

Figure 3.8 shows the impervious-wall effectiveness measured for 

the 3o degree and 45 degree converging wall. In both cases the effectiveness 

increases with velocity ratio. Comparison between them shows a drastic 

reduction in the effecti. The measurement of Pai and Whitelaw show 

that impervious wall effectiveness decreases with increasing acceleration. 

An additional factor in the present configuration is that the two streams 

are not parallel. Increasing the angle enhances mixing between the streams 

and hence lowers effectiveness. This conclusion was also drawn by Carlson 

and Talmor; direct comparison was not attempted for the reasons stated in 

the previous subsection. 
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Figure 3.9 shows the impervious-wall effectiness measured with a 

slot to stream density ratio of 2 and with other conditions identical to 

those in Fig. 3.8 . Comparison shows that the trends are similar but the 

effectivews6 values are higher. This is consistent with other measurements 

7  Pai (1969) - for tangential injection geometries. 

Both Figs. 3.8 and 3.9 show that the highest mass velocity 

gives rise to the highest effectiveness. As mentioned above laminarisation 

is a very real possiblity. The influence of a wall-jet on laminarisation 

has not been investigated. There is no discontinuity in the fall of 

effectiveness with downstream distance. This might be indicative.of 

laminarisation not having occutd. 
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Chapter 4 

EXPERIMENTAL INVESTIGATION OF THE FLOW 

4.1 Objectives of the investigation  

There are three major objectives in the experimental investigation 

of the flow. They are: 

(a) To understand the flow phenomena in the flow field of the 

several film cooling geometries investigated. These have a profound 

influence on the film-cooling effectiveness and provide a valuable 

insight into such complex flows. 

(b) To study the major features of the flow in order to make an 

informed choice of an appropriate solution procedure. In particular 

the formulation of the governing equations and the modelling of turbulence 

will be influenced by the experimental results. 

(c) To acquire detailed measurements for the evaluation of the 

solution procedure. By comparison of the predictions with these detailed 

measurements it is hoped to validate the solution procedure and to assess 

the mathematical model of turbulence. Some of the measurements are 

needed to define the boundary conditions of the solution procedure. 

4.2 Scope of the investigation  

The region of the flow in which the investigation is made 

has been fixed from a number of considerations. The wall area immediately 

downstream of the slot is of special engineering relevance because this 

is where the cooling effecti ess is acceptably high. This is also the 

region where the two streams interact and complex flow phenemona might 

be expected. Accordingly the flow field upto 5o slot heights has been 

closely investigated. Preliminary investigation showed, however, that 

equilibrium is rarely reached within this distance and additional 
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measurements were made upto 15o slot heights downstream. 

The quantities measured were dictated by the objectives stated 

above and the experimental techniques and equipment available (Chapter 

2). The major technique used was hot wire anemometry and it was possible 

to measure profiles of the mean velocity, the three components of the 

fluctuating velocity and the turbulent shear stress. Hot wire anemometry 

was further extended to spectral analysis of the turbulence. This was 

the subject of a separate presentation - Matthews and Whitelaw (1371)-

but is reported in sufficient detail below. 

The quantitative measurements of hot wire anemometry were 

supplemented by flow visualisation using smoke and oil films. These are 

mainly qualitative but helped to define regions of separated flow and 

regions of strong periodicity in the flow. An added incentive to use 

these flow visualisation techniques was the unsuitatEtity of the hot 

wire in recirculation zones because of probe interference. Precise 

measurements in these regions must await further development of 

techniques such as optical anemometry. 

The need for detailed turbulence measurements restricted the 

number of geometrical parameters that could be investigated. The range 

of parameters was dictated by the objectives and the measurements of 

film cooling effectivness described in Chapter 3 and are essentially 

the same. No turbulence measurements were made with foreign gas 

injection because of the high cost of prolonged blowing and the problems 

of hot wire calibration and compensation for gas concentration. For 

the angled injection geometry turbulence measurements were not made 

for UC
/U
G
=1 because the influence of the velocity ratio on the wall 

properties was small. 
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4.3 Separated flow 

4.3.1 Significance of separated flow. The two direct consequences of a ' 

separated flow are a recirculation region and a reattachment. Both have 

an important bearing on wall heat transfer - as recognised by Seban et 

al (1959) - and hence on film cooling effectiveness.It is to be expected 

that the line of reattachment of the slot stream corresponds to a 

' maxima and that subsequent to it a new sub boundary layer will begin 

to grow. Also at reattachment the wall shear stress is zero and this 

implies positive and negative values of shear stress. The effect of 

recirculation is less predictable - it may insulate the wall and raise 

effectilkness or convect fluid upstream and hence lower it. 

It is desirable to measure the reattachment distance and hence 

define the region of separated flow. The most convenient technique is 

by surface flow visualisation as described in section 2.7 . This offers 

the possiBaity of both qualitative examination and quantitative measure-

ment of the reattachment. 

Separated flows occur in the film cooling geometries under 

investigation because of non-tangential injection of the slot stream. 

In one case the separation is induced by the step and in the other by 

angled injection. These are considered separately below. 

4.3.2 Step induced separation. It has been well understood that a 

backward facing step will cause a separation and reattachment. There 

have been several investigations and these have been surveyed by 

Bradshaw and Wong (1972). However there has been no previous invest-

igation of the reattachment downstream of a film cooling geometry of 

two parallel streams reattaching to an offset adjacent wall. Bourqque 

and Newman (196o) have however investigated a single two-dimensional 

jet reattaching to an offset parallel plate. 



39 

Figure 4.1 is a typical photograph of the central 8o mm of the 

wind tunnel base plate: Four major lateral bands May be identified. 

Adjacent to the step is a dead-air region shown by a thick stagnant 

film the edge of which is well defined visually. The next band repre 

sents the reverse flow boundary-layer region; it is swept clean of oil 

and the downstream edge represents the reattachment line. Downstream 

of the attachment, there are two bands whose separation is not well 

defined. Close to the stagnation line is a region where the film is 

very thin and the shear stress high; as the film gets thicker,wave-

lets of accumulated oil appear. 

The photograph shown in Fig. 4.1 corresponds to a thin lip and 

equal velocity ratio of slot to stream. As the slot lip is thickened, 

the reattachment becomes blurred probably due to the presence of larger 

eddies shed from the thicker lip. At the lowest velocity ratio, the 

thick lip gives a first band which was slightly narrower at the tunnel 

centre thus indicating a small three dimensionality for this particular 

configuration. This corresponds to the "three-dimensional zone of 

separation" referred to by Abbott and Kline (1962). 

The quantitative measurements indicate that the reattachment 

distance is shorter than that measured for flow over a simple backward 

facing step. The experiments of Tani et al (1961) and Mueller and 

Robertson (1962) give reattachment distances of 6.8 and 6.9 step 

heights respectively. In all cases separation began from the step edge 

and the initial boundary layers were turbulent. The reason for the 

shorter reattachment must therefore be the increased mixing in the 

wake downstream of the slot lip. This is indicated by Fig. 4.2 which 

shows that the reattachment distance is least for a thick lip and 

increases as the slot velocity increases. The asymptotic value of the 

reattachment distance would appear to be 6.2 step heights and is con-

sistent with the measurements for a simple backward facing step. 
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4.3.3 The angled wall jet. There have been a number of studies of the 

reattachment of a two-dimensional turbulent jet to an inclined adjacent 

wall notably by Bourque and Newman (196o) and Sawyer (1963). These were 

without a main stream and therefore represent a limiting case of the 

angled film-cooling wall jet. Bourque and Newman measured a reattachment 

distance of about 4 slot widths for an injection angle of 3o degrees 

and about 16 slot widths at 45 degrees. 

The results of the present investigation are presented in Fig. 

4.3 . The measurements were for three different ratios of slot to stream 

velocity. A fourth point is the limiting value of no separation for 

no slot flow. As might be expected the reattachment distance increases 

with velocity ratio. For the highest velocity ratio of 2 it was 2.2 and 

15 slot widths at 3o degrees and 45 degrees respectively. This is 

consistent with the measurements of Bourque and Newman. 

The reattachment occured along a straight line parallel to the 

slot edge except for a 10 mm wide region adjacent to the tunnel side 

walls. This confirmed the essential two-dimensionality of the flow. 

This was achieved because the slot spanned across the tunnel. Three 

dimensionality would have curred if the low pressure region in the 

separated bubble could have been fed by transverse flow from the edges, 

as observed by Artt (197o) 

4.4 Flow periodicity  

4.4.1 Significance of flow periodicity. One of the objectives of the 

present work is to predict the flow field in the geometries under 

investigation. The mathematical modelling of the flow would be influ-

enced by periodicity in the flow. The consequences of such periodicity 

on the choice of a Solution Procedure will be discussed in Chapter5 

but it May be briefly stated that it could dictate the nature of the 

governing equations i.e. whether time-dependent or time-averaged
)and 
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influence the choice of an appropriate turbulence model. Accordingly it 

is necessary to map the regions of the flow field where periodicity is 

significant. 

