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ABSTRACT

It was felt that by attaching a porous matrix to a rigid
base with metering holes or slots, these materials would
become more viable in transpiration cooling. Such an
alteration was expected to affect the mean velocity
profile of the injected turbulent boundarv layer. This,
and the more basic study of turbulent transport, required
attention. An investigation of the literature showed that
although a great deal of work had been done, there was

little to compare with the present problem.

A wind tunnel was designed and constructed which produced
a 2-D incompressible turbulent shear layer on a porous
plate, through which a secondary stream was injected. A
flow situation with a step change in injection was thus
modelled. A main stream velocity of 21 m/s (correspond-
ing to Re = 1,178 x 10*), and an average injection ratio
(vw/Vj of 0,017, was attained. Results indicated that
blockage below the porous surface resulted in an apparently

higher injection ratio for the same total flow rate.

To further the understanding of turbulent transport, a
programme was written which solved the momentum equation.
The eddy-viscosity formulation suggested by Cebeci was
tested in this solution. It could be used to calculate
the velocity profiles, with varying injection and pres-
sure gradients, of cither laminar or turbulent external

boundary layers.

A numerically calculated profile and the experimental
results of another researcher compared very well. The
trend for the 'transition' region from flat plate turbu-
lent flow to the injected turbulent boundary layer was

established experimentally, and reflected in the computer



generated profiles. Exact comparison was not possible,

owing to lack of time to rewrite part of the programme.

Experimental results were cross-plotted, and this indi-
cated the possibility of a short-cut method for deriving
velocity profiles with injection. Skin friction was not
measured in the tests, and was found to be very inade-
quately documented in previous work. This must be a very
important aspect of the injected turbulent shear layer,

and requires further work.

A preliminary investigation or the flow in the porous
matrix, especially the spread of an axis, mmetric jet,
was done. Initially experiment was expected to precede

analysis, and a rig was built for future research.

p— @



ACKNOWLEDGEMENTS

I wish to express my sincere appreciation and gratitude

to the following :-

* Mis B.A. Rotteveel, whose work guided me to this
project, and who assisted me in the initial planning

and analytical stage.

* Professor B.W. Skews, for his invaluable suggestions,
encouragement and patience, and without whom this

project could not have been completed.

* Dr D. van der Merwe, for his interest, and the loan

of the spectrum analyser.

* Mr E.A. Moss, who assisted in the understanding of

turbulent flows.

* Mr F.A.S. Bezuidenhout and the staff of the Mechanical

Engineering Laboratory, who constructed the wind tunnel.

* Mr D. Hutson, formerly of DCE Yokes, for arranging the

loan of a fan.

* Mr J. de Jager, for his helpful suggestions in com-

puter programming.

* Jenny Marcus, for typing this dissertation.

Financial support was received in the form of :-

A University of the Witwatersrand Senior Bursary
A C.S.I.R. bursary
An Adolph Wagner scholarship.



Vil

CONTENTS

DECLARATION

ABSTRACT

ACKNOWLEDGEMENTS

CONTENTS

NOTATION

CHAPTER

1

~ ~ B~ B
AW N~

N —

INTRODUCTION
OBJECT

REVIEW OF LITERATURE ON THE TURBULENT
BOUNDARY LAYER WITH INJECTION

Introduction
Experimental Work

Analytical Developments

A THEORETICAL APPROACH TO THE TURBULENT
BOUNDARY LAYER WITH TRANSPIRATION

Introduction
The Continuity and Momentum Equations
Formulation for the Reynolds Stress

Eddy Viscosity Formulation for the Fully
Turbulent Region

Boundary Conditions

The Transformed Momentum and Related
Equations : A Summary

COMPUTER SOLUTION OF THE MOMENTUM EQUATION

Introduction
Linearisation of the Momentum Equation

The Finite Difference Grid

Page
111
v
vi

vii

18
20
20

22
24

25

26
26
27



5.4 The Momentum Equation in Finite Difference

Form 28
5.5 The Finite Difference Molecule 32
5.6 Flow Chart 34
5.7 Discussion of Various Features of the

Programme 35
6 EXPERIMENTAL APPARATUS AND PROCEDURE
6.1 Introduction 42
6.2  The Wind Tunnel 42
6.3 Hot Wire Anemometry 48
6.4 The Energy Spectrum 49
6.5 Experimental Procedure 50
7 PRESENTATION AND DISCUSSION OF RESULTS
7.1 Introduction 52
7.2 Initial Tests 53
7.3 Experimental Work 61
7.4 Computer Programme Results 98
8 CONCLUSIONS Y
9 SUGGESTIONS FOR FURTHER WORK 118
APPENDIX
Al Transformation of the Momentum Equation 120
A2 The Finite Difference Approximations 122
A3 Flow in Porous Media 127
A4 Tests on the Porous Matrix 131

Bl Design of the Wind Tunnel, Fan and

Contraction 137
B2 The Working Section 142
B3 Engineering Drawing 142
Cl Calibration of the Orifice Plate 144

C2 Calibration of Thermocouple 144



C3
C4

CS

D1

El

FI
F2
F3
F4

IX

The Calibration of the Hot Wire

Temperature Con ;ction for the Anemometer
Output

Correction for Proximity of the Wall
The Experimental Results
Accuracy of Experimental Equipment

Some Details Pertaining to the Programme
Initial Computer Runs
Results of Main Computer Runs

Input Data for the Programme

LIST OF REFERENCES

Page

145

146
147

148

174

177
178
182
186

198

M m



NOTATION

ROMAN

o

vy m O

E (n)

Pipe diameter

Van Driest damping length

Van Driest damping constant

Coefficient matrix in [zHx) = {B)
Vector of constants

Skin friction coefficient

Orifice diameter

Pipe diameter

Particle diameter

Voltage drop across hot-wire

Voltage drop across hot-wire for zero velocity
Voltage drop, corrected for temperature

Contribution to energy of fluctuation for
frequency n + dn

Force vector (per unit volume)

Dimensionless stream function, general function
Local injection ratio, W/Vm

Average injection ratio, vw/Vd{d

General function

Main stream mass flux, ¢ "

First step in n grid

Shape factor

Roughness height

Non-dimensionalisod roughness height,

k+ = kU, /v



1D

1A}

X1

Ratio of adjacent n intervals
Mixing length

Length scale, porous matrix thickness in
direction of flow

Injection mass flux

Frequency

Number of equations in system ["]{%) = ({ti}
Pressure

Pressure gradient term, - dp/dx.\)/p(i<v®) 3
Reynolds number, Pc, = V~L/v

Temperature

Turbulence intensity

Axial velocity, % = u/u’r

Wall shear velocity,

Velocity vector

Velocity normal to wall
Injection velocity, y VJ15 =WvJ% *
Co-ordinate parallel to flow
Vector of unknowns

Start of porous plate, measured from origin

Co-ordinate normal to flow, y* = yu”'/v

Constant in outer eddy-viscosity formulation

Pressure gradient parameter,

Intermittency term

Boundary layer thickness



6* Displacement thickness

A Differential, e.g. Ap = p2 - PI

e Eddy viscosity, e4 = e/v

n Ii"ansformed y-co-ordinate

9 Momentum thickness

K Universal constant inlogarithmic portion of

turbulent profile

P Dynamic viscosity
\ Kinematic viscosity
C Transformed x-co-ordinate
p Density
t Shear stress
4 Translated stream function
A Stream function
SUBSCRIPTS
CL Centre line at Working Section inlet
e Edge of boundary layer
t Inner region
0 Outer region, unblown condition
e Static, laminar sub-layer
w Wall condition
Vector

Second order tensor

I m



X111

SUPERSCRIPT'

Non-dimensional

Derivative with respect to n>
fluctuating quantity

Integral averaged quantity (time based,
unless otherwise stated)

MATHEMATICAL OPERATORS

grad, V (6/5x 6/5z/ 6/ 6¢)
divv, V.v 6u/6x + 6v/6y + 6u/6z

V2 52/6x2 + 61/6y2 + 62/ 6z2



CHAPTER 1

INTRODUCTION

The need for cooling engineering components becomes necessary
when the components are in a high temperature environment.
This problem frequently arises in flow situations. Important
examples are :- turbine blades and combustion chambers in jet
engines, exposed surfaces of supersonic vehicles such as air-
craft, missiles and space craft. A further example is the
lining of nuclear reactors. At present, turbine vanes and
blades are film cooled by blowing cool air through discrete
holes near the leading and trailing edge of the blades.

This is a very important, application, because the efficiency

of the engine increases with cycle temperature.

An improvement in efficiency can have a dramatic effect in

increasing the range of aircraft. Suciu (1970) showed that
an aircraft with constant gross weight can transport a pay-
load some 40% further if the cycle turbine inlet temperature
is increased from 950°C to 1260°C. Metallurgical develop-

ments have resulted in much higher allowable metal tempera-
tures, and film cooling has also made a significant con-

tribution .

The coolant which is injected through the porous surface
will certainly affect the boundary layer, skin friction,
aerodynamic characteristics of an aerofoil (lift, drag)

as well as the heat transfer coefficient. It was therefore
decided that the mass transfer problem had to be investi-
gated first. A great deal of work, both experimental and
semi-analytic, has been done in this field. Unfortunately,
because of the magnitude of the problem, and the large
number of variables, tests have not been very systematic.

Considerable thought was devoted to film cooling, and the



possibility of using porous materials for the manufacture
of turbine blades. As a result, an experimental research

programme was embarked on.

In particular, a turbulent boundary layer was established on

a smooth flat plate before it reached a porous plate, where

the flow encountered injection. A computer programme was

written to simulate this situation. A deeper understanding
of turbulent flow thus became possible, which is necessary
not only for the abovementioned applications. In the design
of air intake ducts for aircraft, turbulence and inter-
mittency must be accounted for to ensure the required flow
rate. Further applications are boundary layer control on
aircraft wings, using suction or injection, and lienee drag

reduction.

The work of various authors 1is discussed. It was found

that there were fundamental differences between this work

and that of other researchers. This made comparison very

difficult. A new approach to the use of porous materials
in the manufacture of turbine blades 1is shown. A stable

computationa] technique was developed and the existence of
a new two-parameter family of curves for the injected tur-

bulent boundary layer is presented.



CHAPTER

OBJECT

Investigation of existing turbine blades in aircraft gas

turbines, e.g. Pratt and Whitney JT9, General Electric CFo6

and Rolls Royce RB211, showed that film cooling has become
an integral part in the.design of first stage stator vanes

and rotor blades. Impingement cooling is wused in the
technology for manufacturing

fully developed.

second stage. Clearly, the
these blades with internal ducting is

Welding a porous envelope onto a blade was suggested by

Grootenhuis (1959).

Because the pressure distribution on an aerofoil would

in minimum transpiration at the leading edge,
This could be

result a

complete envelope would be unsatisfactory.

overcome by having porous inserts at the leading edge and

mid-chord positions. A configuration of solid wall,

followed by porous wall thus arose. Furthermore, the

and would require to be

porous wall is notoriously weak,
surface to maintain

bonded to a solid wall at the inner

the aerodynamic loads. PorOus insert

Cool air

Porous insert
Convection

) cooled
Main stream

FIG 2.1 : cross sectiom of blade with porous inserts
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It may be expectet that tin !v it transfer 1mm the metal
to the coolant would ; impi ved because the surface area
is greatly increase I in the p<rous medium. Furthermore.
the webs between discrete ho l«s in film cooling arc very

thin an ! hen o ptor ' <1t 1?; or combust i n.

A great deal of restarch ha- !eendone in tc field of
transpir iMon v<m ling. Itowe r, the effcc' of a short
porotv 1 sort with blockny clow the porou matrii still
remained to be r <plored.

was designed. 1lhis tna I'd estson a fat "date in 2-U
flow to be carried nut.. A of datafor uniform  blowing
was to b" istah lish- d, *ith vhich results I m non-uniform

injection could ho << pari'd.

Ihe first stage was to 'Onsidcr only the effect of sudden

mass transfer into m tan! islied turbulent boundary laver,

without heat transfer.

The spread of die jet of coolmt from the restricted inner
porous surface to the open exposed surface clearly is an

important considemt ion.



CHAPTER 3

REVIEW OF LITERATURE ON THE TURBULENT BOUNDARY
LAYER WITH INJECTION

3.1 Introduction

One of the earliest papers to appear on transpiration cool-
ing was published by Duvez and Wheeler (1948). The authors
concentrated on a porous tube with high temperature axial
flow and cold air injection through the walls. Their
results compared well with that of Krieg (1975). In 1956
Mickley and Davis followed with an extensive experimental
investigation which is still used for qualifying rigs, and
for comparison with analytical or computer profiles.
Chemical engineers have shown great interest in fluidized
beds, ie. the flow inside a porous matrix. This latter
line of investigation was considered relevant to the pre-
sent work (see Appendix A3). The research may be cate-

gorised as follows

(i) Fluidized beds;

(11) Turbulent boundary layers with suction or injection

at the wall

a) in channels
b) in tubes
c) ona flat plate.

Each of tl 5se may be further subdivided into experimental,
analytic and numerical results, with or without heat trans-

fer, and into compressible or incompressible flow.

Note that injection through discrete holes or slots has
enjoyed much attention (e.g. Hartnett ei al 1961), but is

not reported on here.



3.2 Experimental Work

As mentioned above, the first thorough experimental investi-

gation was that of Mickley and Davis (1956;.

velocities ranged from 5,2 m/s to 18,3 m/s,

Free stream

Rex from 4 x 10"
to 3 x 106 and x\J i values of 0; >,001; 0,002; 0,003; 0,005

and 0,010. They found that the boundary layer decreased in

thickness near the outlet of the tunnel. This latter problem

was overcome by adding a flow divider to the outlet of the

tunnel. The estimated values of af/2 were shown plotted

against Re”. Where ef tended to 0 or to negative values,

the results were not reported. This occurred at values of

F =5 x 10"3 and above. Negative c¢” would indicate reverse
flow, however, as will be discussed later, this
the case. Up to F - 3 x 1Cr\ the values

those predicted by McQuaid (1967),

i.ecd not he
of cf compare with

if these curves are extrap-

olated. Their plot of t/ vs log y* fitted the universal

turbulent boundary layer profile acceptably. Graphs of %%,

vs z//6 were shown for F » 0,003 and = 0,005. Io predict

these profiles, it was necessary to allow k, the mixing

length constant, to vary, Kk increased with /e« [The trend

b
today is to assume k constant, and to

introduce a im.rticn

in vu-

Grootenhuis (1959) concentrated on heat transfer, as did

most early investigators. Appart from the experimental

results and correlation, this paper points out numerous

applications of effusion cooling, discusses
porous materials, shows

types ot
thermal conductivity vs porosity

for sintered bronze and stainless steel, and the internal

heat transfer correlation for porous bronze. A list is
given of manufacturers of porous materials, both sintered
their porosity and U.T.S.
but required a complete

spot welded to a hollow stem (see 1lig 3.1).

and woven, the various grades,

Blade designs were suggested,

porous envelope,



Porous

envelope

FIG \ ] : PROPOSED nrSIGN FOR A POROUS TUFTINE BLADE
OP VANE

Their research was to establish a basis of experimental
data for skin fraction :ind L- it transfer. Reynolds number,
blowing fraction and Stanton number were v tried systemat i-
cally on a flat, romm nlate. 1Ibis floor tas supported on
2-i plenum chambers which illr id F to be controlled as a
function of x. J1*ctric heat rs were installed below the
porous plates, so thaf the trinspiration flow could be
heated. This anfortnivitel\ t suits, for an injected
boundary layer, in anincorici ¥ temperature profile.

Results were ptceented for tfanton number \ trying with

blowing fraction; these \slues showed good correlation.

Ihe second part of this v irk \ is reported by Simpson nr it
(1969). SI in friction tosults were presented for v. con-
stant, .« x, 7. «x~7» and o, « x~0,5. a was presented
as n function of A?"/; f,-JA/' I. Various techniques for
calculating cr ftom profile data were suggested. These
included a momentum integral equation method, viscous
sublayer model method and the heat transfer analogue
method, which was the only melhod to yield results for



blowing fractions above 0,0078. Indications were that for
b[- fn"/G (cy”"/2) ] greater than 4, c¢” tended to zero. Surface

roughness was not included in the sxin friction calculations

Schetz and Nerney (1977) performed tests on an axisymmetric
model. A skin friction balance was built into the porous
wall : the floating element had its own transpiration supply
A crystal strain gauge was attached to the floating eclement
support. The velocity profiles were obtained with a pitot
rake. It was mentioned that the effect of roughness should
first be ascertained for the porous wall without injection
or suction. Note that the floating element is one of the
more attractive techniques for measuring skin friction.
Once true values are established, semi-analytic methods
may be tested against these. It was found that blowing
through the porous floating element made no difference to
the results. The porous wall without injection showed
significantly higher values of af than the equivalent
smooth wall. The roughness increased the turbulence
intensity in the boundary layer. With the new skin fric-
tion results, the laws of the wall, one by Simpson, one

by Stevenson, could be tested. It was shown exeatly that
these laws are inadequate. The "deductive" approach of
Van Driest (1956) could not be extended as had been sug-
gested, but a new formulation using the Reichardt model

{pe = xpv[i/+ - y , tanh (y Jy 7)J was presented. ihis

new approach should yield significantly bettoi icsults.

3.3 Analytical Developments

Before commencing this subsection, it should be noted that
turbulent flow is of such a random nature that any analysis
must contain empirical or experimentally determined con-
stants. When considering quantities such as velocity, a

time based average value 1is implied.



Mickley and Davis (1956) concentrated on experimental

work, and the determination of c¢f. This was done by

evaluating dQ/dx, and solving for af from

aG & + f, + A [3.3.1(a)]
For neglible pressure gradient, this reduces to

de ,, =31i-2 « U [3.3.1(b)]
dX l/oo PooVaa n

The difficulty unfortunately lies in determining

The remainder of the analysis attempted to extend the mixing

length theory for flow with ~ ' O' Reasonable correlation

was obtained up to F = 0,005, but

< was no longer constant,
but increased with F. To plot

experimental data non-dimen-

sionalized with respect to A 1= quantity is cal-

culated from semi-analytic considerations,

unsatisfactory. Only if Ty is measured directly can an
estimate of the reliability of the

seems very

analysis be made.

It was assumed that there was only a laminar sublayer and

a turbulent region (ie. no buffer layer), with a transition

point at ya. As do most researchers, they assumed the pre-

dominance of the vwéu/6y term in the equation

(u + » 1L(1T - y-3 [3.7.2]
ubx 6t/ pv y dx

For an incompressible layer, the following expressions

were obtained

................ 3.3.3

Sublayer 3270 1«U + A [ ]
Turbulent region in * - In ~ - 27 [t1 * 5

(1 +V "r)l] co.. [3.3.4]

UT2
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Black and Sarnecki (1958) approached the problem in a very
similar manner. The mixing length was considered propor-

tional to distance from the wall,

[3.3.5]

Assuming incompressible, two dimensional flow, Prandtlls
boundary layer equation [3.3.2] above, again forms the

foundation oC the analysis, with vw&u/Sy a dominant term.

The continuity equation 1is + 3 0 [3.3.6]

an™ the shear is t/p * - urThh [8.3 7]
l&y

with boundary conditions u - 0, v = at /=0 [338]

Close to the wall, with dp/dx » 0, equation [3.3.2]

reduces to

1 6t
Ve ~ p 2y [3.3.9]

[3.3.9] was integrated, to yield

T-Tv
ywu = p [3.3.10]
and using the definition i;,J ~u 2 [3.3.12]
[3.3.12] was obtained :-
“r2 * V A [3.3.12]

The momentum integral equation for the transpired boundary

layer 1is thus

& fW.'G; + [3.3.13]



Using the vorticity transfer theory of G.I. Taylor with
7 = resulted in an expression which, for y = 0, did
not reduce to the generally accepted law for flat plate
flow. Prandtl's momentum transfer theory in conjuntion
with a linear mixing length yielded what Black and Sarnecki
(1958) called the hilogarithmic law. This referred to the
squared logarithmic term in their expression, derived as

fellows
Substitute the momentum transfer formulation,

p = KVCf-)2 [3.3.14]

into [3.3.12]

m2 +vwu = kV (~7)2 [3.3.15]
From [3.3.9],

jif. 1 .41. I §IILPI

(“x” * Vv 1 [3.3.17]

This integrates to

ur< * vyu 7 Iy y/d)7 [3.3.18]
where d 1is a constant of integration.

T.quation [3.3.18] 1is expected to hold for 2-D incompressible

flow, with 6p/6y negligible (Prandtl's assumption for [3.3.23,

and a thin laminar sublayer.
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[3.3.18] was expressed in a manner which allows both
and d to be determined from the slope and the intercept
on the ordinate of a straight line drawn through the
experimental points in the bilog region. k was treated

as a universal constant.

Thus
- 2;r > In”~r)ln” [3.3.19:
Let AN Tn A =17; [3.3.20]
.= - 1-V 2% Ir> - [3.3.21]
| 2K L, v
, 2 [3.3.22]
then |(D V.2 = (n*7 - p~A7 ) + 2niY{ [3.3.23]

Clearly, if ™ - Y.2 is plotted against , and a straight
line is fitted through the experimental points, the slope
would be 2n ., and the ordinate intercept n.7 - . This
technique has numerous advantages over that of Mickley and
Davis because the velocity scale is now the known, measured

valued of U” rather than ur, obtained from the momentum

integral equation. dQ/d~ could be calculated Ilrom
U = u 2 +v U [3.3.24]
© ax t u o

(3.3.13 for dUjdx * 0)

2 + i) [3.3.25]



For values of F>0,005, it was found that the wall shear
velocity became imaginary, ie. p .2<0. This gave ar<0, which
was what Micklcy and Davis (1956) found, but ascribed to
experimental error. It is very important to note that in the
above technique, negative a” does not imply reversed flow, as

was found in un-inj ected flows with adverse pressure gradient,

This lengthy discussion has been given because the bilog
technique is used for comparing the present results with
those of Mickley and Davis (1956). Values of «T were not
reported, as they were imaginary, and were only needed for
the graphical presentation. Surface roughness was men-

tioned in the paper, but did not feature in the analysis.
McQuaid (1967) introduced intenittency into his formulation.
A two parameter family of curves was mentioned, but not given
in this paper. The velocity profiles generated from the
family were compared with some experimental data. Results

were good, also when fitted to the Mickley and Davis results.

The law of the wall for t& = 0 is

™ [3.3.26]

This could be extended for injected flows by adding vw, e.g.

« = Hit)
T > [3.3.2 7]
Or J b
Vi \% uTJ

and to include surface roughness

u
uT A\ A

[3.3.2 8]
ie. ut+t =f(y+ +, %t)



McQuaid, however, suggested a function using as a
velocity scale, and retained wall shear in the term c”,
thus

u

lo [3.3.29]

and

[3.3.30]

(6~ was defined as "twice the distance from the wall to

the position where Y = 0,5").

McQuaid assumed the law presented by Black and Sarnecki
for the sublayer [3.3.3], and modified Stevenson's 'law of

the wall' for the turbulent region with suction or injection

[3.3.31]

A pressure gradient term was also derived, and was shown to

be analogous to the pressure gradient term for unblown flows.

This was given as

[3.3.32]

It was found that the model gave good agreement provided
-0,004<A"<0,006. Furthermore, and this is of importance
to the present work, the "fully developed state was not
attained even at 33 boundary layer lengths downstream

after a sudden change in injection rate"-

Although this paper clearly indicates the importance of 6
in transpired boundary layers, the objections raised pre-
viously to being calculated from the velocity profile,

and not direct measurement, again apply.



Fletcher (1969) analysed an axisymmetric configuration,
and developed a mixing length based on the Van Driest
damping factor (Van Driest, 1956). An explicit finite
difference technique is explained in the paper, and pur-
ports to give good results for flat plate, uninjected
flows. The injected velocity profile shown agrees well
with data from one of the Mickley and Davis tests. It
was pointed out that the explicit method is more direct,
and simpler to programme than an implicit method. Further-
more, 1t was not necessary to linearize the boundary layer
equation before solving it, thus eliminating the need for
an iterative process. However, it is well known that
explicit methods are prone to instability, especially if

the step length becomes too small.

Cebeci and Smith (1970a) also solved the Prandtl boundary
layer equation for axisymmetric, compressible flow. This
paper was preceded by numerous others that were very
similar. This particular version showed the equations,
boundary conditions, the finite difference grid and trans-
formations in some detail. An implicit finite difference
technique was employed tc solve the linearized momentum
equation with boundary conditions. A mixing length formu-
lation based on Van Driest (1956) was used for the sublayer
and the blending region, and a formulation using inter-
mittency for the fully turbulent region. The energy
equation was solved simultaneously, as this was a com-
pressible flow situation. Grid spacing and CPU time

required for solution were discussed.

Cebcci (1970b) showed how the Van Driest damping factor
could be modified for pressure gradient and injection.
Comparison with experimental results appeared excellent.

The Van Driest velocity gradient relationship was

extended to flows with injection :-



dut 2 (v, fut + 1)
gy+ = 1+ (1 +40Tu++ DK2(y 201 - exp(-2+A+) ]2}

[3.3.33]

where A+ is the modified Van Driest damping constant.

Vocation [3.3.33] suggests an iterative solution for u-+.

This work by Cebeci will be discussed in greater detail

in Chapter 4.

Cebeci and Smith (1974) and Cebeci and Bradshaw (1977)

tinued the above work, but suggest changes to the Reynolds
stress formulation,

con-

and a very much more sophisticated

finite difference technique, known as Keller's box method.

The Falkner-Skan equation requires additional transforma-

tion before computer solution is possible. Ike second

book is of more general interest showing how Runge-Kutta

can be used, and gives examples of computer programmes.

Bale (1975) concentrated on axial flow through a tube with
mass extraction at the walls. A potential
was obtained,

flow solution
which gave a good representation of the flow

field inside the porous pipe, but gave no information with

respect to shear stress at the wall.

Schetz and Ncrncy (1977), as mentioned above,
on experimental work, and the direct

friction. It was shown that

concentrated
measurement of skin

an extension to the Van Driest
mixing length could not account for surface

the Reichardt model could.

roughness, but
The momentum equation could
thus be written

(cf. equation 3.3.33)



y + is a length scale, and is of the order of the
sublayer thickness. It was expected

laminar

that ya+ would decrease
with roughness, and ya+ = t/(Z+U +) was determined. The rela-
tionship ya+ = yc+(k+, vwt) still needs

to be found experi-
mentally for various values of Kk,

and types of roughness.

For the unblown case, the Clauser shift for roughness was

confirmed

— =Adlog t +B - hi(uu") [3.3.35]

ie. roughness did not change the slope oi the fully turbu-

lent region, only the intercept on the ordinate.

Presented above are a few papers written on the subject of

the transpired boundary layer. ithere are innumerable papers
on this topic : studying each one would result
deal of repetition, and possibly be of little

skin friction for shear

in a great
use until the

flows with transpiration has been

truly established. From this section, it should be clear

that the present situation bears close resemblance to the

confusion which existed in the 1940's as regards the fully

turbulent region of the solid-wall turbulent boundaiy

layer. With the introduction of reliable skin friction

transducers, that position was clarified.
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CHAPTER 4

A THEORETICAL APPROACH TO THE TURBULENT
BOUNDARY LAYER WITH TRANSPIRATION

4.1 Introduction

The analysis follows the classical treatment by Prandtl
for the boundary layer on a flat plate. For the turbulent
shear layer, the Prandtl momentum transfer theory is con-
sidered and is modified by introducing the Van Driest
damping factor. This technique is used to extend the
analysis to include transpiration and pressure gradient.
For the fully turbulent region, intermittency is intro-

duced into the transport equation.

It was felt that more information regarding the boundary
layer could be obtained following this type of analysis
than using a potential flow solution. Knowledge with
respect to skin friction, boundary layer growth and inter-
mittency became available, and the analysis could be

extended to include heat transfer and compressible flows.

4.1.1 Definition of parameters featured in
turbulent flow analysis

One of the most important quantities in any analysis of
this type is T?i, the shear stress at the wall. In non-
dimensional form, t~ appears in the local skin iriction

coefficient, o.

When analysing the turbulent shear layer, the wall shear

velocity is invariably the velocity scale. By definition,



2V * [4.1.2]

Uy uj [4.1.3]

The thickness cl the boundary Layer is denoted by 6.

i/~vS as  u/dy*0. A more practical definition is

y =S5 when n =0 , 9 9 e [4.1.4J
Thus we » 0,990 [4.1.5]
Hie displacement thickness, 6' , is the mass flow deficit

which occurs in the boundary layer owing to the reduced

velocity near the surface

£
pa £"“‘/6 p(u6 - u)Ju

A deficiency in momentum in tl i boundary layer may be

expressed as a momentum thickness, 0:

pn6?9 =j(")<‘pu(u.?- G )
] Lo [4.1.7]

Note that the upper integrated limit is given here as 6,

but is more correctly

The ratio of dispine <ment to momentum thickness, //, is a

very useful shape factor,
7 = S*Q [4.1.8 1

* see Addendum for further explanation.



4.2 The Continuity and Momentum Equations
The derivation of the Prandtl boundary layer equations for

an incompressible, newtonian fluid is well known (see

Schlichting, 1968).

Continuity: : + =0 [4.2.1]

Moment” = A = uelB' + p pu'v” [4°2%*2]

The bar denotes a time based average quantity, and is assumed

in the following equations.
At the edge of the boundary layer

% = 1 Al [4.2.3]
edx p dx

4.3 Formulation for the Reynolds Stress

To solve equation [4.2.2], it is necessary to relate the
Reynolds stress, pu'v' to the mean velocity. Following
Schlichting (1968), a formulation analogous to the laminar

shear stress 1s assumed

and then substitute Prandtl’s momentum transfer theory for

the eddy kinematic viscosity

[4.3.2]
where I~ <y [4.3.3]

This approach leads to a useful velocity distribution for
the fully turbulent region. Near the wall the profile 1is
linear. See Crimson (1971) for the derivation of [4.3.4]
and [4.3.F].