Periodicity may be expected to occur in the region immediately 

downstream of a blunt tamling edge and has been studied extensively 

since von Karman (1911) wrote his pioneering paper. The possiliity of 

periodicity in a tangential injection film cooling wall jet was recog-

nised by Kacker and Whitelaw (197o). Their preliminary measurements 

showed that a substantial proportion of the fluctuating energy, in the 

region close to the slot exit, existed at a discrete frequency and that 

this proportion decreased with downstream distance. It was desirable to 

extend their work to determine the range of flow parameters for which 

periodicity is important. 

4.4.2 Previous work. With the exception of the measurements of Kacker 

and Whitelaw, there is no previous work on the interaction of a turb-

ulent wake behind a blunt trailing edge with a neighbouring wall and 

the boundary layer growing on that wall. Extensive studies have, however 

been made of the flow region behind a blunt trailing body by Fage and 

Johansen (1927), Thom (1933), Homann (1936) and, more recently, by 

Roshko (1954), Abernathy and Kronauer (1962) and Zdrakovich (1969). 

The results are similar-And, for the wake behind a cylinder, indicate 

distinct regions of flow. The wake is laminar and steady up to a 

Reynolds number of approximately 4o. In the range 4o to 2oo the wake 

is periodic and laminar and the vortices decay due to viscous dissip-

ation; no turbulent motion develops. In the range of Reynoldsnumber 

from 2oo to 400, the wake has a transitional character and the period-

icity is less pronounced. For Reynolds numbers in excess of 400, the 

shedding frequency returns and, in contrast to lower Reynolds numbers 

where the wake remains laminar, the wake is fully turbulent by 5o 
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diameters (or body thicknesses) downstream. The downstream location at 

which the wake becomes fully turbulent has been shown by Bloor (1964) 

to be a function of Reynolds number and for Reynolds numbers in excess 

of 10
4 

, Bloor showed that laminar flow did not exist beyond one 

diameter downstream. 

Beaman (1965), in the Reynolds number range 1.4 x 10
5 
to 

2.6 x 10
5, observed turbulent vortictes at a distance of one plate thick-

ness downstream of the blunt trailing edge of a plane, two-dimensional 

model. The, shedding frequencies corresponded to a Strouhal number of 

about o.23 . The presence of a splitter plate tended to increase the 

Strouhal number up to a length of 1.5 base heights; thereafter the 

' Strouhal number decayed/and, at a splitter plate length of 2 base heights 

disappeared. The infinitely long splitter plate is, of course, one 

limit 	of the present geometry and it may be anticipated that a 

shedding frequency will not exist for all values of the parameters of 

the present geometry. 

The measurements of Kacker and Whitelaw permit some preliminary 

conclusions concerning the flow downstream of the lip of a wall jet: 

(a) a shedding frequency exists and is characterised by a large 

proportion of the fluctuating energy existing at this discrete frequency; 

(b) the shedding frequency is a function of the velocity ratio 

and may be approximated by f a (UC 
+ U

G
)3/2 

(c) the proportion of the fluctuating energy existing at the shedding 

frequency is a function of both velocity ratio and distance downstream 

of the slot lip. 

4.4.3 Identification of parameters..The principal dependent variable is 

the energy spectrum, measured by a single hot wire located normal to the 

direction of the free stream and parallel to the plate which forms the 
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blunt trailing edge. This can be approximated by the one-dimensional 

energy function defined by: 

SE
1 
4 k

1 
dk
1 

u
2 

0 
.04.4-1) 

where k
1 
= 2rrf/U is the wave number. 

The one-dimensional energy spectrum is not, in reality, measured but a 

combination of the u- and v-spectra. It is assumed, however, that this 

combined measurement is characteristic of the u-spectrum. The mean 

velocity U and the fluctuating component are also dependent variables. 

The ranges of parameters investigated are shown in Table 4.1 . 

These ranges have been chosen because of their relevance to film cooling 

situations. The parameters, particularly t and yc, extend beyond the 

range employed in film-cooling in order to permit interpolation of 

the conclusions. 

4.4.4 Results. It is clear,from Fig.4.4 that, in the region immediately 

downstream of the trailing edge of the plate, nearly all the energy is 

at the preferred frequency. Moving downstream, there is a shift of 

the energy from the preferred frequency to frequencies corresponding 

to higher wave numbers. This is an indication of the breakdown of the 

vorticies into small scale turbulence. The downstream distance at which 

this breakdown occurs is related to the slot height and to the thick-

ness of the boundary layer on the wall. In the present configuration 

it is clear that breakdown commences within 10 slot heights and is 

complete within 2o. 

Figure 4.5 shows,that at any downstream station, there is no 

cross-stream variation in the spectra. The vorticies have an equal 

strength and periodicity across the stream. In common with Fage and 

Johansen, there is a large region outside the wake where the preferred 

frequency is evident. However, immediately behind the lip edge and 



within one lip thickness, there is a region where the spectrum is 

different with very little energy at the preferred frequency. In this 

region the vortex layers are yet to break up and the transition to 

turbulence has not commenced. The existence of this region was described 

by Bloor and is also clearly seen in the photographs of Flachsbart (1935). 

The interference of the channel walls on the flow downstream 

of a blunt body was previously observed by Thom who stated that the 

walls appeared to prevent the proper formation of a Kaman street. This 

was theoretically studied by Rosenhead (1929) who derived an expression 

for the stability of a vortex street in a symmetrical channel. The 

geometry investigated here is not symmetrical and hence Rosenhead's 

condition is not directly applicable. The present measurements (Fig.4.6) 

show that, for a slot height greater than half the lip thickness, the 

measurements are uninfluenced by increases in the slot height. For a 

ratio less than half (Fig 4.7), there is an instability in the period-

icity. An increasing proportion of the fluctuating energy appears at a 

frequency four times the preferred frequency. 

This last phenomenon might be qualitaively explained as due to 

the increasing distortion of the vortices causing them to collapse on 

each other and lose their identity. The observations of Bloor on the 

selective 
	ification of frequencies preceding transition to turbulence 

might also be relevant in this context: this higher frequency is refer-

red to as a transition frequency and tends to mask the fundamental 

frequency. Photographs are shown in Fig. 4.8 and demonstrate that, as 

the slot height is reduced, the lip thickness being constant, the lower 

row of vort$c1es is eliminated and a rectified sinusoidal pattern emerges. 

The photograph for the case of the largest value of slot height may be 

compared with those of Homann obtained downstream of a blunt trailing 

edge but in the abs ence of a neighbouring wall. The resemblence is 

4-4 
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striking and confirms that the vortex lavers which spring from the 

trailing edge are unstable and roll up to form vorticfes which are shed 

alternatively and periodically. 

The thickness of the blunt trailing edge does not change the 

pattern of spectral distribution but it does change the preferred 

frequencyfFig. 4.9) . The present experiments indicate a Strouhal 

number of o.23 for a o.5" (12.7mm) lip and o.21 for a o.125" (3.18mm) 

lip; this Strouhal number is based on the lip thickness and the main 

stream velocity. These values agree with the results of Bearman but 

not of Fage and Johansen. However, the geometric configuration of 

Bearman more closely resembles the present configuration than that of 

Fage and Johansen. 

The preferred frequency, predictably, increases directly with shot 

velocity. The results(Fig. 4.1o) indicate that an increase in slot 

velocity causes the whole spectrum to shift to a higher wave number 

but the shape of the distribution remains unchanged. The two experiments 

carried out with a constant sld:velocity indicated that the change in 

the free stream velocity from 1.3 to 2.3 times the slot velocity did 

not significantly change the preferred frequency. 

A number of different correlations have been proposed for the 

shedding frequency. While it is not the main purpose of the invest- 

igation to correlate the preferred frequency, it is useful to discuss 

the results in the context of these existing correlations. The 

simplest approach has been to calculate a Strouhal number based on 

the body thickness and the stream velocity. This is unsatisfactory 

because such a Strouhal number is a function of the Reynolds number. 

Roshko recognised the limitation of this definition and proposed a 

universal Strouhal number based on the wake Reynolds number. In 

contrast, Sato and Kuriki (1961) related the frequency directly to 

the stream velocity and verified that the frequency is proportional 

to the 3/2 power of the flow velocity. 
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The present measurements with a wall-jet geometry indicate 

(fig. 4.11) that the frequency correlates with the slot velocity 

according to such a law. It appears that the correlation is remarkably 

good when the slot velocity is greater than the free-stream velocity; 

the actual values are in close agreement with Sato and Kuriki. At 

lower stream velocities the experimental values are higher and the 

divergence is greatest at the lowest stream velocities. This is to be 

expected since the correlation was originally proposed for equal 

stream velocities in the abs_,ence of a neighbouring wall. The limit-

ing case of zero flow through the slot would be that of.flow over a 

trailing edge with a long splitter plate. It is possible that the 

frequency corresponds to that which would result with a splitter plate 

of length equal to the reattachment length. 

Two further results are worthy of note. The first is that 
identified 

periodic fluctuations could be well upstream of the lip edge provided 

the probe was located outside the boundary layer. It was also clear 

that changes in the thickness of the boundary layer above the lip did 

not change the results downstream of the slip edge. 