Laminar sublayer : wu - y [4.3.4]

Fully turbulent region : u+ =" Inzyt+ + B ... [4.3.5]

The Buffer or Blending region is not predicted.

Van Driest (1956) derived a continuous velocity and shear
distribution by modifying the mixing length. By consider-
ing Stokes flow (ie. an infinite plate oscillating sinu-

soidally parallel to itself).

The modified mixing length became :~

I - <i/[l - exp(-t/AH)] [4.3.6]

Clearly, as y increases, the exponential term decreases,

and /-'Ky, as before, for the fully turbulent region.

Using [4.3.6], [4.3.2] and [4.3.1],

A is the Van Driest damping length, dependent on the turbu-
lence intensity and kinematic viscosity of the flow. It

was determined experimentally, and in non-dimensional form,
4+ = 26 for k = 0,4.

T ©° T2 + Tt [4.3.8]

t = + pte2y2[1 - exp(-p/A) J2if.'lf;’ [4.3.9]

Cebeci (1970b) modified 4 to include injection and pres-

sure gradient

iT - [4.3.10]



Modified, 4 ©° 2 6 { +Cexp (11, J - U + exp (11,HyM} '
w
C4.3.11]

o _dif Y3y [4.3.12]

4.4 Kddy Viscosity Formulation for the Fully
Turbulent Region

In turbulent boundary layers, the potential core often
extends well into the boundary layer. A pictorial repre-

sentation of the instantaneous layer is depicted below :°

thickness, 6

Wall

Fic 4.1  SKETCH OF THE INSTANTANEOUS TURBULENT
BOUNDARY LAYER, SHOWING THE EXTENSION
OF THE POTENTIAL CORE BELOW THE
AVERAGE THICKNESS

If the Reynolds stress in the potential core is ~cro, then
the intermittent extension ot this 'clean Ilow into the
boundary layer must influence the shear distlibutiou acioss
the outer turbulent region. Sarnecki postulated that vy,
the intermittency, was the fraction ol total time 101 which
the flow was turbulent at a fixed distance Irom the plate.
Y ranges from 0 to 1, where y I inside the cont inuously

turbulent boundary layer, and y»0 at the edge of the layer.

iC»t



1
Y _
=1/211 - erf 5(y/6 -0,78)]
0 1
y/&
FiIc 4,2 : INTERMITTENCY DISTRIBUTION ACROSS A

TURBULENT BOUNDARY LAYER

(CEBECI , 1974)

0.0031
2uv

y/6-

FIG 4.3 : "LCSA"TRESS*"CROSSJHEpBOUNDARYV

ZERO PRESSURE GRADIENT

Intermittency and Reynolds stress were determined expen

mentally with hot wire anemo 2try by Klcoanoff (Cebeci

1974, Schlichting 1968).
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Clearly, even the modified mixing length theory cannot
predict e across the entire boundary layer. For in the
outer region, e must decrease, and experiments have
shown that the decrease follows the intermittency curve,
as could be expected. The eddy viscosity in the outer

region was given as
co = 2[/ (u* - u)dy] xi[1l =-erf 5(z//6 - 0,78)] L4.4.1]

The intermittency curve maybe approximated (Cebeci 1974)
by

Y [1 * 5,5(y/5)°] 14 -4 21
Y is a constant, with a value between 0,016 and 0,02. In
the present work, y - 0,0168 1is used. In the programme,
the turbulent transport eddy viscosity was used until it
was equal to the outer eddy viscosity. From this point
outwards, e0 was used.

[4.4.1] may be writte

S T € 2T Rt SO [4,4.3]

4.5 Boundary Conditions

The boundary conditions for the turbulent shear layer

are -

%(z,0) =0 [4.5.1]
v(a,0) =0 or vv with mass transfer [4.5.2]
lim wu(x,y) - u ,(a?) [4.5.3]

y _H(I)



4.6 The Transformed Momentum and Related
Equations : A Summary

Only the transformed equations are given here. Details of
the transformation appear in Appendix Al. 4 1is a trans-

formed, non-dimensionalized stream function.

Momentum

[ (1 + + (& + n<t>" - B(<t>' ¢ 2)0'

20C (0" + 1)~ -

Boundary conditions

OCC.0) =0 for no transpiration [4.6.2a]
[4.6.2b]

¢Ct.o) = -Rrrl « Kith 7» * 0

0' (0) = -i [4.6.3]

lim 0'(C,n) =0 [4.6.4]

n*n,,

Eddy viscosity equations

K2(2C) [1 - cxp{-T)(( *0y")' /A H  eee [4.6.5]

o
Il

a.c-tliuU/Vrdn] x [l > 5,5(1 )e]-> [4.6.6]
0 P 0 "eo

Boundary la/er parameters

................ 4.6.
Oy = vy (1) 0,,(C»0) [4.6.7]
[4.6.8]
6 - pue 0
e = _(A 2/01',W0'(5,n)Cl + *V(S,n)]dn ....... [..6.0]
pu



COMPUTER SOLUTION OF THE MOMENTUM EQUATION

5.1 Introduction

If a generalised conr.puter programme is developed and proved
with respect to reliable experimental results, it becomes
possible to calculate such parameters as boundary layer
thickness, skin friction and heat transfer. Such a pro-
gramme could be simple, e.g. for the case of a flat plate,
and may be made more versatile to include transition, pres-
sure gradient, roughness, transpiration, heat transfer,
compressible flow, axisymmetrie flow and three dimensional

flow.

A finite difference technique, rather than a finite element

method, is used in this dissertation to solve equation
[4.6.1]. Because of the well known stability problems
experienced with explicit methods, an implicit scheme vas
selected, with its attendant requirement to linearise the
equation. In this chapter the linearisation and matrix

solution are discussed.

5.2 Linearisation of the Momentum Equation

Linearisation 1is achieved by allowing ’“hose teims which
make the equation non-linear to be set to values known
from a previous station or intcration. Clearly an itera-
tive process 1is necessary, in which the latest wvalue
approaches that of the previous iteration. When linear-
ising, care must be taken to retain at least one term of
each derivative. The subscript o here denotes a previously
known quantity :-



5.3 The Finite Difference Grid

Cebeci (1974)suggested agrid inwhich the step lengths
normal to the wall were verysmall, near thewall, ie. in
the region of rapid change in velocity, and increasing in

size towards the edge. He proposed a grid of the form :-

= Khr\i I [5.3.1]

is the general step length, and for K>/, this step
length is larger than the previous step. If the first
step length is 4, the distance to the i11° grid point is :-

Ki~l 1

= hex~- 0 e [5.3.23

The exponential growth in grid spacing ties un with the

turbulent velocity profile.
An alternate expression for the i'th grid spacing is :-
[5.3.33

The programme was written in a manner to allow variable
step length in the streamwise direction. This may be a
completely random step length. Because the programme
"marches" in the x-direction when solving, the grid
points in this direction wore called stations, and are

denoted by, e.g. the zth station.

The ordinate was divided into points or steps, denoted by
i. Note that the first n value, ic. at the wall, is point

i - I, therefore ny = 0.



Fig 5,1 : the finite difference grid for
t=1,2 AND A - 1,5

5.4

Equation [5.2.1] is given with the subscripts as used in

thr programme :-

Co + * C+n.f, |1 +2)

m 2C,C(~,il * cee [5.4-1]

By taking the derivative of the first term at this stage
dz*/dy would be introduced, which may be determined numeri-
cally, but with the attendant error inherent in any such
calculation, with the added difficulty that e was not a
continuous function. d > . would also appear. The deriva-
tive was solved implicitly in the final equation by treating
the term as a separate function, say g This is why the
term (1 + z*)n,i-/la and at (n,i + 1) feature in the follow-
ing equation. Values of <$are known at n-1, n-2 and o.

All these terms were kept on the right hand side, while



those in n”t were retained on the left hand side. Ilic
capital letters denote constants based on step size, and

are defined in Appendix A2.

+ +e.D.d *d)M » *"dD
- B.A.(4>' + 2) - 2E G + 1) cA. A}
+ dMAX 3. (1 + + B.E. (1 + + 4. (1 meo™Mji+i
+ F.(4>0 + n.) - B.B.C"o + 2) “ 2C (4o >+ 1)/V-B
+ 2E W
n,i
+ + (B.F. (1 + e + d.- b. (1 *[o~ t +j + r*” on#i * nt*

- B.C. (80 +2) - 2Cn 6 . + '

n,t i.

+ t"+gfcjre.ci +

28 $; +
t M t n>7

[5.4.2]

Lumping the coefficients into single constants reduces

[5.4.2] to :-

nni-rA * B< * #».re<” *K,nrti ' h
................ [5.4.31

Remembering that 1 = 1 denoted p = 0, a system of linear

simultaneous equations could be written starting with i 3.

If ;v iS the number of n steps, a total of /V-4 equations can



be set up (because [5.4.3] must end with N-2).

There are

thus N unknowns and W-4 equations. Using boundary condi-
tions, 4", and <A were determined.

0 +** 3%4 = "4

0 © +n,3" +*»,4B5 ++ 7" 5 +AL,AS5 0"

*n3N-4AN-2 + ¥ni N-3PN-2 +"n, N-2* N-2 + *n3N-IDN-2

N-2

Because 4

they are taken to the right hand side :-

*n,3C3+ K t4D3 + *n,SE2 = F3 “ *» JA3 ©“ *»,Z*3

“n,N' N-2

[5.4.4]

E and 4>7f}2 are known from boundary conditions,

[5.4.5]
+M,3*4 + *M,4C4 + *M,5%4 + *n,gf4 " *n,2"4
n
0
FIG 5.2 : SKETCH OF VELOCITY PROFILE IN TRANSFORMED

CO-ORDINATES



From Fig 5.2 it is seen that as n”n",

fore @ '(C,n)-+0.

and there-

Equation C4.6.4] states that

lim 4'(C,n) =0 [5.4.6]
n+ng

If N-2, N-I and N are in this region, then using a simple

finite difference approximation :-

» 0 [5.4.7]
n* -n* |
-+ e,
Similarly :-
N Z 1!LJ.=0 [5.4.9]
9 - N-2
" > *N-]*4,-2 .. [5-4"101

The N-3equation is

AN-3*r,,K-§ * ®4,-3*n,J,-4 + CH-}"n¥ *n,4,-2(fi4/-3 *

- F .4.11
X3 [5 ]

and the /V-2 equation (last) is :-
AN-2"n,I!-4 V A ,4,-3 "% #4,-2 + D4--2 + t'«,-2) ° V%
....... [5.4.12]

The general equation may be stated :-

[A3{4) = (B to [5.4.13]



The general finite difference molecule is shown in Fig 5.3

n,i >1

n-2,i
nj-1

nJ-2

Fig 5,3 : THE FINITE DIFFERENCE MOLECULE

To solve for $ at station n, it is necessary to know the

values of < +' and < at stations n-2 and n-1. Two pro-
files were therefore required to start the solution at the
third station. The programme then marched to r.+7 and used
n-1 and n to solve for 4 at n+]J , and so on. For the

first solution at say n, the values on the right hand side,

denoted by o, were substituted by the values at n-/. Simi-
larly in generating e. The iterative process was based on
the convergence of 4" , and " and 6 * and 60%*.

nt 1

To economise on core storage on the computer, only four
vectors for < 4, <) and were used. Solutions at n-2,
n-1 and n were stored in the first three vectors; the
present iteration, o, in the fourth. The first three
rotated cyclicly. If the vectors are denoted by

and , the solutions were stored :-



Once convergence was

could be overwritten and the

>i-3, V3

0 V4
After convergence,
»-3, V3

n'=4 Vj

0 V4

A fter convergence,

A tremendous
because it
diagonals.
storage locations,
matrix storage.

to 80 k bytes.

was banded.
Typically,

compared with

achieved, >V,

, print/plot,

V,-ml,t print/plot,

saving was possible wh

It had two

In double precision,

the banded matrix
10 000 for

and print/plot.Vj

solution march to nm=4

and delete V.

ct

coring matrix [/)]
per and two lower co-
required 500

full

18

square

this equivalent



Once convergence was achieved, *Vrand print/plot.

could be overwritten and the solution march to n=4

M_ga Yy,

0 V4

A fter convergence, ., print/plot, and delete vy
»=3, V3

nad4 Vj

C V4

A fter convergence, , print/plot, etc.

A tremendous saving was possible when storing matrix ['A]
because it was banded. It had two upper and two lower co-
diagonals. Typically, the handed matrix required 500
storage locations, compared with 10 000 for full square
matrix storage. In double precision, this 1is equivalent
to 80 k bytes.
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5.7 Discussion of Various Features of the Programme

5.7.1 Initial profiles

As stated above, profiles at »n-" and a=2 were required to
start the solution. These were generated in MKOOIL (laminar)
or MKO004 (turbulent) - see Fig 5.5. Distance along the
abcissa was used as a criterion for laminar or turbulent
flow. Various stability techniques, critical Peynolds
numbers and shape factors have been suggested (Cebeci 1974).
However, these are often limited, and not sufficiently accu-
rate, e.g. critical Reynolds number is for flat plate flow
with zero pressure gradient, and spans a large range

(3,5 x 105 to 100G .

If e=0, the solution is laminar, and from a given £ s’ation,
e>0 and the program ,ie entered the transition and hence tur-

bulent solutions.

The laminar profile was generated from an equation given

by Crimson (1971) :-

o f(yli) - fty) [5.7.1]

If a fourth order polynomial is used, a pressure gradient

may be included :-

| = A0 + Aly + A2z/?7 + AgF' + [5.7.2]
()]

A pressure gradient related shape factor was introduced :-



0
(e}
0
S
0
(0]
(0]
/I -
0.20 0.60 0.80 1.00 1.20
00 Y/DEL
FIG 5,5 LAMINAR INPUT PROFILE

The turbulent profile was generated using Van Driest's
mixing length theory. One difficulty here was that the

edge of the boundary layer was over-estimated, and pres-

sure gradient was *ot included. However, the piogranimc

would obtain the correct profile at n=6 after some itera-

tion. In developing this subroutine, it was found that

the results were significantly improved if the unequal,

exponential type n grid was used. See Fig 5.6 for equal

step length, and Fig 5.7 for exponential grid, using the

well known semi-log plot. Fig 5.7 is reproduced on simple
non-dimensionalised axes in Pig 5.8. ithe dashed lines on
Fig 5.7 are for

y o, [5.7.5]

and u = 5,757 log i/ + 5,24 [5.7.6]



iurve for equation

> 0
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Curve for eqn

157 9)

Fig 5.6 : TURBULENT PROEILE GENERATED WITH
EDUAL STEP LENGTH

PLOT OF U* V5 LOG T

Line for eqn

574

Curve for eqn

4«
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F|IG 5.7 : TURBULENT PROFILE GENERATED WITH
UNEGUAL STEP LENGTH



Fic 5.8

TURBULENT PROFILE GENERATED WITH UNEOUAL STEP LENGTH

cJ
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Equation [3.3.33], with v.,, =0, simplified to that derived
by Van Driest (1956)
g7+ 2¢y+

4 = ol ot - [5.7.7]
uy I + /1 + 4K2y 2[1 - exp(-zy 14 )]?

by integrating this expression, u+ = "i +f(y+). This was
performed numerically in subroutine MKO004. u .+ had to be
converted to u/u”, ie. was required. was estimated

in subroutine TAUF from tlie simplified equation
of - t5.7.8]

In both laminar and turbulent profile generators, it was
necessary to convert u/ue(=f’) to 4, and to calculate 4
and 9. The edge of the boundary layer was taken to be
where <$'<0,0001.

To obtain 6* and 6, the profile had to be integrated.

This was done by using the trapezoidal rule, which was
considered sufficiently accurate because the step length
was so small. Note that the experimental profiles were
integrated in a similar manner, and for a very coarse grid
(20 points compared with 100 for the computer programme)
the difference in 0 when using Simpson's rule was 1% A

typical equation appears in Appendix FI.

As the injection increased, the shear stress at the wall
tends to zero, or even a negative value. However, reverse
flow is not thought to occur. The programme was not
designed to handle these possibilities. If ' was obtained
from $ using Newtons Divided Difference technique at the
wall, negative shear was indicated at values of Fs0,005.
This 1s 1in accordance wi "h experiment, but resulted in
difficulties when calculating WO/*, and hence also i>0,4 and

p . The programme was written for a continuous velocity



profile and the condition of no-slip at the wall. Note too

that the derivation of A4' was for very small injection rates,

and ty + = 11,8 was the value for unblown flat plate flow.

By using a reasonably large initial n step (0,06 compared

with values as low as 0,001 suggested by Cebeci (1970a),

and calculating < from <9', the programme remained stable

up to values of F =0,017.

2X
1
FiG 5.8 : u-velocity profile near the wall
The numbers shown in Fig 5.9 denote n grid points. Im 2

is cutside the point of inflexion, the programme would

effectively *e vnaware of this behaviour. would be

predicted to be the dashed line (depending on the

difference equation). this value 1is

finite
incorrect, but allows

real values of u /, vy, p+t etc. to be calculated. Although

these errors arc large, the elfect of this on the complete

solution of [5.4.13] appeared to be very small.



Because this technique produced results which appeared
very promising, the loss of accuracy in My *» and hence
meaningless o» for injected flews, was considered unimpor-
tant in the present phase of research. As will be pointed
out later in Chapter 7, as characteristic velocity for

injected boundary layers may v-'ll require reconsideration.

For zero pressure gradient flat plate flow, a” predicted
by the programme was very close to that experimentally
measured and fitted by [5.7.8].



CHAPTER 6

EXPKRIHIINTAl APPARATUS AND PkOCEDURE

6.1 Introduction

The object of tne experiments was to obtain a number of

on a porous plate preceded by a
solid plate, ie. to subject a fully developed turbulent
profile to injection. The next

mean velocity profiles

step was to constrict the
lower porous surface,

to ascertain whether this made a mea-
surable difference to

the profiles. To this end an open

circuit wind tunnel with rectangular working section was

designed. Three different grades of porous plate were

tested.

6.2 The Wind Tunnel

6.2.1 General

The open circuit wind tunnel

consisted of a Sirrocco cen-
tiifugal

fan (-ee Appendix Bl for the performance curve).
Drive was provided by a Siemens A.C.

at 22 kW, through three Fenner

pulleys, the rotational

induction motor rated
B type belts. t> ihanging

speed of the fan could be varied,
resulting in different flow rates

and pressures. A flow
dU-mper at the fan inlet

could be used to vary the flow

rate, as could a by-pass at the beginning of the tunnel.

This by-pass was only used at

start-up (minimize starting
load), because a

power spectrum measured

in the working
section produced two additional spikes

when the trap door
was not fully closed (see 6.4).

The ducts loading to the Working Section were made up of

a diffuser, settling chamber and contraction.

Screens an
honeycomb straightened

the flow and decreased the turbu-

lence intensity.

mir



FIG 6,1 : GENERAL VIEW OF WIND TUNNEL SHOWING
(1) THE SETTLING CHAMBER, (2) CONTRACTION,
(3) ENTRY TO WORKING SECTION, (4) REAR OF
INSTRUMENT PANEL (5) BETZ MANOMETER

6 2.2 The working section

A rectangular working section 209 x 496 mm was built. The
side walls were made of perspex, the roof and solid floor
sections of aluminium. A boundary layer bleed was installed
in the floor in the entry section. The plate preceding the
porous section was 800 mm long, the leading edge milled to
45°. This configuration could be altered such that the
initial solid plate was 150 mm long. heoretically a lami-
nar boundary layer would reach the porous plate, but tests

were not done with the short plate installed.

A traversing rig (Di.fa type 55HO01) was mounted on slides.
The probe could be lowered through a slit in the roof of
the working section. The distance of the probe from the
wall was measured with a Mitutoyo Dial Gauge. This entire
rig was mounted on a separate frame which was isolated from
the tunnel to prevent vibration being transmitted to the

probe. The traversing rip allowed 4 degrees of freedom.



Fig 6.2 shows the working section and the traversing rig.
In the next photograph, Fig 6.3, a close-up of the working
section interior 1is given. In this figure the hot wire
probe can be seen mounted above the porous plate. Note

that the short plate configuration is depicted.

Fig 6.2 : tHE working section and the traversing rig :
(A) DIAL GAUGE, (B) DISA TRAVERSING MECHANISM,

(C) PROBE HOLDER, (D) HOT WIRE PROBE,
(E) POROUS PLATE

FIG 6,1 : INSIDE OF THE WORKING SECTION : (A) ENTRY TO
WORKING SECTION, (B) PROBE HOLDER, (C) HOT WIRE
PROBE, (D) SHORT LEADING PLATE, (E) POROUS PLATE
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6.2.3 Transpiration flow supply

The transpiration or secondary flow was drawn from the lab-
oratory compressed air supply. An Ingersoll-Rand compressor
fed two receivers, from which a 50 mm i.d. pipe ducted the
air to a pressure regulator (Norgren type AG20). The flow
rate was measured with an orifice plate, preceded by an
entry length of 30 diameters. The orifice plate was cali-
brated according to British Standards 1042. A fibre-type
filter, supplied by Vokcs, was placed in the plenum chamber
below the porous plate. The filter removed particles down
to 5 microns, as well as grease. The front cover of the
plenum chamber had to be removed when changing porous plates.
The height of the porous plate was adjusted with screws in-
side the chamber. The plates were made of sintered bronze
by Sintered Products Ltd. of Nottingham, England. Each
plate was 6,35 mm thick. The front and rear edges were

milled to 45°. Grades E (highly porous) C and A were tested.

Fic 6,4

THE WORKING SECTION
AND THE PLENUM CHAMBER
SHOWN WITH ITS FRONT
COVER IN PLACE
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6.3 Hot-wire Anemometry

Velocity traverses were obtained using a Disa type 55DO01
constant temperature anemometer. A single sensor, gold-
plated wire probe (Disa type 551J1) was inserted in a probe
holder with a protection pin attached. By adjusting this
pin, it was possible to touch the pin on the working sec-
tion floor, and treat that as the first point of traverse.
By reading the dial gauge at that point, the height above
the place was determinec, and subsequent increases in dis-

tance from the floor known to 0,01 mm

The probe holder was held by the Disa traversing mechanism.
This rig had a range of 100 mm, and was operated manually
through a pinion drive, for slipless traversing. For

increased accuracy, the dial gauge was mounted above the

rig.

Apart from mean velocity, the turbulence intensity and

or spectrum of the Uorking Section mainstream was mea-

sured. For this, the probe was mounted at a x-station, in
the cenere of the Working Section. Because the anemometer
output is non-linear, it required processing. This was

done with a Type o5D10 Lineariser. The linearised turbu-
lent signal was” integrated on a Type 55D35 R.M.S. Voltmeter,
which gave /u'2. This unit, also made by Disa, had a volt-
age range of 0 - 300V. The integrator time constant could
be set to 0,3, 1, 3, 10 and 30 seconds.

Ihe calibration of the probes is discussed in Appendix C3.

To obtain the mean velocity in the boundary layer, a simple

R.C. circuit was included in the circuit.

A Doric type DS100 digital voltmeter was used to measure

the output from the anemometer.



6.4 The Energy Spectrum

Turbulent flow is so irregular that early investigators gave
up hope of capturing the flow in universal expressions. In
its very randomness lies the opportunity of using statisti-
cal methods to characterise the motion. Thus the time based
mean velocity and thickness could be defined. The hot wire
anemometer with its high frequency response, and oscillo-
scopes to record the output, made more sophisticated investi-
gations possible. Thus the correlation function and energy

spectrum are suitable means of presenting data.

Ej O) 1is defined such that is the contribution to

u'2 of the frequencies in the band « to n + dn.
= frEjMdn [6.4.1]

As the frequency increases, E/(n) decreases rapidly because

of the eneigy dissipation by viscous action.

E”(n) \

logn

FIG 6,7 : SKETCH OF AN ENERGY SPECTRUM FOR
TURBULENT FLOW



From Fig 6.7, Z2(n) is cl 'ly greatest at low frequencies.
The energy creating the rtices is drawn from the main-
stream, and eventually v ssipatcd through the action of

viscosity.

Obtaining a plot of E2(n) vs m required the turbulent oscil-

lations to be represented by a Fourier series, e.g.

f'(n) = A0 + A”cos™— + A”’cos-j- +

and then plotting vs n. Equipment employing a band pass
filter could be used to generate the spectrum. For this
work, a Hewlett-Packard Spectrum Analyser, model 3580A,
was used in conjunction with the linearised output from

the single sensor probe.

This unit produced a display on a screen, but a graphical
output was obtained as well. The r-co-ordinate signal
(frequency) was converted by a Hewlett-Packard Log Volt-
meter/Converter, type 7562. Thus a log-lcg plot was pro-
duced directly on a Rikcn Dunshi X-Y Recorder.

6.5 Experimental Procedure

It was found that the anemometer (in particular, the
lineariser) was prone to drift with temperature. Before
an experiment could be started, the lineariser was allowed
a warm-up period of two hours (suggested by manufactirer).
A linearised calibration curve was obtained, and the hot
wire transducer transferred to the working section. 11
was essential that the anemometer was not switched off

between calibration and test.

At the start of a test, valve VI (see Fig 6.6) was opened,

and the desired transpiration flow set.

After opening the by-pass, the fan was started. Once run-
ning, the trap door was closed, and the baffle at the fan

inlet set for the required air velocity in the working



section. This was checked with a pitot tube in the entry
length. The free stream temperature was monitored, and
once steady it was assumed that the wind tunnel had
reached operating conditions. Ten to fifteen minutes was

usually required for steady state to be attained.

The hot wire transducer was then positioned at XI, y-1,
and the anemometer switched on. The anemometer output

required about two minutes to settle, during which time
the parameters required for measuring the secondary flow
rate were noted. These were : pressure drop across the
orifice plate, and the upstream static pressure and tem-

perature, Lh, pj and ¢t* respectively.

VLIN was tead on the DVM, and y on the dial gauge, and
then the hot wire was moved to the next y point. This was
continued to the end of the velocity traverse. Finally
the centre line velocity was measured, which was assumed

to be the local , and the free stream temperature, t2.

The traversing rig was shifted to X2, and the transducer
was traversed to y=1. The entire operation was repeated.

Velocity profiles were measured at XI, X2, X3 and X4.

Special care was taken to seal the plenum chamber. Prestik
was used at the porous plate edges, to ensure that the sec-
ondary flow did pass through the porous plate, and not form
jets at the edges. This was more important when testing

the A grade plate, which had very low porosity.

TABLE 6.1 : x-co-ordinate positions

Position denoted Distance from
by :- leading edge (mm)
XI 780
X2 856
X3 945

X4 1045



PRESENTATION AND DISCUSSION OF RESULTS

7.1 Introduction

This chapter i1s divided into three main sections : the
proving of the tunnel, the experimental results and the

computer runs.

A spanwise velocity traverse is presented, and some diffi-
culties with regard ~o the tunnel are discussed. In the
first part, turbulence intensity and the spectrum analysis

are given.

Secondly, the velocity traverses are shown in the popular
non-dimensional form, u/u , vs »/Q. Graphs containing
information more compactly are given to illustrate trends
when the lower porous surface was partially blocked. The
bilog plotting technique of Black and Sarnecki (1959) is
used to show the development of the profile with injec-
tion ratio, and also to compare the present results with
those of Mickley and Davis (1956). The possibility of a
new two-parameter family of curves is discussed, which

appear to be independent of uw* and F.

Plots obtained from the computer runs are included in the
third section. Comparing these results with experimental
work proved more problematic than was expected. For low
injection ratio, it was possible to compare one of the
profiles with that of Mickley and Davis (1959).



7.2 Initial Tests

7.2.1 Transverse velocity profile

The transverse velocity profile was measured to ensure

that two dimensional flow was approximated at the centre

line. The transducer was fixed at a particular value of
y and x. The traversing rig was moved across the tunnel>
taking readings at various intervals. One of these pro-

files 1s reproduced in Fig 7.2.

A

leading

Fic 7,1 : definition of axes : the x-axis lies on the
CENTRE-LINE OF THE WORKING SECTION, COINCIDING
WITH THE FLOOR, Y WAS NORMAL TO THE FLOOR,
AND Z TRANVERSELY COINCIDENT WITH THE FLOOR.
THE VELOCITY COMPONENTS ARE INDICATED BY a,
v AND w RESPECTIVELY
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'The standard deviation of the transverse profile is

s = 0,048 m/s, which is within the expected accuracy of
the anemometer. The wind tunnel thu" produced essentially
two dimensional flow in the Working Section. All profiles

were measured on the centre line, ie. at z =0.

7-2.2 lurbulence and turbulence intensity

Ihe turbulent fluctuations were observed by connecting the
output of the lineariser to a Tektronix oscilloscope. This
output was recorded and is presented in Figs 7.3 to 7.5.
The first two traces show that the fluctuations were low in
the main-stream. The trace depicted in Fig 7.5 was obtained
by placing the probe 1 mm from the working section floor.

It should be noted that the single wire sensor necessarily

registered u ', v' and a small percentage of w'. The probe
was placed normal to the flow for all tests. Consideration
of the results of Klcbanoff, reproduced in Schlichting
(1968), showed u’, v' and v’ all increased near the wall.

Figs 7.3 and 7.4 gave an indication of the autocorrelation,
because the two superimposed traces were taken at time ¢

and t + t. This was not quantified.

Fic 7.3

TWO TRACES FOR
hV--16 m/s, PROBE
AT CENTRE LINE
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TWO TRACES FOR
%co=12m/.", PROBE

AT CENTRE LINE

Fic 7,5

SINGLE TRACE FOR

| I/co=16 m/sj PROBE

T 1 mm ABOVE SOLID
WALL

A series of tests were performed to ascertain the turbulence

intensity of the wind tuniel. By definition,

r - /1/SCIT2 +rr2 + ZP-2) /" [7.2.13

For isotropic flow (produced in wind tunnels behind a grid
or screen) u'2 =v'7 =w’’, so for wind tunnels this equa-
tion becomes (Schlichting 1968)

I = Tu'Vy [7.2.2]



1

The transducer was subject to u’ and uBecause u' was
parallel to the sensor wire, this contribution should have
been small. If V72 > TT2 + V72, then define a wind tunnel

turbulence intensity

= Silr'2/Un [723]

The results of a number of runs at different velocities
are given in Table 7.1. The integrator time constant was

10 sec. The probe was positioned at z = 800 mm, y = 12,5
mm, 3=0.