The results presented above pertain to the tangential inject-

ion geometry without a step. Periodicity is much less prevalent in 

the flow when there is a step. Similar measurements to those above, 
b.15" 

when carried out with the,,, tep geometry, revealed no periodic frequency 

downstream of one slot height. In the region closer to the slot exit 

a periodic frequency could be detected but with less than 10 % of the 

turbulence energy at the shedding frequency. This very rapid decay in 

periodicity is probably due to the step induced detachment and 

consequent recirculation and changes in the pressure field. 

The presence of some periodicity in the separated region can 

not be ruled out. Hot wire anemometry is inaccurate in such regions 

and it was not attempted. Tani (1957) succeeded in visualising eddies 
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in the cavity flow region behind a backward facing step, using a water 

tank model. Flow visualisation with smoke for the present geometry did 

not reveal a clear eddy pattern. 

4.4.5 Implications of results. It is clear that a periodic flow causes 

the primary and secondary streams to mix more rapidly than would be the 

case than Al it did not exist. This is important in situations, such as 

film cooling, where the secondary stream is used to protect the wall 

from the primary stream. The existence of mass transfer across the 

vortex street, as indicated by Minchin (1951) and Zdrakovich (1969), 

is undesirable. It is necessary to minimise the influence of this 

periodicity. This can be accomplished by the use of a splitter plate, 

as indicated by Beaman or by base bleed as described by Wood (1964). 

The simplest way to minimise the effect is to make the lip as thin as 

possible or to taper the edge. 

It has been recognised by Sato and Kuriki, Bloor and others 

that the transition to fully turbulent flow is hastened by three 

dimensional effects. It may therefore be expected that, ina practical, 

three-dimensional film-cooling geometry, the sub region in which 

periodicity is important will be considerably smaller than for an 

idealised two-dimensional geometry. 

The results presented in the previous sub-section demonstrate 

the not unexpected, but so far inadequately explored, existence of 

periodicity in a wall jet geometry. It is clear that the wall has a 

supressing effect on the periodic nature of the flow and that this 

effect is manifested in two ways. First in cases where t/yc  is large, 

the wall rectifies the vorticies and second, in all cases, the boundary 

layer along the wall grows to meet the vortices and eventually raises 

the turbulence level and so minimises the influence of the periodicity, 
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As a guideline, it is useful to map the ranges of the various parameters 

for which more than 25% of the energy is contained in the frequency peak; 

this map is presented as Fig. 4.12 . 

It is clear from Fig. 4.12 that, for the practically important 

range of velocity ratios around unity, the flow is substantially periodic 

upto some 10 slot heights from the exit. However, when there is a back-

ward facing step the flow is substantially periodic in only a very 

limited range confined to less than 1 slot height. It would appear that 

the step inhibits periodicity. 

The implication is that a simpler time-averaged solution 

procedure can be used for the step geometry. It is however to be expect-

ed that local inaccuracies in the prediction might occur in the near 

slot region, and that the procedure should be suitably modified there. 

4.5 Turbulence measurements for the step geometry  

4.5.1 Intoductory remarks. Measurements of turbulent-flow properties 

downstream of a backward facing step have been reported by Mueller et 

al (1964) and others. Similar measurements have been reported downstream 

of wall jets by Kacker and Whitelaw (1971) . The present measurements, 

Matthews and Whitelaw (1971c), are concerned with the combination of 

the two flow situations and from the specific viewpoint of film cooling. 

The flow combines the characteristics of wall-jet and wall-wake 

flows with those of a backward facing step. The behaviour of the shear 

stress profiles are, for example, particularly interesting since 

wall-jet flows posses a shear stress distribution which changes sign 
zero 

and the backward facing step provides a region of,shear stress on the wall. 

4.5.2 Results. Mean velocity profiles are shown on Fig. 4.13 and the 

corresponding values of turbulent kinetic energy on Fig. 4.14 . The 

results obtained with the thin lip display higher values of kinetic 

energy than those recorded by Kacker and Whitelaw, without a backward 
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facing step. This is true even at a downstream distance of x/yc  of 15o 

when the values of kinetic energy for the two lower blowing rates are 

approximately 25% higher. At the upstream station, the increase is 

even more noticeable; the results presented here for x/yc  of 2o are, 

in general, twice as large as those presented by Kacker and Whitelaw 

for a corresponding x/yc  of 1o. Th4hin lip measurements, with a 

velocity ratio of unity, may be compared with the backward facing step 

measurements of Mueller et al and are in close agreement. The influence 

of the slot lip is slight for the highest velocity ratio but, for the 

two lower velocity ratios, has the general effect of decreasing the 

turbulent kinetic energy. This is in contrast to the situation in the 

abs*ence of the backward facing step where the thick lip tends to incr- 

, ease the kinetic energy; the explanation is that the thick slot lip, in 

all cases, has the effect of increasing mixing and the consequent 

effect that the profiles tend to approach their asymptotic value more 

rapidly. 

Figure 4.15 presents the individual turbulence components for 

two of the velocity ratios and demonstrates the distribution, between 

the three components, of the turbulence energy. These results provide 

few surprises except, perhaps, the extent to which the higher blowing 

rate gives rise to the local isotropy at the far downstream station. 

Profiles of Reynolds shear stress are presented on Fig. 4.16 

and show clearly the influence of the separation and subsequent reattach-

ment. The profiles of shear stress all pass zero values at x/yc  of 2o 

except for that corresponding to a thick lip and the lowest velocity 

ratio. At x/yc  of 15o only the highest velocity ratio has a zero shear 

stress location for both thin and thick lip cases. Comparison of results 

with measurements in the abs ence of a step shows that the shear stress 

near the wall is approximately doubled/ at x/yc  of 2o/ in the presence of 



a step. This is true in spite of the zero wall shear location at the 

reattachment point downstream of the step. The rapid growth of the wall 

shear stress has also been reported by Oka and Kostic (1968) in their 

investigation of the flow field past a single roughness element. 

Figure 4.17 indicates the locations of the zero mean velocity 

gradient, the zero kinetic energy gradient and the shear stress corres-

ponding to a velocity ratio of 2 and demonstrates the influence of lip 

thickness and backward facing step height. Clearly the Boussinesq concept 

of eddy viscosity is inappropriate to flows of this type. 

4.5.3 Implications of the results. TI-eflow downstream of a wall jet 

over a backward facing step falls into the category described by Bradshaw 

, and Wong (1972) as a'strong p4turbation' and is intractable to simple 

analysis. At the plane of inlet there are three shear layers. They 

originate from the upper and lower edges of the lip and the step edge. 

The shear layers originatinfj from the step edge bifurcates at reattach- 

ment and a new sub-boundary layer begins to grow downstream of reattach- 

ment. These several shear layers interact with each other. The present 

measurements show that this interaction is not complete at 75 step 

heights (15o) slot heights downstream. The growth of the shear layers 

is considerably modified by the effect of separation and, in the near 

slot region, by the distortion of the pressure field and the curvature 

of the streamlines. 

The measured values of mean velocity, turbulent-kinetic energy 

and Reynolds shear stress demonstrate the comparatively large lateral 

separations between the zero gradients of the first two and the zero 

values of the last. Effective viscosity concepts cannot represent this 

feature of the flow accurately. In addition, the complexity of the flow 

suggests that the specification of an algebraic length scale is unlikely 

to lead to a realistic representation of the turbulence structure; clearly 

any satisfactory prediction procedure must also include a differential 

equation for the length scale, or a related quantity, as dependent variable. 

5o 
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4.6 Turbulence measurements for angled injection  

4.6.1 Introductory remarks, There have been a number of experimental 

measurements of film cooling effectiveness.for the configuration of 

Fig. 2.3 and these are reviewed in section 3.4 . However, none of the 

investigators hag. carried out detailed turbulence measurements, and 

as far as is knownno such measurements are reported. As discussed 

earlier such measurements are essential to a qualitative understanding 

of the cooling effectiver€ss and as quantitative inputs to the solution 

procedure. 

4.6.2 Results. Figure 4.19 shows the mean velocity profile in the slot 

, for the two injection angles investigated. The profiles were measured 

by a hot wire probe traversed normal to the side walls of the slot inlet. 

The measurements reveal a considerable asymmetry in the slot profiles; 

the boundary layer being thicker on the downstream edge than on the 

upstream edge. The asymmetry is more pronounced for the shallower 

injection angle of 3o degrees than for 45 degree injection. This is 

understandable because at the smaller injection angle there would be 

more tendency for seperation to occur at the lower edge of the down-

stream slot piece. By integrating the profile, the ratio of peak slot 

velocity to mean slot velocity is found to be 1.21 and 1.o6 respect-

ively for 3o and 45 degrees respectively. 