TABLE 7.1
Test Veo(volts) t*"Cm/s) (volts) T\
A 3,190 15,359 0,891 0,59
B 2,558 12,335 0,640 0,53
C 2,191 10,579 0,504 0,49
D 1,835 8,876 0,457 0,53
E 1,392 6,756 0,368 0, 56

Un w,s varied by opening the by-pass. Considering Fig 7.6,
it would be expected that 7 would have been lower had a more
sophisticated method for decreasing Uz been employed. In
the main test, this was done by closing the fan intake with
a baffle plate. The increased angle of the trap door may
explain why T dropped initially, but then increased in the

last two tests.



trap door

eddies

FAN

Fic 7,6 : detail of by-pass, showing possible effects
OF OPENING the trap door

7.2.3 The energy spectrum

The energy spectrum was measured in tests A through E.
The results are reproduced in Figs 7.7a to 7.7e. These
are plots of log £\ (n) vs log n. The inertial subrange
was established ie. the portion of the curve which is
fitted by the -5/3 law. This is a range in which vortices
were neither generated or dissipated. It has been pro-
posed that the large, low frequency eddies are formed by
drawing energy from the main stream, creating the turbu-
lent stresses. Because of the instability of the flow,
smaller and smaller eddies appear until they are dissi-
pated as heat (see Schlichting, 1968).

These plol show that a full spectral distribution of the
energy of fluctuation was present in the Lunnel, through-

out the range of free stream velocities of interest.

In each spectrum the utial, eddy generating region can
be seen. Furthermoic. the function £7(«) « n%3 fitted the
data in the inertial subrange. Noise from the anemometer

and analyser disguised the high frequency range.



Fig 7.7b to Fig 7.7e¢ show an energy bulge at high frequency.
This occurred at approximately 6 and 10 Hz and is thought to
have been caused by vortex shedding behind the trap door.
This was discussed in section 7.2.2 in relation to Fig 7.6,
and resulted in the discontinued use of the by-pass as a

method of flow control.

-5/3 Curve

Log E,(n)

-5 -7 Curve

10U 1000 10000
n —»

(Hz)

Fic 7,7a : TEST A
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73 Experimental Work

In each test, the profile at a station just prior to the
start of the porous section was measured. This station was
denoted XI. The shape factor for these profiles ranged
between 1,27 and 1,30, which is the correct value of H for
the unblown, zero pressure gradient turbulent boundary
layer. Ihe simple Blasius profile was found not to fit the
experimental data. Theoretical curves were constructed from
Thompson's two parameter family (Thompson, 1965). Near the
wall agreement was not as good, but it should be borne in
mind that the given families had to be interpolated to
obtain the approximate value of z//0. Two of these profiles

are given in Figs 7.8 and 7.9.

The reason for this result is thought to be as follows.
The contraction was in the XZ-plane, and thus the trans-
verse profile was exceptionally flat. In the YZ-planc,

the tunnel height remained constant from the start of the
diffuser. This resulted in a very thick boundary layer
arriving in the entry section. It was therefore not possi-
ble to draw the entire boundary layer off through the
boundary layer bleed. Almost duct flow resulted, rather
than the ideal "flat plate in a free stream". Large 5 did
have the advantage that the y measurement was less critical,
and the rate ol change of u with y was much smaller. The
disturb .nee of a transducer in the shear layer was thus

decreased.

It must be pointed out that numerous investigators used a
pitot tube for measuring the velocity. Because this device
is larger than the miniature hot wire transducer used in

the present work, the disturbance to the flow in the region

of measurement was necessarily greater. In addition, it was
found to be essential that the pitot tube was exposed to the
correct static pressure. When a pitot tube was used in the

tunnel running at a pressure slightly higher than atmospheric,
incorrect readings were obtained. The same comments would

apply to a pitot rake.
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Great care was taken in measuring the profiles for the pre-
sent work. The hot wire was re-calibrated for each run. A
difficulty always present when using hot wires is that the
transducer 1is not to be traversed to y =0 to determine that
point. A shield was attached to the probe holder with a
broken probe. This probe was traversed down until it just
touched the floor, and the dial gauge reading noted. The
calibrated transducer was then placed in the holder. Since

the two transducers were of equal length, y was calculated.

The results were processed on an IBM 370 computer, which

printed and plotted the data.

7.3.1 The experimental results

The basic data is given in Appendix El. The non-dimension-
alized plots for all the tests,and baseline data for each
test are given in Fig 7.10. The velocity profiles are
followed by graphs of shape factor, H vs physical x for the
maximum main stream velocity tests, and the tests with
blockage. In these graphs the change in profile caused by
blockage is indicated.

In the tables of Fig 7.10 the heading includes the date,
e.g. test 28S1 was run on the 28th September, the 1 stands

for the number of the test. The second part indicates the
grade of porous plate, then Fav x 10"3 and finally the
main stream velocity, in m/s. Re_ was based on the
distance measured from the leading edge. IThese were XI =

0,7805 m, X2 = 0,8565, X3 = 0,9455, X4 = 1,0455. XI was
on the solid plate, X2 = 1.8,66®, X3 - 49,13% and X4 =
83,36% along the porous plate. F,, was based on the

inlet velocity.

In Fig 7.10, the symbols used for plotting are A for XI,
+ for X2, X for X3 and O for X4. The co-ordinates used are
u/u , vs y/6. This is preferred to y/6, because 6 is less

easy to determine.



The first five tests were run at maximum free stream velo-
city, with an E grade plate installed. Results are shown
in Fig 7.10a to e. In all tests, the increasing llaminari-
sation’ wit! x is evident, the curves coinciding at appro-
ximately y/0 = 3,5-*5, this value increasing with F. For
high F, the profiles at X3 and X4 tended to be very similar
(see Fig 7.10¢c¢).

In test 28S3, the profile at X3 showed a strange step. This
profile was obtained with probe No.4, which appeared to be
faulty, and was not used again. Although not broken, the
calibration curve for this probe changed during a test.
Possibly a particle in the stream collided with the trans-

ducer.

Five tests, very similar to the above, were performed on
the E grade plate, but at the reduced free stream velocity;
n =13 m/s at the Working Section inlet. Very similar
results to tlj first set were obtained, but results were
not identical. This indicates that the profile was not
only dependent on F. Clearly Re.. was different, but pro-
bably also the effective roughness, k4. These tests are
shown in Fig 7.10f to j.

Tests 0701 and 0601 were also run over the unblocked E
grade plate, but at VCL = 9 m/s, and therefore at much
lower Re, .

The next set of tests, 09N1 to 11N2, shown in Fig 7.10m to
q, were a repeat of the first 12 runs, but on the C grade,
unblocked plate. The results were very similar, but showed
a shift which was thought to have resulted from the change

in roughness , k4.

Finally, a sample test was performed, using the A grade plate.
Because of the low porosity, and the resultant high pressure
drop, great care was taken when sealing the plenum chamber.

Powder metallurgy was used to make this plate, whereas the
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PLOT OF U/UE VS Y/TTR

HN 28-9/9.12-15.5-17

Station (m/s) He x 10"5§
XI 18,696 8,040 4061 3,94 1,28
X2 18,385 8,655 4456 4,41 1,43
. X3 18,449 9,586 4713 4,65 1,65
X4 18,631 10,710 5682 5,55 1.71
t.00 L0 z.or 3.00 1.0 S.00
. 3 : . ,.IT 6.00 7.00 8.
r ﬂ on
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PLOT OF U/UE VS f/TTA
ev. is :vi it. .’ )
Station U.Cm/s) Pxr % 10" 6 (mm)
XI 16,712 6,835 3937 4,50
X2 16,645 7,449 3893 4,48
X3 16,582 8,161 402 3 4,66
X4 16,503 8,958 4487 5.24
V. .
i'TI-
FIG 7.10r TEST 16Nl A-7,55-17

1.29
1.42
1,53
1,62

1,28
1,33
1,38
1,45

F* 10*%

-Ft-./.
11,590
11,388
11,285

f «10*

7,690
7,659
7,635

10.00



PLOT OP U/UE VS r/TTfl

RIN ¢J n/1,M-B-i7E

_a_
Station (/.(m/s) ffex * 10'5 8§ (mm) H
XI 16,686 6,939 4338 4,88 1,28
X2 16,647 7,578 4209 4,76 1,33
X3 16,942 8,498 4713 5,24 1,42
X4 17,356 9,615 5091 5,54 1.48
0.00 1.00 2.00 3.00 t.er &~ "~ S.00 6.00 7.00 6.00
FIG 7.10s : TEST 73Nt E-7,?7-17 SOX BLOCKED
PLOI OF U/UE VS Y/TTA
fu. 73-n/s.e-e-i7t
A»
[ A*
A e
A *
> ?
a 4 3
Static-  (/.(m/s) Kex * 10"+ 6 (mm) H
XI 16,612 6,806 42212 4,80 1,30
X2 16,650 7,528 4313 4,91 1,40
X3 17,180 8,570 5130 5,66 1,56
X4 17,402 9,566 5428 5.93 1,66
,Q'm 1.00 2.00 3.00 H.00 5.00 6.00 7.00 6.00
TITTfl

FIG 7. 1lot : TEST ?3N? E-12,0-17 SOX BLOCKED

Fx o

7,329
7,201
7,087

9.0

rx 10*

* 1

12.072
11,758
11,665

9.0

10.00

10.00



‘boo

Loii

PLOT OF U/UE VS Y/TTA

24N1 E-14 .51-17 508 BLOCKED

3561
4056
4570
52112

6-00

, 36
5.12
5,67
6,19

UU VS T FIA

rN «-1n/1.M BITC
e
Station Vm(.m/s) Ber X10-'
XI 15.578 6,374
X2 18,130 6, 786
X3 1S.404 7,621
X4 16.123 8. 811
< Y/TTR5'00
FIG 7.10u : TEST
FuCT Of
. 48 in.
d X
Station 0,(m/s) /frr %1
XI 16.533 6,749
X2 16.622 7,431
X3 16,638 8,206
X4 17,077 9,298
3.00 1® Sll]
v rr-
FIG 7.10v : TEST 28NI1 E-9,04-17

e t >
B* 6 (mm)
3828 4,42
4219 4,86
4512 5,20
5183 5,83
6.00 gA®)

67% BLOCKED

1,27
1,41
1,63
1.74

1,29
1,38
1,46
1,53

00

X
F*10"
16,061
15,645
14,948

9.00

F *10*
9,145
9,016
8,842

3 )

10.00

n.r



PLOT OF U/UE V5 T/TTR
"X 2) II'i.4 6 nt

Station U_(m/s)
XI 16,590 6,819 3892
16,598 7,478
X3 17,131 8,517 5015
17,493 9,582 5422
t.oo 2.30 300 K 00 S.00 6 00
YITT,
FIG 7.10w TEST 29N1 E-11,77-17
PLOT OF U/UE VS r/TTA
wU- 10'U'.1-%-i71
AE*T
Station A.,x 10" g
X1 16,927 6,982 4036
X2 17,106 7,722 4469
X3 17,370 8,652 5061
X4 17,742 9,678 5440
L Tir j it rit s
b
I/TM
FIG 7. 10x TEST 30N1 E-G,56-17 80%

77

7 00

BLOCKED

BLOCKED

1,28
1,40

1.29
1,36
1.45
1,51

11,869
11,500
11,204

r * 10

8,418
8,233
8,060
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h and C grade plates were made by sintering spherical par-
ticles. ithe surface of the A grade plate was therefore
much smoother, and the injection pattern was expected to
be different from that experienced using grades E and C.
(See big 7.11 and Appendix B).

velocity

profiles

A grade E grade

Fic 7.11 ., PROFILES EXPECTED FOR A AND E
GRADE PLATES

Piofilcs obtained for the A grade plate and for test 28SI

were virtually identical. Note that for the former, F =
0,00755, for the latter = 0,00758. The input profiles
were the same as well. It was concluded that the velocity

profile was mainly a function of injection ratio.

Having compiled a set of data for the unblocked porous
plate, a few tests were done in which the lower porous sur-
face was partially scaled with masking tape. The first

tests were run with 50% blockage, as is shown in Fig 7.12.

FIG 7.12 ; SKETCH SHOWING THE PARTIALLY BLOCKED
POROUS PLATE, 30% BLOCKED
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37 m/s,
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PLOT OF H vs x FOR + = 17 m/s, UNBLOCKED



Tests 23N1 to 24Nl were run at = 17 m/s, 50% blockage
of the E grade plate. See Fig 7.10s to u.

With the tape covering 67% of the plate, a = 12,7 mm and
h = 6,35 mm, tests 28Nl and 29Nl were performed. These

profiles are presented in Fig 7.10v and w.

Two tests were run with ¢ = 12,7 mm, b = 3,18 mm; this
resulted in 80% blockage. Fig 7.10x and y are the pro-

files for these tests.

The effect of blockage is shown in Fig 7.13. This plot
of shape factor, H vs z-station, was thought to present
the change in a more succinct way than the usual velocit -

profile of Fig 7.10. The injection i-lio, F, became a

very average parameter. The definition jf F now becomes
AMtrans

F = A TT for P constant [7.3.1]
upper »

Where Qtrans was the transpiration flow rate and AUpper
the area of porous plate exposed to the main stream,

F1G /,14 : DISTRIBUTION OF VU WITH Z FOR THE PARTIALLY
BLOCKED POROUS PLATE, 7 'D THE SPREAD OF
THE FLOW IN THE POROUS MEDIUM WITH y



By considering Fig 7.13, it 1is seen that the curves do not
increase with F as they do for the unblocked plate. The
profile is developing for an apparently higher F. Mearly
v ~was alternately above and below the average transpiration
vvglocity. the average momentum in the *-direction must
remain the same as for the unblocked porous plate, however,
some of the injected flow penetrates deeper' into the shear
layer. thus it 1is concluded that with the same transpira-
tion flow rate, blockage results in an apparent increase in
F and ~° If the Stanton number is expected to be a func-
tion of (see Moffat and Kays, 1968), a decreased heat transfer
coeff. would become pos:iblc with blockage.* Intuitively,
the opposite may be expe tod, however, only experiment is

expected to resolve the matter.

It would therefore appear that the blockage caused by
strengthening ribs below the porous surface, could reculf

in improved pci fomam e.

7.3.2 lhe bilOf la- plotting technique
fhis method for determining , from the velocity profile was
discussed in Chapter , section 3, at some length. It was
developed by Black and Sarnecii (1958), and yielded an effec-
tive imaginary shear vclo ity at the wall. lhis was merely
a technique, and did n t imply reverse flow, as may be
encountered for flows in an a 'verse pressure gradient. mhe
results are given in lig ”.Ifn to c., Fig ".16 and Fig 7.17.
These graphs arc pros nted because (L) Fig .15 showed the
trend in the profiles for in rcasing /, and (ii) the graphs
allowed an interesting comparison of the present results

with those of Mickley and Da\ is (1956).

Fig 7.15a to c¢ are graphs of n/z*-y ,8 vs Y. for the basic
data of Micklcy and havis (1956), and the present work.

Fig 7.15a 1is for u - 17 m/s, E grade. This graph also
shows the limiting curves, re. for u/uc - 0 and u/iw & 1,
ie. the edge of the boundary layer. Plots shown in

* see Addendum for further explanation.
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Fig 7.15b are for Um = 13 m/s (a) and lmo e 9 m/s (v), both
sets on the E grade plate. Results obtained for Un - 17 m/s
(o), Fro = 13 m/s (x) on the C grade plate, and for the single
run using the A grade plate (Vm = 17 m/s (V)) are plotted on
Fig 7.15c.

By fitting a straight line to the experimental points of a
run (in the bilog region), u.: could be calculated from the
slope and ordinate intercept of that line (see equations
3.3.21 to 3.3.23). If this line did not pass through the
limiting line of u/u , = 0, u would be imaginary. This was
the case for all values of FiS. The uncertainty in fitting
the straight line can be seen from the scatter of the points.
Two examples are shown in the non-dimensional plot of w/u”
vs log y.uT/v in Fig 7.16. Again comparable results of
Micklcy and Davis (1956) are included. The lines represent
the profiles predicted by the bilcg law.

Because i1t was of importance to know dt¢i/dx, it was thought
useful to show that the bilog technique could predict this
derivative, but gave no indication of the origin of the
boundary layer. Fig 7.17 shows a typical example for F =
0,0071. The slope was calculated at a point, nd a straight

line with that gradient drawn through the > r . Good agree-
ment was again obtained with the result r; _kley and Davis
(1956).

It is felt that as this method yielded imaginary shear, it
is only useful as a plotting technique, and is inadequate
for estimating <2f. The graphs did allow comparison of the

present work with that of other researchers.

7.3.3 A two-pai

The two-parameter family of curves of Thompson (1965) was
used to construct the mean velocity profile ahead of the
porous wall. McQuaid (1967) suggested a family of curves

for the transpired boundary layer. ibis set of curves



92

predicted the velocity profile and the skin friction.
Intermittency was included in the formulation (by the
term <&, see cqn. [3.3.30]). This author showed that wu/i/"
was a function of y/6 ,, , vu/E/ro, which was trans-

formed tu eqn.[3.3.29], This was a function of y/6, H,

A cross-plot of the present results was attempted, and is
shown in Fig 7.18. These values were obtained from the
velocity profiles (Fig 7.10) by keeping u/Ug constant, and
reading y/Q for the various x stations (effective!” Rex, or
j?¢Q) . It was thought that for "instructin ' mean velocity
profiles, it w”uld be more v.sr u to have u/u as one of
the axes. Thus y»/Q was )”“ot constant, and the value of wu/u ,
read from Fig ~.10. These values were plotted, and a number
of points from the experimental work of Mickley and Davis
(1956) and McQuaid 11967) added. A series of curves were
obtained, apparently independent of v,/ , and are pre-
sented as Fig 7.19 a to d.

This result may be stated

a _ a(*6, % /V L732J

w/Vv'  « f(y/Q, H) [7.3.3]

| limitation of this family is that c¢c i s not accounted for.

McQuaid (1967) presented a skin friction law, for up
to 0,010
of " g 17.3.4]

These curves were assumed to hold for a porous wall, con-
tinuous from x = 0. It was thought that the values of o,
would be very different for discontinuous injection. How-
ever, it must again be emphasised that only direct measure-
ment of would give reliable values of c This would be
nece’s.vv in each individual test, for its particular input
prof e+, torous plate configuration, surface roughness,

pressuie gradient, etc.
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7.4 Computer Programme Results

As discussed previously, the programme required two initial

profiles to start the solution. These could be either lami-
nar or turbulent, but with v = 0. Starting the solution

with transpiration from the boundary layer origin was there-
fore not possible. By installing a trip wire, it 1is possibl
to obtain a turbulent profile for very low values of Rex

experimentally. However, the equation used to generate the
turbulent profile was valid for #"*>5x10”. Thus it was not

possible to simulate experimental conditions very effectivel

The boundary layer thickness was over-estimated because the
equation used was valid only to 7Z4 = ID'l (depending on Rey-
nolds number). This is illustrated below in Fig 7.20.

20.

Fin 7,20 : DETAIL or SEMI-LOG FLOT OF TURBULENT PROFILE,
SHOWING ERRONEOUS VALUE OF 6

Clearly, if the straight line was used, 6+=62, instead of
fit, obtained from experimental points. If a wake law was
not used in this region, a power law would probably be the

easiest method of generating z/ near the edge of the layer.



7.4.1 Main computei runs

The results of the main computer runs are shown graphically
in Fig 7.21 a to j. See also Appendix F3 for tabulated

values of , //, etc.

By generating the input profiles on a flat plate, the pro-
gramme was a close simulation of the experimental work. It
was, however, not possible to obtain the identical input pro-
file that was measured experimentally without extensive re-
programming - the Van Driest profile was used instead.
Furthermore, the programme as written 1is for the 'flat plate
in an infinite stream', whereas almost channel flow was
obtained in the tunnel, ie. the boundary layer growth in

the tunnel was limited to the centre line of the tunnel.

Examination of Fig 7.21 shows that the profiles generated
are very similar to those depicted in Fig 7.10. The trends
with x and F were identical, ie. increased 'laminarisation'
with x and F.

The values of ¢ appear to be highly erroneous. On the other
hand, there 1is no experimental data for the step change in
transpiration and surface roughness with which these values
could be compared. If <$*isobtained from 4> negative
results, and hence imaginary , p and v. . Althoughthis
is predicted by the hiloglaw, this is not of much use, as
the programme cannot solve the equations for imaginary shear
velocity. was therefore obtained frum 4', and it 1is
expected that the error in does not affect the solution
significantly (Note:- (P affects the inner eddy-viscosity
equation). Clearly the finite difference equation which
yields satisfactory values of <v for the unblown layer was
inadequate for the blown boundary layer. By decreasing the
step size more accurate results would be obtained, but this
would increase the cost of running the programme signifi-
cantly. In this work, #=0,065 was common, whereas other

investigators have reported #=0,001, with 300 steps.
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By using the approximate .1 4" as described, the pro-

gramme was remarkedly s 'a, solving for injection ratios
up to F - 0,017. These high injection ratios have not been
reported in the literature, and are approaching, if not

exceeding, the limit of the boundary layer analysis.
The configuration and condition of the fluid for the main

computer runs are reported in Table 7.2. Fig 7.22 shows

the eddy viscosity distribution across the boundary layer.

TABLE 7.2 : Key to x-Stations used in Main Runs

Station  x (m) Sx 10" fle ,xlog Mot
’ symbol tz
3 0,790 2,416 7,274 0 dusdy
10 0,825 2,523 7,596 1 E
N O
40 0:975 2:982 02977 4 oo 10
50 1,025 3,135 9,437 5 N 102>
60 1,075 3,288 9,898 6 " 0065
; DX = 0,005
7.4.2 Some additional runs

A run with injection and pressure gradient was performed m
the res Its presented in Fig 7.23. MHKIJ003 was the com-
parable run with du”~/dx = 0 '/s, and considering the shap
factors at the same x stations show the difference very
clearly, e.g. Station 60 : / = 1,45. //, ., = 1,36.

o (tu/cx"™lyj
6 grew at a much slower rate (32,4 nmm and 25,7 mm rcspec

tively), which is as expected.

MHKLONG3 and MHKLONGS were runs in which an uninterrupted
porous plate was simulated. The porous plate started at
x = 0,312 m. lhis was improved in MHKTEST3, which is com-

pared wiM\ the Mickley and Davis results for their run

C-3-50. See Fig 7.26.
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TABLE 7 .3: Comparison Table

MICKLEY AND DAVIS C-3-50 j
MHKTEST 3 STATION 60 STATI ON H
6 (mm) 0 (mm) H HeQ 6 0 (mm) B
2687 25,87 2,94 1,50 2830 22,86 2,85 1,46

This is for the final

station of run MHKTEST3, and was
still somewhat below that of the Mickley and Davis experi-
ment. 6 was again high, and hence also 0. Ihe profiles

compare well, and it is expected that if Ra*
rately matched,

were more accu-
the correspondence would be even better.

The programme was thus shown to produce results which com

pared well with experiment. Qualifying the programme more

extensively would require many more runs, ihanging hc free

ratio, and finding similar
experimental profiles. Note that

stream conditions and injection

the computer was using

air, which was why ReQ was
lower than that of Mickley and Davis given in Table 7.3,

local (Johannesburg) density for

for similar values of 8 and

To allow smaller step lengths to be used,

a thinner boundary
layer was necessary. For this reason

the main runs were per-
formed from z=0,790 m, ie. fully turbulent flow, but 6=23 mm,
whereas the experiment produced 6-45mm. The

require a much coarser grid, and hence

latter would

loss of accuracy. It

was therefore not possible to compare the main runs with the

experimental results. However, the trend of the 'transition'

region from impermeable wall to injected flow obtained experi

mentally was clearly reflected by the computer results.

Skin friction results were thought to be

magnitude. As presented,

in error by orders of
the programme calculated < from a

second order fit, which was very satisfactory for the unblown

profile. If Fig 5.9 is a correct representation of u, then

a linear fit with very small step length at the wall would

produce better results.
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CONCLUSIONS

8. 1 lixpcrimontal Fcalurts.

A two dimensional, open circuit wind tunnel was designed,
built and commissioned. A free stream velocity of 21 m/s
could be oht lined in the working section. Io simulate the
conditions do rihed on page ", a turbulent boundary layer
was produced on a flat plate, hich was interspersed with a
porous plate. the boundar\ 1 o'er thus encountered injection,

which was introduced through the porous plate.

Using tlii hot <« ir anoiromc-twi , a transverse velocity profile
was obtained, and shm ed that the flow was two dimensional.
Ibe turbulence intensity t is h-tter than C », which is less
than the expected level for this type of tunnel (ref. Schlich
ting, 1V68). lea tired energy pe tra at a number of free
stream velocities compared fax rurrbly with accepted theoreti-

cal predictions and expriiment il data.

Velocity profiles on th« smooth flat platr were asccrtailed
and shown to follow the profiles nredi tv 1 by the Thompso;.

two par ieter family of ¢ u i

lo further qualify the pcvfoiwunco of the tunnel, profiles
witii in) vetinn wove plotted on the hilog a vs suggested by
Black and Sirmeck 1, together Lth experimental data of
Mickley and Davis (115f'). Ihis allowed direct comparison
with other authors work, and also showed the development of
the pioflie with increns infj miection. hui i hermore , the

need for nccurate thin friction infor.,tation was highlighted.



8.2 Velocit}' Profiles and Gen ral Experimental Results

Velocity profiles were moacured for a range of free stream
velocities and injection ratio . By using diiierent grades
of porous plate, the roughness of the wall was also varied.
A set of data for the turbulent boundary layer with uniform
injection was established. By partially blocking the lower
surface of the porous plate, velocity profiles with non-

uniform injection were ascertained, and compared with the

initial set of results.

The experimental results gathered in the region in which the
flow encounter'd the abrupt change in injection and roughness
showed that the average veloc tty in the shear layer decreased
with increasing .r. The shape parameter H can be used to quan-
tify thichange in momentum. Plotting H \' x showed th it a
increased rapid! > with ,r, with a decrease in slope for larger
r. It also chc »d that in t as"d with injection ratio.
Conside ?ation. of the results ' Mickley and Davis coniirms
this result, and indicates that H may asymptote to a constant

value for a fixed inject ion ratio.

When the results for the parti illv blocked porous plate 'ere
compared with the initial set of data, it was found that H was
highet for a particular r station at the same average injection
ratio. As is explained in the Addendum th1 result coul 1 indi
cate a lower wall temperature in the case of a heated stream

and cold air injection (assuming constant heat transfer). 1lhis
would be a very desii able rssuit lor the applications di”cussel
on page I, howevei , this ¢ n only be confirmed with extensive

additional oxpei imvnlation.

To the authorl knowl< !ge, the .e tests const ituted original

work for the follow reasons

1) The turbulent boundary lay r oncountered a step change
in surface roughness and injection ratio, an intend 1
feature of the test rig. Previous investigators had
considered the fully developed turbulent houndaiy

layer with uniform injection.



11) Partial blockage of the porous plate, thus altering the
injection profile, constituted a further controlled para-
meter. This feature simulated the attachment of the
porous matrix to a rigid base , which would thus enable
these materials to he used for effusion cooling in

highly stressed materials.

A technique for predicting the turbulent boundary layer velo-
city profile with injection was developed. A two parameter
family of curves was presented, which was independent o*
injection ratio. The results of Mickley and Davis as well

as McQuaid were added to these plots, and indicate the exis-
tence of a correlation equation over a signilleant rang of
injection ratios. It was thought that more experimental data
was required before a correlation equation could coniid-nt ly

be deduced.

The lowest point is H = 1,3, which is the value for the un-
injected turbulent boundary layer. As the 'ayer encountered

injection, the value of the shape parameter increased, while

u/u decreased for a fixed v lue of y/0. Ibis trend continued
until the value at XI was reached which was very close to the
results of Mickley and Davis, whose tests were done in the

'"fully developed turbulent boundary layer’.

The momentum equations were solved numeric'.ly, and the elo
city profiles thus generated were plotted, reflecting the

trends determined experimentally, ie. the I crease ot \ locit)

in the shoat lay i1 witl hut cd inject ior ratio and <1 taint,
along the plate. To qualify ’he programme, various test runs
were performed. firstly, the laminar profile generated was

compared with analytical results given in Schlichting.

a turbulent profile was plotted on semi log axes and compared
with established experimental and empirical data. Various
test cases weie investigated, in which He” was varied with
and without pressure gradient, and also one in which the com-

puter solution was allowed to march into the transition region
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Finally, runs with injection xsere performed. One of these
was compared with the experimental results of Mickley and
Davis. In all these comparisons, correlation was excellent,
and the programme was considered to yield accurate velo.ity

profiles.

The programme was run for a range of injection ratios of F -
0,017. This was the highest ratio investigated experimentally,
and was thought to he at the limit of the assumption of the
analysis. It. should b- noted that F = 0,01 7 1s significantly
highei than any injection rati >encountered in the literature
survey, both in experimental or numerical v ->rk. The programme

remained exceptionally stable, even at high values ol 7.
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CHAPTER 9

SUGGESTIONS FOR FURTHER WORK

1. Modifications to the wind tunnel, which would result

in a thin boundary layer arriving in the entry section,

allowing greater control.

Measurement of the local skin

friction by direct means,
so that this

matter may be cleared up satisfactorily.
Initially, the effect of surface roughness with trans-

piration would have to be determined. If a floating

element balance was used, the element must be made of

porous material with the same roughness as the plate;

and with injection at its surface.

3 To establish the heat transfer characteristics of
step change, distributed injection,

with and without
blockage, tests

must be done with a heated mainstream,
This latter provision 1is intended to obviate the
inverted temperature profile which

results from heat-
ing the transpiration flow. The

inverted temperature

profile acts as a turbulence inhibitor, thus afleet-

ing the heat transfer mechanism.