Profiles of mean velocity were measured at the reattachment 

point and at 2o and 15o slot heights downstream. These are shown in 

Fig. 4.2o The measurements very close to the wall at the reattachment 

station should be interpreted with some caution because of large local 

fluctuations and the possiblity of probe interference in the pressure 

field. The measurements show a sharp peak in the velocity profiles for 

the 3o degree injection high blowing rate, accentuated perhaps by the 

asymmetry in the slot profile. At the lower blowing rate (slot to stream 

velocity ratio of o.7) the local velocity is surprisingly higher than 
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the main stream velocity. This may be visualised as a squeezing of the 

streamlines due to curvature of the streamlines and the pressure field 

in the recirculation region. A similar phenemona was also observed by 

Artt (197o) who refers to it as momentum exchange between the main stream 

and the jet. Interestingly, Taga et al (1971) found an increase in mean 

velocity after reattachment of a single inclined jet. 
• 

The mean velocity profiles have not reached equilibrium even 

at 15o slot widths downstream. for both injection angles. Injection at 

45 degrees does not show a sharp peak in the mean velocity, and the 

maximum is farther away from the wall than for 3o degree injection. This 

is indicative of the greater penetration and mixing of the two streams 

for 45 degree injection. 

Profiles of Reynolds shear stress are presented in Fig 4.21 . 

The most striking fact is that the shear stress at 2o slot widths down 

stream for 45 degree injection is an order of magnitude larger than for 

3o degree injection. This is again indicative of the penetration of 

the slot jet; and because the station is near to the reattachment station 

(15 slot heights for Uc/UG=2) . There is, however, rapid decay of this 

shear stress and at 15o slot widths downstream, the shear stress profiles 

of the two injection angles are comparable. At the lower velocity ratio, 

near equilibrium conditions are attained but not at the higher velocity 

ratio. The large gradients of mean velocity at high velocity ratio and 

3o degree injection are reflected in the shear stress profile. 

Profiles of turbulent-kinetic energy are shown in Figs. 4.22 and 

4.23 for 3o degree and 45 degree injection respectively. The production of 

turbulent-kinetic energy is by the shear stress; it is not surprising 

therefore that the turbulent-kinetic energy at 2o slot widths downstream 

for 45 degree injection is an order of magnitude larger than that for 3o 

degree injection. Again, there is rapid-decay of the turbulent-kinetic 

energy for 45 degree injection. The peaks in the mean velocity profile 

for 3o degree injection are mirrored in the turbulent-kinetic energy 

profiles. 
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Chapter 5 

THE SOLUTION PROCEDURE 

5.1 The need for a solution procedure  

The motivation to develop a solution procedure is threefold: 

Firstly it would facilitate the application of the experimental 

data by interpolation and some extrapolation between the measured 

parameters. The measurements made are only a small set of the total 

number possible. However the pattern they form is best expressed with-

in a viable prediction procedure rather than the empirical correlation 

approach favoured by earlier authors such as Stollery and El-Ehwany 

(1965) . 

Secondly it would be of direct relevance to engine designers. 

The testing of several parameters and prototypes could be substituted 

by numerical experiments. 

Thirdly it would contribute to a deeper understanding of the 

mathematical modelling of complex flows. As the comparison between 

measurement and prediction will show, this understanding is not complete. 

Before the predictions can be computed it is necessary to 

identify the governing equations and apply a suitable algorithm to 

their solution. Further, as the flows are turbulent, a suitable math-

ematical model of turbulence has to be formulated and incorporated 

into the solution procedure. 

5.2 The governing equations  

The measurements reported in the previous chapters. have shown 

that there are significant regions of recirculation and sepapated 

flow in the near slot region. The appropriate equations are therefore 



the Navier-Stokes equations for two-dimensional flows. The time-averaged 

equations will be considered; these are not entirely appropriate in 

certain regions of some of the configurations but this will be discussed 

later. These fundamental equations for the conservation of mass, momentum 

and energy are well known and need not be repeated. They are partial 

differential equations which are non-linear and elliptic in form. 

5.3 Salient features of the alcorithm 

The algorithm used for solving this set of equations is that 

proposed by Gosman et al (1969) at Imperial College. This has been widely 

used and reported. Only the salient features are noted below. 

The two quantities vorticity and stream function are, chosen as 

' the dependent variables which define the hydrodynamics of the flow. These 

two variables displace the velocity components and the pressure. Other 

variables such as mass concentration may be defined in additional equa- 

tions. 

All the equations may be manipulated into the form: 
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where e is a general dependent variable. The coefficients corresponding 

to the specific dependent variables are shown below: 

9S a b. c S= 
to 

cu 

ir 

c 

1 

0 	. 

1 

. 
1. 

1/p 

11  e f fierc 

Pe 

1 

.U2-+V2 fa 	( 	) 
- `ax 	2 	ay 

a 	( U2-0/2 ).L:1 
ay 	2 	ax-i 

- 	u.) 

0 



55 

A value of unity has been assigned to the effective Schmidt number cr.  . A 

justification for this choice is presented ill., Matthews (197o). 
Numerical integration of (5.3-1) over small areas of space, 

referred to as cells, yields the solution. The cells are defined by 

orthogonal grids distributed over the field of interest. The grids need 

not be uniformly distributed. 

A typical cell is shown below. 

W. 	 w. 

N 

n 

.P 

S 

.e 	.E 

P is the node within the cell. N, S, E, and W are nodes within adjacent 

cells, while n, s, e, and w are points on the cell edges. 

Certain assumptions are needed about the variation of the dep-

endent variables in and around the cell. The major assumptions are: 

(a) The value of 0 at any cell wall is given by the value of 0 at 

the cell node on the upstream side of the wall. Upstream refers to the 

local direction of flow. 

(b) The derivative at any cell wall is calculated assuming a 

linear distribution of 0 between nodes. 

(c) The source term S is assumed uniform over the cell with a 

value equal to that at the internal node P . 

These and other assumptions lead to algebraic equations obtained 

by integ ration of (5.3-1) . They relate the flow variables at one cell 

node to the neighbouring nodes and are of the form: 



0P =CNO
N +CSOS + CEOE  +C

W
O + D 
W 

(5.3-3) 

where 0 represents the dependent variable 

the C's are coefficients for the combined contribution of 

convection- and diffusion terms 

and D represents the source term 

P, N, S, E, W are subscripts referring to cell nodes. 

This system of simultaneous equations is solved iteratively by 

successive substitution. The boundary nodes do not have neighbouring 

cells on all sides; the value of the dependent variable at a boundary 

node is fixed by a boundary condition which relate it to the adjacent 

interior cell. Some of these require considerable ingenuity in formulation. 

5.4  22221EL2L15.111112 

The appropriateness of the elliptic Navier-Stokes equations haSdi 

"them 
been dwelt upon and an algorithm described for 411. Downstream of this 

near-slot region, recirculation and normal pressure gradients are absent. 

Here the relevant equations can be simplified further to the two-dimen 

sional boundary-layer form. They may then be reduced to algebraic 

finite differece equations. Unlike the elliptic equations iteration is 

not necessary and the solution can be effected by a marching downstream 
tImodb 

procedure. This impliesp.a downstream boundary condition is not needed. 

A suitable algorithm has been developed by Patankar and Spalding 

(197o) and widely employed by Rastogi and Whitelaw (1971) among others. 

The algorithm is simpler and more economical in computing time than 

that for the elliptic equations. It is advantageous to combine the two 

for applications to flows, such as those considered here,-where there is 

recirculating flow in the near slot region but boundary layer type flow 

further downstream. A convenient method for combining the two has been 

developed by Matthews et al (1971) into the computer program 'JOINT' . 
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5.5 The modelling of turbulent flow 

The need to model turbulent flows uniquely is a direct consequence 

of the decision to solve the time-averaged equations. The alternative 

is to solve the time-dependent equations on a grid appreciably finer 

than the micro-scale of turbulence. This approach has to be rejected 

because the computer storage required would be enormous and the computing 

time prohibitive. 

Turbulence models take the form of algebraic or differential 

equations relating the time-averaged momentum fluxes to local time - 

averaged properties of the fluid. The comparatively smaller gradients of 

the time-averaged properties eliminate the need for excessively fine 

grids. 

The instantwiLs velocity L may be defined in terms of mean 

and fluctuating components. 

U = U = u 
	

(5.5-1) 

This together with the Navier-Stokes equations and the time averaging 

procedure leads to the equation 
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This equation cannot be solved without knowledge of the correlation 

u.0
j 
 , consequently additional equations must be sought to permit the 

revired closure. 

The correlation term u.
a.u.3 

 may be related to the mean velocity 

gradient by the Boussinesq (1877) concept which implies an effective 

viscosity defined by : 

ujui  . 	lieff aU 	 (5.5-3) 
ay 

It is also possible-to define the shear stress from one or more diff- 

erential equations and the effective viscosity concept would not be 

needed 
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A comprehensive review of turbulence models has been presented 

by Launder and Spalding (1971) . The discussion here is limited to the 

path leading to the particular model selected. 

'It might appear that the effective viscosity concept is arbit-

arary and that it is preferable to solve a set of differential equations 

for u.u. . Such equations have been proposed by Rotta (1951). They 

contain triple velocity correlations and pressure-velocity correlations 

for which simplifying assumptions have to be made before solution of 

the equations can be attempted. In the absence of substantiating 

measurements, particularly in recirculating flows, the considerablf. 

additional complexity is not justified. 

The models based on the effective viscosity concept assume that 

the turbulent state at a point can be defined by two local parameters: 

the velocity scale and the length scale. This is central to the models 

proposed by Prandtl (1945), and Kolmogorov (1942) referred to jointly 

as the Prandtl-Kolomogorov model of turbulence. This postulates 

Jeff 
= p C 2 k1/2 (5.5-4) 

where C is a constant. 

The turbulent kinetic energy k may be chosen as the dependent 

variable in a differential equation. This may be written in the form: 
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The length scale may be specified empirically as an algebraic 

function of the flow parameters. This combination of a differential 

equation for k and an algebraic specification for 2 has been used by 

Kacker and Whitelaw (197o) for film-cooling predictions. This constrains 
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the application of the model to the limited range of parameters for which 

the empirical specification for t had been formulated. 

Several differential equations have been proposed for the length 

scale of turbulence each with a different choice of dependent variable. 

The computations reported here use the dependent variable 

= 4 0 k
3/2 

/ t 
0 

(5.5-6) 

proposed by Jones and Launder (1972a). The decision was prompted by the 

sucess of this in boundary layer flows. 

The effective viscosity is related to k andtthrough the 

Prandtl-Kolmogorov. hypothesis 

Jeff 
= C p k

2 
/ £ 	 (5.5-7) 

The model contains several simplifying assumptions and the 

consequent limitations are discussed below. 

1. The effective viscosity hypothesis cannot exactly represent 

flows where the locatiorsOf zero shear stress and zero mean velocity 

gradient are not coincident. The measurements reported in previous 

chapters show that the hypothesis is invalid in local regions where 

there is a change in the direction of the shear stress. 

2. The dependent variableais the simplified form of the 

dissipation term in the differential equation for kinetic energy 

(5.5-5). Implicit in this simplification is the assumption that the 

turbulence is isotropic i.e. dissipation is assumed to take place at 

high wave numbers. The measurements reported in Chapter 4 suggest 

that this is not strictly true in the region immediately downstream 

of the slot lip and one might expect the dissipation to be over 

estimated there. 

3. The diffusion term in the kinetic energy equation, by analogy 

with momentum, is assumed to have a gradient form. Laminar diffusion 

is neglected. The experimental measurement of diffusion is difficult 

and the validity of the assumption is not proved. 



4. 	Similar assumptions are applied to the differential equation 

for £ . In addition the equations are appropriate only to high local 

Reyno* number flows. Additional terms are required for low local 

Reyno3d$number flow, such as in laminarisation, as indicated by Jones 

and Launder (1972b) 

The differential equations for turbulent-kinetic energy and 

dissipation of turbulent-kinetic energy may be cast into the general 

form of (5.3-1) enabling solution by the same algorithm. The 

'coefficients are 
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where the generation term G is defined by 
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(5.5-9) 

This set of equations contains five constants. These have been 

assigned the values: 

1. = 1.45 , C
2 = 

2.o , C= o. o9 , cr = 1.0 , ort  = 1.3 . (5.5-10) 

and are consistent with the values used by Jones and Launder (1972a) 

and Hanjalic and Launder (1972) . These constants are established 

from semi-empirical considerations such as experimental data on grid 

turbulence decay. A full justification is given by Hanjalic and 

Launder (1972). 
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5.6 Computing details  

The application of the algorithm to the flows under consideration 

is done in the form of a computer program. The significant features of 

the application are considered below; further details of the program 

development are given in Matthews (197o). 

546.1 Computational scheme  

The computational scheme consisted of point by point iteration 

of the five dependent variables viz. vorticity, stream function, mass 

concentration, turbulent kinetic energy and dissipation of turbulent 

kinetic energy; in that order. The solution of vorticity and stream 

function satisfy the hydrodynamic equations. The effective viscosity 

is computed after the solution of the equations for turbulent kinetic 

energy and the dissipation of turbulent kinetic energy. Film cooling 

effectivess is obtained directly from the solution of the mass 

concentration equation. 

For flows where the slot fluid was different from the stream 

fluid it is necessary to recompute the density and 'the laminar viscosity 

of the mixture at every computational node for every iteration. The 

density gradient and the gradient of the mean square of velocity are 

computed for the source of vorticity. 

It was convenient to start the computations with the converged 

solutions obtained with an empirical specification of the length scale 

as proposed by Kacker and Whitelaw (197o). When such converged solutions 

were not available it was found necessary to stabilise the convergence 

by calculating the dissipation from the empirical length scale of 

turbulence for the first loo iterations and only thereafter solving 

for dissipation as a dependent variable. 



5.6.2 Control volume  

Computations were performed on a 21 x21 	rectangular mesh 

described in a control volume extending from the slot to 64 slot heights 

downstream and 15 slot heights cross stream. The mesh point nearest to 

the wall was at a distance of o.o15 slot heights.This relatively large 

interval was to circumvent errors due to the absence of additional 

terms needed in the low Reynold5number flows expected very near the wall. 

5.6.3 Boundary conditions 

Measurements provided the upstream boundary condition of 

velocity (and therefore for vorticity and stream function), mass 

concentration and kinetic energy. The dissipation of turbulent kinetic 

energy at inlet was obtained by assuming a ramp length scale of 

turbulence approprpiate to boundary layer type flows. 

The downstream boundary condition corresponds to zero stream 

wise gradient of all properties. In flows with longtitudinal pressure 

gradients the variables were assumed to vary as a quadratic function of 

downstream distance. 

The grid fgrthest from the wall was located well into the 

stream above the the boundary layer. The boundary condition at these 

nodes were specified in terms of the stream velocity gradient and a 

constant free stream turbulence level. 

The boundary conditions at the wall are specified in terms of 

wall functions. These are idealised representations of the flow processes, 

in the immediate vicinity of the wall, where steep gradients,are present. 

They speed computation‘by being formulated as algebraic expressions. 

Wolfshtein's (1967) formulations have been used here. 

The wall function for the dissipation of turbulent kinetic 

energy was : 
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where the subscript P refers to nodes on the first grid line. A value 

of o.22 was taken for a after the practice of Gosman and Tatchell 

(1971) . However for grid nodes adjacent to the slot lip edge in the 

tangential injection geometry, this boundary condition was altered 

to give values of dissipation corresponding to one-twentieth of 

those given by the above expression. This was needed to compensate 

for the overestimation of dissipation caused by the large eddies. 



Chapter 6 

PREDICTIONS OF THE FLOW FIELD AND 

OF EFFECTIVENESS 

6.1 Scope of the predictions  

The proposed solution procedure has been outlined in Chapter 5. 

This chapter presents comparisons between the computed predictions and 

the measurements reporteod in chapters 3 and 4. The data of Kacker and 

Whitelaw (1969) and Pai and Whitelaw (1968) , for the tangential in-

jection film cooling geometry have also been predicted. By these 

comparisons it is proposed to validate the solution procedure. 

The mean quantities considered are the impervious-wall effect- 

IS 
ivness and the mean-velocity profiles. Success in predicting these aim* 

essential for engineering applications. Further, comparisons are made 

for the turbulent kinetic energy and the Reynolds shear stress. This 

is a test of the applicability of the chosen model of turbulence to 

the flow situations considered. 

In the first stage of the development of the solution pro-

cedure the computer program used by Kacker (1969) was developed so that 

computations could be performed for flows with density and pressure 

gradients. The predictions resulting are briefly presented and discussed 

in section 6.2 ; this also presents predictions obtained from a 

program based on the combination of the algorithm for recirculating 

flow and that for boundary layer type flow. In the next stage of 

development, the empirical specification of turbulence length scale 

was removed and predictionsoobtained by solving an additional differ-

ential' equation for the length scalelare presented in section 6.3 . 

This validated the final form of the solution procedure which was then 

applied to the step geometry (section 6.4) and the inclined slot (6.5). 

64 
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6.2 Predictions with a one-ecuation model of  turbulence 

This section, presents predictions obtained for several tan-

gential-injection wall-jet flows using a solution procedure similar to 

that used by Kacker (1969). The model of turbulence required an empirical 

specification of the length scale. 

The computer program of Kacker was further developed to compute 

flows with pressure gradients and density gradients. Both density and 

pressure gradients are present in the jet-engine combustor and hence 

this development is of engineering relevance. The program was also mod-

ified to improve the computational efficiencey. These developments are 

fully documented in a separate report : Matthews (197o). 

Predictions were made to compare with the data of Pai and 

Whitelaw (1968),(197o) and others. Figure 6.1 is extracted from Matthews 

(1976) and shows a comparison between the predictions and the measure-

ments of Pai and Whitelaw (197o) for a flow in which there we both 

density and pressure gradients. Excellent agreement has been obtained 

and the superiority of the adverse pressure gradient confirmed comput-

ationally. There is reason to believe that the favourable pressure 

gradient case in Fig. 6.1 has not laminarised else the predictions 

would not have been as good. The solution procedure, cannot in its 

present form, cope with reverse transition. 