The computer programme requires

an improved finite
difference technique

for obtaining the second dcriva-

tive, especially at the wall. From this,
realistic values

morce

of of may be expected. A more

sophisticated turbulence transport equation will be

necessary to account for surface roughness.

5 Alterations to the programme could be designed to

allow for enclosed flow, and for more complicated

pressure gradient situations.
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By including the Energy Equation, the heat transfer
to the plate could be calculated.

A deeper understanding of the flow in the porous
matrix should be obtained, mainly from experiment.
The spread of the jet, and the exit velocity of the

air at the exposed surface should be studied.

Turbine blades in cascade with porous inserts should
be manufactured and tests on heat transfer charac-
teristics done. These could be compared with tests

for blades with discrete hole injection.



120

APPENDIX A

Al Transformation of the Momentum Equation

For convenience, the continuity and momentum equations of

section 4.2 are restated here :-
Continuity [A1.1]

Momentum CAl1.2]

Numerous transformations exist for equation Al.2. a popular
one is the transformation to the Von Mises plane. The equa-
tion takes on the form of an unsteady heat-conduction equa-
tion. The disadvantage in solving an equation which is
pseudo-elliptic (ie. the entire flow-field has to be solved
simultaneously), is the excessive computer time used. A
transformation similar to the Falkner-Skan solution could
be used in a finite difference scheme that marches in the
direction of predominant flow. In this way, conditions at
each successive step could be set as required, e.g. surface
roughness, injection (steady or varying with x), and also

step length.

Following the treatment of Cebeci and Smith (1970a), the
Levy-Lees transformation was used. This Ited in com-

bining two independent variables, u and , shortened the

abscissa and lengthened the ordinate.

The hevy-Lees transformation for flat-plate, incompres-

sible flow 1s :-

= pyutix; drl = f§|f [A1.3]

Define a dimensionless stream function, f

AR t/) = (20 V(£ ,n) [A1.4]

%
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4 is the stream function which satisfies the continuity

equation :-

6% —py ;. PP - py [A1.5]
Substituting Al.5 into Al.2, for U and p constant
A (r =* CA1.63

With E+ = e/v

Hence

From A1.5 (see Cebeci and Smith, 1970a)

A PLl¥e(6¢c * Iran3 )
6t/ (20 i6n
From Al.4

HlC_ v s" WV2C

¥ [A1.9]
If - (20h- ’

Using CA1.9] and 3-(Q2f)) . (du ¥dI»/u”™, eqn.[A1.7] becomes

((1 + E+)/")' + //" 4+ 6(1 - ;'2) = (2C)YC/'ff' - /" ||]

where the prime denotes u/6n, and f = 6//6n = n/k

The left hand side of [Al.10] will be recognised as the

solution obtained by Falkncr and Skan (1931) foi the laminar

boundary layer with u ,.) a <1l (ie. the potential + ;.. was
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proportional to a power of the length measured from the

stagnation point).

Now introduce a translated stream function, < (This was

done to improve the numerical computation.)

&+ 7

PR CAl.11]
r $

Substitute [Al.Il] into [A1.10]:-
[(1 +eb)t*3 " + (* + nd» - + 2)

2C( + 1)64) '/6C - *"6t/dC] [Al.12]

This equation was also given as [4-6.1], and is an o.d.e

1nnatC=Gn

A2 The Finite Difference Approximations

Consider a function / at grid points i-2, i-1, i,

etc.
and let the distance between these points be Up and
h, h3 4
AXi., A X A X< AX;.Z,
0- _0_ 'O -0- O
i-2 i-1 i i+1 i+2
F1G A2.1 : SKETCH OF GRID POINTS, SHOWING NOMENCLATURE

Using Taylor's series to express

]
/U iM) - /Cxp » * ];1 *0(,3n  ca2 1l
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fl.x + 0(%2')...[A2.2]

By doing the following manipulation : CA2.1] x
[A2.2] x h”2 obtain

r ¢ p - + 0(:52)
[A.2.3]

This equation was written for h, f h , which creates some
difficulty in expressing the order of error. In [A2.3] it

is approximately and if 7 N=h, 0{h7).

Eliminating /' from [A2.1] and [A2.2]

This equation has an error OCh.J or 0 (k") , ie. much less

accurate than [A2.3].

Equations derived in a similar manner are :-

re " p -

rwW o-d " cees N 2.6:

Considering Fig A2.1 again, and using eqn.f 5.3.3]

— Ag- _ -3
hj = Aay. - = h K
i-2
h2 ~ hxi = h'K [ [A2.7]
h3 = 4] = h'K'~

Where / is the first step of the n grid.

Substituting [A2.7] into [A2.3] and [A2.4]
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“f(xl-i) _ (1-VfJxiL + .. f(*i+l+- CA2.8]

et Mxil o 2f{xidx [A2.9]
h2K2t]~4(J+K) h'[—]'g\‘?’s h2K2t~ (1+K)

Each term in the last two equations could be divided into

three parts, namely /« a constant in

% and %, and a co
efficient 1in 1. This

fact was used to simplify the equations

The first term of equation [A2.8] thus becomes

, A2 [A2.10]
hKI ~3 (1+K)

So A3 - -%'/%(]+%), and all other

coefficients dependent on
% and X were calculated only once,

ie. 1n subroutine MKO002.

Because the x-stations were not restrained as the n points

were, coefficients required for derivatives in the f,-direc-

tion were calculated at each new station.

The coefficients that appeared in equation [5.4.2], are

listed below :-

A “ Trnkxrl* “ 0

B = -UjJLUi.Li =
K 2., £1
h(l+K)'KI K:
[A2.11]
2K" 1 .=
D =F7T+¥%¥7°x21 '
-2X'S 1

F =“F —Ft

2K FI
h* (1+K)' Kzi ~ Ft
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226 2
AT h2(1+K) "K2i
2 - -2K51
X2 = h2(14K) *K21
[A2.11]
B 2K2 1
X = 14K +221
-22 2 .
23 HJ K21
~ 22 2
b “ wrnTj'K?2

Coefficients starting with 2 were notsplit up into two
parts. This had been done initially, in adifferent form,
and is the reason for real GI1, HI, II, JI, Kl being
defined in subroutine MKO002.

The streamwise derivatives were calculated as follows :-

CA2.12]
- IK-2,i 1 CA2.13]

These equations were obtained in a vinner very similar to
the derivation of [A2.3]. They were backward difference

equations, and the step length remained variable.

AS.., A§n

Fig A2.2 : sketch of ¢ grid points

I )
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Af,.3<ACn V'"A N3, AN - r Ao
+ i*"n-1 + 2Af;n)f(£n" [A2.14]
Thus
| AIIL
+ST7?
M -(hZn-1 t M 21) [A2.15]
AEr-J-ACn
- (h'.-n-1 + ZASn)
AS»(ASn , + 6V
To calculate Newton's Divided Difference method was
used. The following equation was derived (see Milnc-Thomson,

j933) , from a second ord”r fit --

A2 $2 '~>3 '
n. - np ng - ng) .... [A2.16]

nl - n3

*3u

From Chapter S, J2 and *, were to be determined from boundary
conditions. An equation was given for t>, but 42 still re-
mained to be calculated. From eqn.(4.6.3], one of the bound-

ary conditions 1is

- CA2.17]

Using a very simple finite difference cquatio.

*2 ~ il -1 CA2.18]
\Y n2 - nj
- Kn2 np

[A2.181 did not give very satisfactory results, but by using
the divided difference technique, the following relationship
was derived :-

t *x ¥ (K +2) + oo [A2.19]
(K + 1)7



The unblown profile was checked, and [A2.19] was found to
agree to 6 figures. After the experience gained with calcu-
lating § from a second order fit, it was felt that the
plot of O vs n should be reconsidered when injected, and
a better fit developed for this curve. Although not tested,

it was thought that a 4th order fit would oe an improvement.

Except at the boundaries, central difference equations were
used throughout. Note that these equations were derived to
allow calculation of a function at i, and not mid-way between
i-1 and i+, which would have occurred had the function been
calculated from a standard central difference equation for

equal step length.

The equations derived were relatively simple, but produced a
banded matrix with 5 columns. More complex equations, which
become possible for equal step length, would have resulted
in mo;e columns in the banded matrix. This would require
more core storage and more calculations, with related round-
off errors, when solving [/?]{(&) = {B}. For generating the
initial turbulent profile, it was found that the unequal
step length improved the accuracy significantly. Because
6u/6y was much lower for laminar profiles, equal steps were
more suitable for these calculations. This could be

obtained by setting K = I.

A3 Flow in Porous Media

One of the important aspects of using porous materials in
transpiration cooling, is the need for strengthening the
structure. As already suggested, tl is could be done by

attaching the porous matrix to a rigid base with metering

holes or slots.
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transpiration

Fi5 A3J' s V w S "rRra s A

In the past, all results for pressure drop through the
matrix have been obtained for the unrestricted

a one-dimensional flow situation.

case, 1ie,

Ihe average velocity

at any y value in the porous material was constant. The
pressure drop was found to be proportional to the super-
ficial velocity, for the so-called laminar region,

and to for the 'turbulent' region. This was found
experimentally, and is wuseful if is constant.

The configuration shown inFigA3.1 was expected to behave
very differently. Becausethe jet is spreading a the

matrix, the velocity is changing, and hence also Ap. To

design a porous cover for transpiration cooling, it is

necessary to know : (i) the spread of the jet. with y», and

from that, the distance between metering slots or holes to

ensure a suitable insulating layer of cool air on the upper

surface of the porous material, and (ii) ’he pressuie diop

for the two-dimensional flow situat ion

Two approaches tothe problem are possible.
scopic, analytic

The micro-
approach, or the macroscopic approach,
discussed in Appendix A4.

Because a porous matrix is made up of randomly sintered
particles with sizes spanning a given tolerance, it

meaningful to consider the flow at a point.

1S not

Following



Slattery (1972) the momentum equation was volume averaged,
in much the same way that turbulent flows were averaged on

a.time base.

Two theorems, developed by Slattery (1972), were used, as
were the Reynolds rules of averages. The theorems were for
the volume average of gradient, and of the divergence, of a

second order tensor oraspatialvector field, called B.

nj = 1/ siBdV = VB + *f B.ndS CA3.1]
: yr - - ygy -
BTVB =* / divM =divB +  /B.ndS oo (A3.2]

vf “ s w

where Vf is the volume, Sy the surface area.

Fig A3,2 : the porous medium, showing volume Vf, and the
ENCLOSING SURFACE S, NOTE THAT § MUST ENCLOSE

SOLID AND FLUID. S« COINCIDES WITH THE PORE
WALLS. n IS THE NORMAL VECTOR,
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The Navier-Stokes equation for the steady flow of an incom-
pressible newtonian fluid may be derived from Cauchy's first
law of motion (assume no external forces were present)

jv(v o ur) = -Vp + ydiv(VtO [A3. 3]

Taking the local volume average of cqn.[A3.3] :-

i "~ pdiv(u ‘o)dV = AypdV o+ 7~ |Mydiv(Vy )dl' ... [A3.4]
Noting that (v v.n) = 0 on the wall, Sw, and introducing
a quantity v ', representing the deviation of the local

point velocity from the local volume average velocity :-

p =y +ty' [A3.5)
Note y = v £ = ®

Equation [A3.3] become :-
pdiv(u y) = -Vp + y(VS5y) - pdiv(y"7')+ I I pndS [A3.6]

The interesting feature of [A3.6] was the additional term,
-pdiv(iT'""y ') which is very similar to the Reynolds stress
term produced in the time based averaging process used

for turbulent flows.

Various techniques havebeen suggested tosimplify [A3.6],
and for one dimensionalcreep flow(ie. delete inertial
terms) the Darcy law can be derived. Another simplifica-
tion for two dimensional, inertial flow, suggested by
Whitaker (1969) , introduced a total resistance tensor P.
The nine terms in this tensor would have to be evaluated
experimentally, and were expected to be proportional to vy,

some length scale and the permeability oi the porous medium.

1 'y y is known as the dyadic product, and was treated as
a second order tensor.
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At the present stage it was felt that the above line of
thought was not worth pursuing further : techniques for

determining B were not known to the author.

A4 lests on the Porous Matrix

At the pres- t :cate of the art, it was felt that a macro-
scopic approach could be expected to yield results more
quickly. A preliminary investigation was done, starting

with a dimensional analysis.

II: Darcy
L
Porous
matrix L-turbulent
FiIG AM : SKETCH OF POROUS MATRIX WITH JET AT

LOWER SURFACE

Because designers of transpiration cooled turbine nozzle
guide vanes have a very limited pressure differential to

work with, Ap was considered the most important quantity.
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The variation of b witha, L and Visrequired if a uni-

form cold layer isto be present onthe outeisurface.
Ap = /(L, a, D b, y, U, p)

Typically, the following relationship was produced

A7 = CaVU)V(L)U(5>*

Because 3 length scales were present, these could be
interchanged at will. The first dimensionless group was

particularly interesting

CA4-2]
Ap/py2 is the well known pressure drop coefficient C .
Define

¢ ! C .Re, 2 [A4. 3]
Pp P *

Some tests were performed on a matrix made of plastic
spheres, DO = 37,2 mm above an axisymmetric jet from a
80 mm pipe. The flow rate was measured with an orifice
plate, and V was the average velocity in the pipe. A

static pressure tapping was placed at the jet outlet.

A steam generator was placed upstream in the pipe, and
the air passed over dry ice, thus producing a visible
flow at the pore is matrix surface. (See Fig A4.2).

It was not possible to measure 4 with any reliability.



Fig A”.2 : low velocity jet, v = 2,72 m/s,
EMERGING FROM MATRIX

It was observed that at high velocity, the smoke formed
a jet above the matrix, whereas at low velocity, the
smoke filtered slowly through the matrix, and had spread
much more. The conclusion reached was that for large L,
an initial 'turbulent' region existed, causing a high
pressure drop. This caused the jet to spread, hence
slowing down to the laminar Reynolds number range.

Creep flow resulted in this region - the loss of inertia
being clearly visible when the smoke merely filtered
through the last row of spheres. The 3 short lines on
Fig A4.5 diverged from the solid line for increasing
Re,. This was thought to have been caused by the small
additional pressure drop through the 'Darcy' region.

Fig A4.3 shows turbulent flow emerging from the porous

matrix.
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FIfi A*1,3 . TURBULENT JET : V = 6,5 m/s,
EMERGING FROM MATRIX

The full results were not reported, but two of the

graphs plotted are presented in Figs A4.4 and A4.5.
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APPENDIX B

B1 Design of the Win. Tunnol, Jjan and Contract lon

Subsonic wind tunnel design has become a well documented
exercise. Basic decisions such as whether the tunnel
should be open or closed circuit, and type of fan are

very much cost dependent.

The tunnel built for this project was to form part of an
existing unit. After certain sections had been constructed,
it was found *0 be preferable to be independent of other
research programmes , and a tunnel was designed around the
parts already built. This was unfortunate, because the

tunnel could have been better designed.

The open circuit tunnel consisted of a centrifugal fan,
diffuser, settling chamber, contraction, entry section,

working section and an exit diffuser.