The benefits of combining the solution procedure for elliptic 

equations in the upstream region with the simpler procedure for boundary 

layer equations in the downstren region have been discussed in section 

5.4 . This joint procedure was used to make several predictions reported 

in Matthews, Rastogi and Whitelaw (1971). Figures 6.2, 6.3, and 6.4 

have been extracted from that paper. Comparison was made with the data 

of Kacker and Whitelaw (1969) and Pai and Whitelaw (1968) 

Figure 6.2 compares present predictions with the zero density 
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gradient and thin lip data of Pai and Whitelaw. The maximum deviation 

between'the predicted and measured value is lo% of unity and this is 

for the lowest velocity ratio shown. The comparisons with the zero 

density gradient, thick lip measurements of Kacker and Whitelaw are 

shown in Fig. 6.3; again the agreement between measurement and prediction 

is excellent, in this case within 6% of unity. Figure 6.4 presents 

predictions made with the density ratio of 4.2 corresponding to Freon 

injection measurements of Pai and Whitelaw. In this case, Freon-12 

was injected through the slot and the resulting density ratio corresponds 

to a value rather higher than found in gas-turbine combustor practice. 

The agreement indicated in this figure are less satisfactory. The reasons 

are discussed in the original paper. 

6.3 Validation of the two-equation model of turbulence 

The geometry under consideration is that shown in Fig. 2.1 . 

Data for comparison was taken from Kacker and Whitelaw (1969). Later, 

they presented predictions using a solution procedure similar to that 

described in Chapter 5. The major difference is in the model of 

turbulence. Whereas Kacker and Whitelaw (197o) specified the length 

scale of turbulence empirically, the present procedure solves an add-

itional differential equation and there is no empiricism. 

The results are presented in the same format as that used by 

them. This enables direct comparison and a validation of the present 

model of turbulence. 

Figure 6.5 presents mean velocity, mass concentration and 

turbulent-kinetic-energy profiles at two values of downstream distance 

and for a lip thickness of t/yc=o.13 . Both procedures predicted the 

mean velocity and concentration profiles very closely. The profile of 

turbulent-kinetic energy is better predicted by the present procedure. 

This is particularly noticeable at x/yc  of 10 for Uc/UG  of o.91. 
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Figure 6.6 presents similar measurements and predictions as 

Fig. 6.5'but for a thick lip of t/yc= 1.14 . Here the present procedure 

predicts a turbulent-kinetic energy lower than that measured in contrast 

to higher values predicted by the previous authors. This underestimation 

of turbulent-kinetic energy is not unexpected. It stems from an over 

estimation of the dissipation of turbulent-kinetic energy. The large 

eddies shed from the thick lip are responsible for the failure of the 

assumption of dissipation under isotropic conditions. The satisfactory 

predictions for the thin lip indicate that this could be the explanation. 

Predictions for impervious-wall effectiveness are shown in . 

Fig. 6.7. The present predictions are in even closer agreement with the 

measurements than those by Kacker and whitelaw. This is particularly so 

for the thick lip and wake-like flows where the predictions of the 

previous authors are somewhat unsatisfactory. 

Predictions were also made for comparison with the data,  

obtained by the author for tangential injection as part of the invest-

igation of the step geometry. (It will be appreciated that tangential 

injection is a limiting case of zero step). Both data and predictions 

were part of a separate presentation - Matthews and Whitelaw (1972) - 

from which Fig. 6.8 is taken. This indicates that the influence of 

slot lip thickness is accurately predicted by the present procedure. 

In conclusion it may be said that thatremoval of the empirical 

specification of the length scale has resulted in a significant imp-

rovement in the accuracy of the predictions. 

6.4 Predictions fox the step eometry 

The geometry under consideration is that shown in Fig 2.2 . 

Data for comparison MO taken from the measurements reported in Chapters 3 

and 4. The solution procedure used is that described in Chapter 5 and 

incorporates a two-equation model of turbulence. The previous section 

shows comparisons which have validated this procedure. 
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Figures 6.9 and 6.10 show predictions for impervious-wall 

effectivness of a geometry in which there is a backward facing step 

in the plane of the slot exit. The predictions are in good agreement 

with the measurements. The large step represents a severe test of the 

prediction procedure because it causes a significant region of recircu-

lation behind the step : the predictions within the region of recircu-

lation are in poorer agreement with measurements. 

Figure 6.10 corresponds to a density ratio of 2 and to the 

lower value of t/yc  . Good agreement between prediction and measurement 

is again displayed and it is clear the additional source terns required 

by the density gradients do not diminish the accuracy of the predictions. 

Profiles of mean velocity corresponding to Fig. 6.9 were pred-

icted but are not shown seperately in Fig. 4.13 because they are sensibly 

identical. The predicted values of turbulent-kinetic energy shown on 

Fig. 6.11 are not identical with measurements; but indicate similar 

trends. The predicted values are always lower than the measurements and 

we may, therefore, anticipate that the shear stress predictions will 

also have a lower magnitude than the measurements. This under estimation 

of turbulent-kinetic energy has been explained in the previous section. 

Figure 6.12 shows that the predicted values of shear stress 

have lower magnitudes than the measurement. The trends of shear stress 

are predicted but the points of zero'shear are not. This is a short 

coming of the effective-viscosity concept. 

Predicted profiles of advection, production and dissipation 

(the components of turbulent-kinetic energy) are presented in Fig. 6.13 . 

They indicate that the present assumptions lead to correct trends but 

'lower 
smappossmisid magnitudes. The discrepancies between measured and predicted 

advection and production may be partly due to experimental errors but 

are substantially due to the assumptions of the solution procedure. On 

the basis of the present, or indeed any other, available measurements it 
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is impossible to attribute the blame with certain ty. It is likely that 

the effective viscosity hypothesis explicit in the Prandtl Kolmogorov 

assumption is at fault since its inability to represent asymmetric flows 

is well known. The dissipation and diffusion assumptions may also be at 

fault but a direct test remains impossible. 

The computed production term at the higher velocity ratio has 

a. double zero corresponding to zero velocity at the maxima and minima. 

This is a consequence of the effective viscosity hypothesis which also 

precludes the prediction of the region of negative production indicated 

by the measurements. 

6.5 Predictions for angled injections  

The geometry under consideration is that shown in Fig. 2.3 . 

As for the step geometry the solution procedure desribed in Chapter 5 

is used and comparisons made with the measurements reported in Chapters 

3 and 4 

Figure 6.14 shows predictions for impervious-wall effectiveness. 

The predictions are in good agreement with the measurements downstream 

of 2o slot widths.. However, in the separated flow region the predictions 

are less good. It has not been possible to predict correctly either the 

point of reattachment or the maxima in effectiveness at reattachment. 

This is most noticeable for 45 degree injection at high slot velocity 

when the reattachment occurs only at 15 slot widths. This is the most 

severe case; for the other cases reattachment occurs within 5 slot widths 

and the discrepancy is not noticeable. The predictions for dense gas 

injection are shown in Fig. 6.15; there is good agreement with the 

measurements. 

The predictions of impervious-wall effectivness were sensitive 

to upstream boundary conditions. This was discovered when predictions 

were atterrted before the turbulence measurements were available. Satis-

factory predictions were obtained only after the detailed inlet measure- 



ments were used to prescribe the upstream boundary conditions. 

Figure 6.16 presents predictions of mean velocity profiles. 

The discrepancy between prediction and measurement are for 3o degree 

injection at the high slot velocity and are most evident for the up- 

stream points. The peak in the velocity profile has not been adequately 

predicted. There are two possible reasons: numerical smearing and in- 

- adequate modelling of the flow at the slot exit. The later is discussed 

in more detail below. 

Vorticity,,defined byw= (3V/ax - aU/ay),reduces to a single 

velocity derivative on either a horizontal or vertical wall. At a corner 

neither derivative is zero and so a special formulation has to be used. 

This problem is relevant to the downstream corner of the angled slot 

' where substantial gradients of velocity exist in both coordinate directions. 

One suitable hypothesis is to assume that the separating stream- 

line leaving the slot continues into the flow without change of direction 

as far as the next grid line. By interpolation values of stream function 

may be computed for the nodes nearest the corner and from this the vort- 

icity at the corner in a manner analogous to that in the algorithm of 

Gosman et al (1969). 

This is not entirely satisfactory because the stream lines do 

in fact bend. Nor was it possible to locate grid nodes too close to the 

wall to minimise the influence of the approximations as this would have 

led to low local Reynolds numbers and an extended form of the equation 

for dissipation of turbulent-kinetic energy. Recently Roberts (1972) 

proposed a novel arrangement of full cells against the wall instead of 

the half cells in the basic algorithm. This partly obviates the problem 

as it is no longer *necessary to specify the corner vorticity, However 

this proposal was not adopted becuse it involves considerable changes to 

the solution procedure and it was not verified till recently. 

7o 
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Predictions of shear stress are shown in Fig. 6.17 . The magnitudes 

are satisfactorily predicted. The trends for 3o degree injection are not 

well predicted. The failure may be attributed to the effective viscosity 

hypothesis and stems from the poor predictions of the mean velocity for 

this case. The predictions for 45 degree injection are more satisfactory. 

Predictions for turbulent-kinetic energy are shown in Fig. 6.18 . 

Similar remarks to those for shear stress apply. This is because the 

production of kinetic energy is from the shear stress. 

In conclusion it may be said that although detailed imprecisions 

can be observed, the predictive procedure has been generally correct in 

its ability to represent the form of the various profiles for these 

complex flows. Further improvements are undoubtedly feasible but will 

require the inclusion of shear stress.and normal stress equations. More 

realistic modelling of the low Reynolds number terms in the reattachment 

region is also required. 
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Chapter 7 

SEQUEL 

7.1 Scope of the chapter  

It is proposed in this chapter to draw conclusions from the work 

reported in previous chapters and to look ahead to new directions in film 

cooling research to formulate 	recommendations. A number of implications 

of the results have been discussed in the previous chapters. To avoid 

repetition only the more salient ones will be mentioned and their inter-

relationship described. 

The risk in looking ahead is that of being excessively speculative. 

The recommendations will therefore be anchored, wherever possible, to 

current research trends. The rate of research and development is so fast 

that new techniques and changing requirements may well overtake the 

recommendations. 

7.2 Conclusions 

1. 	Film cooling effectivness is significantly influenced by several 

geometrical and flow parameters. The present measurements imply that 

the veloity and turbulent-kinetic energy profiles at inlet, pressure 

gradients and density gradients must be considered in addition to simple 

geometrical parameters such as slot width, step height and lip thickness. 

The magnitude and complexity of their influence rule out the correlative 

approach and necessiate a solution procedure based on the governing 

equations. 
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2. A solution procedure can be, and has been, developed based on the 

governing partial differential equations of conervation of mass, momentum 

and species and incorporating the Prandtl-Kolmogorov model of turbulence 
algorithm of 

together with thekosman et al. This solution procedure is sho:•rn to yield 

satisfactory predictions of impervious-wall effectiven, mean velocity 

'shear stress and turbulent-kinetic energy in the region between the 

slot exit and 5o slot widths downstream. The model of turbulence does 

not require an empirical specification of the length scale and the 

constants used are those found appropriate in a wide variety of flows. 

The solution procedure can handle flows with density and pressure 

gradients. 

3. The solution procedure has a few limitations contained. within the 

model of turbulence. The non-coincidence of zero shear and zero velocity 

in asymmetric flows renders the effective viscosity concept deficient 

in local regions of the flow downstream of film cooling geometries. There 

are also local regions in which the assumptions implicit in the model-

ling of the diffusion and dissipation components of turbulent-kinetic 

energy are invalid. Precise measurements of these quantities are difficult 

and consequently the error in the predictions,caused by the assumptions, 

cannot he assessed. However the solution procedure is viable for the 

prediction -10....doilrompleamilisipiPsft of mean quantities of practical interest 

such as velocity profiles and impervious-wall effectiveness. 
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7.3 Recommendations  

These may be made under the same broad headings under which 

this thesis has been written. The aim is towards research of increasing 

engineering relevance. 

7.3.1 Geometrical configurations. Film cooling in gas turbine practice 

is through "three-dimensional" slots. Structural and other consider-

ations dictate that the injection is through discrete holes. The result-

ant flow field is three dimensional, and if the injection is angled, 

for aerodynamic considerations, there will be recirculation. 

Research into such practical configurations has been inhibited 

by the large number of influencing parameters and the lack of a solution 

procedure. With the understanding of the basic concepts of film cooling 

a number of investigators notably Goldstein et al (197o), Metzger and 

Fletcher (1971) and Rastogi and Whitelaw (1972) have made measurements 

of the wall effectivness of three-dimensional configurations. Detailed 

measurements of velocity and turbulence quantities will further the 

understanding of the flow phenomena. 

7.3.2 Experimental techniques. The principal tool for turbulence 

measurements has been the hot wire anemometer. It has serious limitations 

such as probe interference in the flow and limited dynamic range. The 

development of the Laser-Doppler velocimeter by Durst and Whitelaw 

(1971) and others holds great promise. The system is still under 

development but it is hoped that reliable and accurate measurements of 

turbulence quantities will soon be possible in regions of separated 

and recirculating flow. Such regions occur in practical film cooling 

geometries. 

An associated technique is Laser-Raman Spectroscopy for 

measurements of concentration and fluctuations of concentration. A 
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recent paper by Hartley (1972) describes an approach. It would be 

possible to measure concentration profiles rapidly and also the correl-

ation between fluctuations of concentration and velocity. Such correl-

ations would aid the mathematical modelling of turbulent species 

transport and thus provide better predictions. 

The increasing use of dedicated on-line digital computers for 

data acquisition, analysis and control of experiments may be expected. 

Some prognostications on the fuller utilisation of digital computers, 

for experimental measurements , are presented in Matthews (1972). 

Digital signal processing should, for example, facilitate the measure. 

ment of such turbulence quantities as triple-velocity correlations and 

pressure-velocity correlations. This in turn will permit better modelling 

of the turbulent flow. 

7.3.3 ILaticsj.. modelling_. The increasing size and speed of digital 

computers would make it possible to prepare and test more and more 

intricate mathematical models. Solution procedures for three-dimensional 

time-dependent flows may be envisaged. However, these are some years 

ahead and economic considerations would still provide a need for 

simpler models. 

For two-dimensional turbulent flow predictions a more flexible 

model of turbulence is required to overcome the limitations of the 

effective viscosity hypothesis. This.could entail the solution of 

additional differential equations for the Reynolds shear stresses and 

perhaps for normal stress' as well. There are no conceptual difficulties 

and several of the author's colleagues are engaged in this. direction. 

The work of Launder et al (1972) is indicative of this. 

Chemical reactions and radiation are important phenomena in 

the combustion chamber and have a direct relevance to the film cooling 
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of the chamber walls. It would be desirable to incorporate these into 

the solution procedure. Lockwood and Spalding (1971) have proposed a 

model for radiation and Spalding (1971) for chemical reactions. Again 

there are no conceptual difficulties in building up a comprehensive 

model. It is realised, however,that a set of coupled simult-oneous 

non-linear differential equations have to be solved and that the compl-

exities of chemical kinetics, phase interchange and thermal radiation 

through gaseous and particulate media are not completely understood. 

Work has already begun on the modelling of three-dimensional 

flows. Prtalkar and Spalding (1972) have proposed an algorithm which 

has been applied to a film cooling problem by Patankar, Rastogi and 

, whitelaw (1972). The algorithm is limited to boundary layer type flows 

but its extension to the more relevant recirculating flows may be 

confidently expected. This shows the way to a comprehensive research 

programme for the experimental and analytical study of practically 

relevant film cooling situations. 

The pace of research and development is such that there are 

few technological problems that do not seem amenable to solution. More 

intractable are the associated social problems but that is beyond this 

thesis. 
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NOMENCLATURE 

a constant in (5.6-1) 

B constant 

c 	mass concentration of species 

CN, CS'  CE,CW 	coefficients in (5.3-3) 

C 	constant 

D coefficient for source term 

E hot wire anemometer voltage 

E 
14k 14. 	

Energy spectrum function 

f frequency 

G generation of turbulent kinetic energy (5.5-9) 

k 	turbulent-kinetic energy 

k1 	
wave number ,,, 2itf/U 

Kp 	pressure gradient parameterV/UG  . dUG/dx 

length scale of turbulence 

constant 

pressure 

2 2 
q
2 	▪ u +y +w2  

s 	slot width 

t 	thickness of lip 

also time 

u, v, w fluctuating components of velocity in 

x, y and z directions respectively 

U time mean velocity in x-direction 

UC 	average velocity at slot exit 

UG 	free stream velocity 

✓ time mean velocity in y-direction 

.x 	stream wise direction, distance from slot edge 

xi, xj 	tensor notation for coordinate directions 

y 	distance normal to wall 
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YC 
	slot height 

YG 
	boundary layer thickness 

YH 
	step height (orvvicikk) 

Z h 	lateral direction 

Greek symbols  

a 

C. 

P'eff 

jO 

slot angle, referred to x direction 

angle of hot wire with respect to U 

dissipation 

impervious-wall effectiveness 

effective viscosity 

kinematic viscosity 

density 

effective Schtlidt number for diffusion of 

stream function defined by al.Uay=-Vax 

co 	vorticity -(aU/ay-aV/ax) 

Subscripts  

C 	slot conditions 

G 	free stream 

instantaneous 

1, j 	tensor notation 

max 	maximum of a variable 

P 	a grid node P 
wcti I 

Overbars  

eg: u2 
	

temporal mean of the time dependent quantity u2 
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FIGURE CAPTIONS 

1.1 Schematic representation of film cooling geometries 

investigated 

2.1 Construction details of tangential injection configuration 

	

2.2 	Schematic configuration 	for injection over a 

backward facing step. 

2.3 Construction details of flush angled injection 

configuration. 

2.4 Construction details of tangential injection into 

converging flow configuration. 

2.5 Calibration of microkatharometer for mixtures of 

Freon-12 and air. 

2.6 Schematic of hot wire instrumentation. 

2.7 Schematic of minicomputer based data acquisition 

and reduction system. 

3.1 Influence of step height on film cooling effectiveness 

Pc/oG=1 : o UC/UG=2 : A Uc/uG.I. :0 Uc/UG.0.7 

	

3.2 	Influence of step height on film cooling effectiveness 

pc/pG.2 : @ Uc/UG.2 : A Uc/UG=1 :m Uc/UG.0.7 

3.3 Variation of effectiveness with downstream distance 

3.4 Comparison of angled injection effectiveness 

measured by different investigators. 

Artt 	30: V 	60: Y 

Dyban 	45:0 	75:4 

Metzger 	20:6 	60: 

Sivasegram 	30: 0 	60: • 

present 	- 30: 0 	45: • 



3.5 Effectiveness at 30 degree injection 

(a) s=0.25, (b) s=0.125 ; legend as for 3.1 

3.6 Effectiveness at 45 degree injection 

(a) s=0.257  (b) s=0.125 ; legend as for 3.1 
I- 

3.7 Effectiveness for pc/pG=2 

(a) 0=45, (b) 0=30 ; legend as for 3.2 

3.8 Effectiveness along a converging wall 

(a) 0.30, (b) 0.45 ; legend as for 3.1 

3.9 Effectiveness for pc/pG=2 

(a) 0=301  (b) 0=45 ; legend as for 3.2 

4.1 Surface flow patterns for step geometry 

t=0.03" yc=0.25" yH=0.5" Uc/UG=1 

4.2 Reattachment distance for step geometry 

(a) t=0.03" yH=0.5" yc=0.25" 

(b) t=0.25" yH=0.5" yc=0.25" 

4.3 Reattachment distance for angled injection 

4.4 Downstream decay of periodicity 

x/yc  :* 0.4 , 7 3.6 , o 16.0 , A .18.0 

4.5 Cross-stream variation of spectra 

Y/YC ;)i 0.31 , o 0.56 , A 0.81 , p 1.31 

4.6 Effect of slot height on spectra 

t/yc  :0 0.80 7 v 1.00 , o 1.33 

4.7 Influence of wall on spectra 

t/yc  :o 1.33 , A 1.70 , n 2.08 , x 2.67 

	

4.8 	Flow visualisation 

(40 t = 0.50" 	yc  = 0.625" 

(6)t = 0.50" 	yc  = 0.375" 

• (W = 0.50" yc  = 0.188" 

	

4.9 	Effect of lip thickness, t: • 0.125" 7  v 0.50" 
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4.10 Dependence of spectra on slot velocity 

UC/UG  : • 0.35 , V 0.74 , o 1.00 , A 1.46 

4.11 Correlation of preferred frequency with slot Ivelovity 

4.12 Breakdown of significant periodicity 

4.13 Mean velocity profiles, UG.20 m/s, yc=0.25", yH=0.50" 

(a) t=0.03" , x/yc.20 	(b) t=0.03" 	x/yc=150 

(c) t=0.25" 	x/yc=0 (d) t=0.25" , x/yc.150 

o Uc/UG=2; 	A Uc/UG=1; t1 Uc/UG=0.7 

4.14 Turbulent-kinetic energy profiles 

a, b, c and d correspond to legend of 4.13 

4.15 Fluctuating velocity components 

(a) Uc/UG.2.0; 	(b) Uc/UG=0.70 

o x/yc=20; 	A x/yc=50; 0 x/yc.150 

4.16 Shear stress profiles 

a, b, c and d correspond to legend of 4.13 

01,4A8 Growth of (A) lateral position of mean velocity gradient, 

(B) zero kinetic energy gradient and (C) zero shear stress 

Uc/UG=2.01  yc=0.25", yH=0.5" 

4.17 t/yc  0.125 

4.18 t/yc  = 1.0 

4.19 Mean velocity profiles at inlet of angled slot 

(a) 0=45, 	(b) 0=30 	(symbols as for 3.1) 

4.20 Mean velocity profiles (symbols as for 3.1) 

0=45: (a) at reattachment, (b) x/s=20, (c) x/s=150 

0.30; (d) at reattachment, (e) x/s=20, (f) x/s=150 

4.21 Shear stress profiles (symbols as for 3.1) 

0=30: (a) x/s=20 	(b) x/s=150 

. 0=45: (c) x/s=20 	(d) x/s=150 

4.22 Turbulent-kinetic energy profiles (symbols as for 3.1) 

a, b, c and d as above 



6.1 Comparison between predictions and measurements of 

Pai and Whitelaw (1968). Combined density and pressure 

gradients. 

6.2 Comparison between 	predictions and the measurements 
) 

of Pai and Whitelaw (1968). t/yc=0.14 

6.3 Comparison between p'redictions and the measurements 

of Kacker and Whitelaw (1969). t/yc 1.14 

6.4 Comparison between predictions and the measurements 

of Pai and Whitelaw with a density ratio of 4.2, t/yc=0.14 

6.5 Predictions of velocity,concentration and turbulent 

kinetic energy profiles. t/yc=0.14 

o 	measurements of Kacker and Whitelaw (1969) 

_ predictions of Kacker and Whitelaw (1970) 

	 present predictions 

6.6 Predictions of velocity, concentration and turbulent 

kinetic energy profiles. t/yc=1.14 

(legend as for 6.5) 

6.7 Prediction of film cooling effectiveness 

(legend as for 6.5) 

6.8 Prediction of effectiveness, zero step. 

6.9 	Prediction of effectiveness, finite step. 

6.10 Prediction of effectiveness for foreign gas injection. 

6.11 Prediction of turbulent-kinetic energy profile ---)5restickion 

x/yc=20; yH/yc=2; 	(a) t10.03", 	(b) t=0.25" 

6.12 Prediction of shear stress profiles (legend as above) 

6.13 Turbulent energy balance; A=advection, P=vroduction 

E=dissipation; t/yc=1, yH/yc=2, yc=0.25" 

(a) Uc/UG=0.7 	(b) Tjc/UG= 	(symbols as for 3.1) 

6.14 Prediction of effectiveness, angled injection 

(a) 13.30 	(b) p=4,5 	(symbols as for 3.1) 
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6.15 Prediction of effectiveness for angled injection 

with density ratio of 2, (a) [3.30, (b) 0=45 

(legend as for 3.2) 

6.16 Predicted mean velocity profiles, '(symbols as for 3.1) 

5=45 : (a) at reattachment, (b) x/s=20 

0.30 	(c) at reattachment, (d) x/s.20 

6.17 Prediction of shear stress profiles, x/s=?0 

(a) 0.30, 	(b) p=15 (symbols as for 3.1) 

6.18 Prediction of turbulent-kinetic energy profiles, 

x/s=20; (a) p.30, 	(b) p=i5 	(symbols as for 3.1) 



Table4.1: Ranges of parameters  

PARAMETER x/yc  t/yc y/yc  Uc/UG  t 
(in) 

YC 
(in) 

x 
(in) 

y 
(in) 

Uc  

(ft/sec) 

UG 
(ft/sec) 

1 DOWNSTREAM 
DECAY 

1 
2 
3 
4 

0.4 
3.6 
10.0 
18.0 

0.8 0.5 1.0 0.125 0.156 

0.062 
0 562 . 
1.562 
2.812 

0.078 40 40 

. 

0 
A 

2 CROSS-STREAM 
VARIATION 

1 

2 
3 
4 

0.4 0.8 

0.5 
0.9 
1.3 
2.1 

. 

1.0 0.5 

. 

0.625 0.25 

0.313 
0.562 
0.812 
1.312 

45 45 

v 
o 
A 
0 

3 SLOT HEIGHT 
1 
2 
3 

0.50 
0.40 
0.66 

0.80 
1.00 
1.33 

0.5 1.0 0.125 
0.156 
0.125 
0.094 

0.062 
0.05 
0.062 

0.078 
0.062 
0.050 

40 40 
. 
V 
o 

4 SLOT HEIGHT 
(INFLUENCE 
OF WALL) 

1 
2 
3 
4 

0.66 
0.83 
1.04 
1.32 

1.33 
1.70 
2.08 
2.67 

0.5 1.0 0.5 

0.375 
0.295 
0.240 
0.188 

0.25 

0.188 
0.147 
0.120 
0.094 

45 45 

o 
A 
ta 
x 

5 LIP THICKNESS 1 
2 0.4 0.8 0.5 1.0 0.125 

0.5 
0.156 
0.625 

0.062 
0.25 

0.078 
0.312 

40 
45 

40 
45 

. 
v 

6 SLOT VELOCITY 

1 
2 
3 
4 
5 

0.4 0.8 0.5 

0.35 
0.74 
1.00 
1.46 

 2.35 

0.125 

. 

0.125 0.05 0.062 

. 

11.3 
23.4 
35.9 
44.8 
70.6 

31.9 
31.5 
35.6 
30.6 
30.1 	' 

. 
v 
0 
A 
x 

7 STREAM VELOCITY 1 0.4 0.8 0.5 1.31 0.125 0.125 0.05 0.062 72.5 
70.6 

54.7 
30.1 7 

340 Hz 
640 Hz 
800 Hz 
1200 Hz 
2500 Hz 
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Fig. 3.4 

3.4 	Comparison of angled injection effectiveness 

measured by different investigators. 
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