Materials used were wood strips (100 mm wide), banded to

3 mm thick masonite, the smooth side of which formed the

inside walls of the tunnel. The edges were supported with
slotted angle iron. An outside company made the settling
chamber and contraction of mild steel sheet. Details of

the working section appear in Appendix B2. The entire

tunnel is supported at shoulder height on wooden legs.

A centrifugal fan, somewhat overpowered by a 22 kW squirrel
cage induction motor, was made available for the project.
This unit was used to blow air down the tunnel, rather than
sucking the air through the tunnel. If the ducting was
attached to the fan inlet, it was expected that swirl due
to the rotation of the fan would be transmitted back to the
Working Section. The removal of such a vortex may have
required straight ner vanes, a complication which was to be

avoided. The profile at the fan outlet was highly non-
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uniform, but this was to be controlled with screens. In
the event, this proved more difficult than was expected.
The profile in the entry section was much improved by the
addition of honeycomb in the settling chamber. Aluminium

honeycomb, 50 mm thick with a cell size of 6 mm, was used.

The contraction had an area ratio of 3:1. Theoretically
this should have reduced the velocity fluctuations by a
ninth. A potential flow analysis (see Cheers, 1945) was
used to design the contraction. The equations were handled
on a Hewlett-Packard 9810 calculator. The streamline

denoted as contraction wall was plotted by the calculator

(Fig B1.2).

Fig BI.IA : plan 'sw of the wind L, SHOWING
(A) THIFTTLING CHAMB B) THE CONTRAC
TION, THE ENTRY SE , (D) THE

WORKING SECTION



uniform, but this was to be controlled with icreens. ,n
the event, this proved more difficult than was expected.
The profile in the entry section was much improved by the
addition of honeycomb in the settling chamber. Aluminium

honeycomb, 50 mm thick with a cell size of 6 mm, was usld.

The contraction had an area ratio of 3:1. Theoretically
this should have reduced the velocity fluctuations by a
ninth. A potential flow analysis (see Cheers, 1945) was
used to design the contraction. The equations were handled
on a Hewlett-Packard 9810 calculator. The streamline

denoted us contraction wall was plotted by the calculator
(Fig B1.2) .

FIR BI.IA : plan view of the wind tunnel, showing
(A) THE SETTLING CHAMBER, (B) THE CONTRAC-
TION, (c) THE ENTRY SECTION, (p) THE
WORKING SECTION



- 139

Fi1G BI.IB SIDE VIEW OF THE TUNNEL WITH (A) THE FAN
UNIT, (R) THE DIFFUSER, (c) SETTLING CHAMBER

AND CONTRACTION, AND (D) THE COMPRESSED
AIR SUPPLY
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Fic B1.2 : CONTOUR OF WIND TUNNEL CONTRACTION
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B2 The Working Section

A working section producing two dimensional

flow with
He = 1,2 x 106 was required.

The plate was to be solid,

interspersed with a porous section through which a secon-

dary flow could be introduced.

The working section was made rectangular,

with dimensions
0,496 x 0,209 m.

At a flowrate of 1,5 m’/s.
17 m/s was expected in the jet. With the
duct ahead of the working section, various plates could be

attached to the leading plate, allowing variation of
With a leading plate 0,5 m long,
tests So -

a velocity of

I m long, paraUc

as used in most of the

1,2 x 10s was achieved at the end of the work-

ing section, which was 0,865 m long. A boundary layer bleed

drew air off below the leading plate.

The plates and the roof of the working section were made of

3 mm aluminium sheet. Perspex (6,35 mm thick) was used for

side walls. The porous plates had dimensions 500 x .44 x

6,35 mm. The porous plate

leading and trailing edges were
milled at 45°,

and was pulled up to

the aluminium plates
with adjusting screws inside

the plenum chamber. Filters

were incorporated in the plenum chambers, to avoid the

sower porous surface from becoming clogged with dirt or

grease.

An exit diffuser was attached

to the end of the working
section. It was 1 m long,

and prevented downstream con i-
tions from affecting the flow in the jet. This section was

on wheels, and could be removed to allow work inside the

working section when setting up the hot wire transducer.

The perspex sides were also removable.

R1 Engineering Drawing

Fig B3.1 is a reduction of the assembly drawing of the

w V irt(T S ort
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APPENDIX C

Cl Calibration of the Orifice Plate

The orifice plate was calibrated according to BS 1042

2 Calibration of Thermocouple

Copper-constanten thermocouples were used. The calibration

curve is shown in Fig C2.1 below.

V CINmV 3
Fic (1.1



C3 The Calibration of the Hot Wires

The single sensor hot wires were calibrated using the Disa
calibrating rig. ibis unit consisted of the nisa ITcs >uic
Control Unit, type 55 D 44, the Pressure Converter, type
55 D 46, and the nozzle unit, type 55 D 45. A Van Essen
manometer model 6750 was used to measure the pressure drop

across the nozzle.

The anemometer gain was adjusted using a square wave gene-

rator, and an oscilloscope to see when the amplifier became
unstable. The zero flow voltage was determine”, after
amplification by the Auxilliary Unit, as was the hot wire

resistance at the calibrating temperature.

Each hot wire (there were 4) was calibrate 1 using the ane-
mometer and the auxilliary Unit.
King's Law was used to describe the calibration curves

=y 2+ [
0

To obtain B and n, the data was plotted on log-log axes

in the following form :-

log{(~,)2 - 1) =« log Z
0

Clearly, if the Ihs was plotted against log U the slope
was n. Note- that VQ’ - aV0, where o<l. The value of o
was varied to find the value which gave the best stiaight

line through the points.

The lineariser used the function

v K(V2 - Vo2)Vn tes. 23
[C3.33

v = KBU -aU 1C3.4 3



to convert the non-linear anemometer output to a linear
voltage, 'ine exponent was set or the unit, and the hot

wire was calibrated with the lineariser.

C4 Temperature Correction for the Anemometer Output

The heat loss from a hot-wire is influenced by the air
velocity and by the air temperature. The anemometer out-
put for a specific velocity must be corrected if the air
temperature is different to the calibration temperature.
This correction was performed from the following con-

siderations

The heat balance equation for a hot wire is :~

2 = [T = T) Mo et [C4.13
Rw w

E = wvoltage drop across the hot wire

ft = working resistance of the hot wire

Tw = working temperature of the hot wire

TW - fluid temperature

h = heat transfer coefficient.

For constant Ak, the expression for the correction of the

anemometer output for a change in 7

V 2 B g2 —H0n ] e et IC4 .21
NdlTw - T)

En = <corrected voltage

Tn = calibration temperature

The resistance of the hot wire changes with tcmpci.it me

according to

R = IM{l + a(r - Ty)} e 1C4.3]

R is the resistance at temperature 7, a is the thermal

resistance coefficient :-



a = 0,0036 1/°C [04.4]

Equation 04.2 may be rewritten :-

A\ - CC4-5]
R was calculated from [04.3], and the corrected anemometer

reading from [04.5].

05 Correction for Proximity of the Wall

It was expected that the heat loss from the hot wire would
increase very near a wall (i/<2mm). Various attempts have
been made to correct for this apparent increase in velocity,

see Dryden (1936).

The change in voltage AV, can be calculated from

which was given by Horsley (1975). The value of a was
estimated to be 2,53 x 10“6, for y ir mmn. n was the

exponent for the hot wire, discus n 04.
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APPENDIX D

D1 The Experimental Results

Presented here are the results of the velocity profiles
measured in the boundary layer. The velocity measurements

were corrected for temperature and the proximity of the wall.

Notes on experimental results

A po’-r law was fit! 1 Lo the input profile. It was given
in the first 1lin» of printout. ID was u/u The coefficient
of th; first right hand term was the inverse of the power

calculated.

A virtual origin for the first profile was calculated from

6 = 0,383aj/tf0AV5 [D1.1]

Rex was based on this virtual origin. The difference in x
length between subsequent stations was added to the fir-"

value.

The programme, DP2, performed the integrations for 6* and
0, and plotted the results. The graphs are given in
Fig 7.10.
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APPENDIX )

El Accuracy of Experimental Equipment

Table EI1.1 lists the equipment used, and the errors

involved. *

TABLE E1.1

INSTRUMENT, MAKE & MODEL

Cambridge potentiometer,
type 44228

Doric DVM, type DS-100

Riken Denshi X-Y Recorder,
type F-3D

Positioning of hot-wire
Water U-tubes

Van Essen manometer,
model 6750

Fortin barometer
1

Disa anemometer, type 55D01
Disa lineariser, type 551)I10

Disa RMS voltmeter
type 55D35

Disa Auxilliary 1 t,
type S5D25

Hewlett-Packard Spectrum
analyser, type 3580 A

ACCURACY OR ERROR

+ 0,01 millivolt

+ 0,001 volt

Within + 0,3%

+ 0,5 mm

4 0,4 nmm HaO

+ 0,002" H20

+ 0,001 mm Hg
Output read on DWM

Output read on DWVWM

Output read on DWM

Output read on DWM

Output plotted by the
X-Y recorder



TABLE E1.1 (cont.)

INSTRUMENT, MAKE & MODEL ACCURACY OR ERROR
Hewlett-Packard Log Voltmeter/ g)(u;put pl((i)tted by the

Converter, type 7562 -Y recorder
Tektronix oscilloscope model *

with Polaroid camera

The values presented in Table El.l are the maximum errors

expected.

When using the Van Essen manometer with the nozzle unit

of the hot-wire calibration rig, the error in velocity

may D¢ estimated from

dv = \fdh _ 5%) [E1.1]
y 2 h p

Assuming no error in p,

y(m/s) h ("HaO) % error
2.2 0,01 10
5.0 0,05 2

16,0 0,50 0,2

Clearly, the expected error at

low velocities 1is very
large. A linear

regression analysis was used to fit a

curve to the calibration values, and an error of 0,1

m/s was typical.

The error in measuring the

transpiration flow rate was
estimated as follows

(using an ordinary water manometer)

Basic error for orifice plate : 2,3% (BS 1042)
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= yLdh + + N1+ 2]-- [El. 2]

= 1[2A5 + + (0,01 + 0,004)] + 2 "r

iQ. = 2% + basic error

As v was directly proportional to O,

dVy = 4,31

A\
w

This could be even greater if an error had been made m

surface area of the porous plate,
as h increased, the large term, dh/h,

calculating the However,

in E1.2 decreased.

In measuring the power spectrum, the
shape of the curve,

exact

emphasis was on the
and the occurrence of any peaks. The

frequency and power of these peaks was not required

to be known, and therefore an error analysis was not

attempted for these measurements.
The main stream velocities

measured with the anemometer

did not drop below S m/s, which was within 2% and con-

sidered acceptable.



nnm m

- 177 -

APPENDTIX

Fl Some Details Pertaining to the Programme

Fl.1 The pressure gradient tc; M

A pressure gradient would clearly alter the main stream

velocity, and therefore ug, 3 and p+. It would, however,

also affect the £ grid spacing, even if constant * spacing

was used in the physical plane. As a preliminary test, a

constant pressure gradient was assumed. It was thought

that the small increase in caused by the growth of the

an enclosed flow situation could be

fitted with a straight line.

boundary layer in

Then dujdx = o [F1.1]
This changes the sr-axis transformation
CF1.2]
= FP/"'U<2 + wec))dx
0 0
For condition [F1.11
B-1- (~)" [F1-33
ue

where weo ~ 0,99 x W

With injection, assumption [F1l.l] proved inadequate.

PI.2 Numerical Integration

Certain quantities were obtained by integrating. 6* was

obtained as follows.
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i-1

Fic Fl1.1 : sketch shoving trapezoidal rule

N

Integral = [ QI + x (n™ - x I ...1-1%4]
i~Z

F2 Initial Computer Runs
A few trial runs were attempted without transpiration. A
laminar profile was generated near the point of transition,
assumed to occur at Rex = 3,2 x 10 .-rom this poxnt
E4 j o, and the programme marched into the transition

region. The result obtained is shown in Fig F?.1. The

layer with a small, linear
pressure gradient {dul&x = 101') was

profiles, shown in Fig F2.2,

uninjected laminar boundary

attempted next. The

varied slightly from the

first profile in Fig F2.1(laminar, zero pressure gradient).

Finally, a series of turbulent profiles

were generated by
the programme, starting at Rcx =

3,24 x 105 with fully

turbulent profiles. Values of ¢” were not in satisfactory

agreement with theory, thus the forward difference equa-

tion for <B@" was altered.



TABLE F2.1 Results
a(m) Ex 10" A+
MHI(TRANS
0,588 1,0578 26,0
0,597 11,0740 26,0
0,606 1,0902 26,0
0,615 1,1064 26,0
0,076 0,1420 28,99
0,085 0,1595 29,27
0,094 0,1771 29,43
0,103 0,1949 29,55
0,598 1,0758 26,0
0,607 1,0920 26,0
0,616 1,1082 26,0
0,625 1,1244 26,0

- 179

of Initial

Be x10":

L-0-10

3,185
3,233
3,232
3,331

MHKPUXIO

0,443
0,500
0,557
0,616

MHKFLOW1

3,239
3,787
3,336
3,385

Computer Runs
A 0 (mm) H
ixtr,ip = 0,591 m)
330 0,609 2,56
328 0,606 2,15
333 0,616 1,90
343 0,633 1,81
L-0-10
125 0,214 2,48
132 0,224 2.47
138 0,233 2.47
144 0,242 2,45
T-0-m10
881 1,627 1.41
893 1,649 1.41
905 1,670 1.41
916 1,691 1.41

6 (mm)

5,04
5,08
5,23
5,63

1,85
1,96
2,05
2,13

18,20
18,70
19,21
19,35

r
 Ax103

1,41
2,35
4,18

| 4,46

4,23
4,01
3,87
3,75

5,06
5,16
5,15
5,11



PLOT OF y/6 vs u/ue
x=0,588 0,597 0,606
MHKTRANS 0O

o Pts calculated

from equation

57. 4)
A 00 0.20 0.U0 0.60 0.80 1.00 1.20 1.U0 1.60
FIG F2.1 : laminar profiles before and during transition
PLOT OF y/6 VS wu
x =0.076 0,085 0.094 0,103 m
MHKDUX10
O
o
0
00 0.20 0.40 0.60 0.90 1.00 1.20 1.40 1.50

Fig F2.2 : laminar profiles with pressure gradient
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B&E

O &

00 "I 09°0 09°0

FiG F2,i : turbulent input profiles



P3 Results

TABLE F3.1

Station

10
20
30
40
50
60

10
20
30
40
50
60

182

of Main Computer Runs

A+

26,00
23,11
23,03
22,95
22,89
22,83
22,78

26,00
20,93
20,76
20,59
20,44
20,31
20,19

26,00
19,15
18,89
18,64
18,42
18,22
18,05

X 5 t (mm)
MHKIJ001
1812 1,97
1894 2,06
2019 2,19
2139 2,32
2257 2,45
2372 2,58
2486 2,70
MHKIJ002
1812 1,97
1910 2,07
206 5 2,24
2216 2,41
2364 2,57
2509 2,72
2652 2,88
MHK1J003
1811 1,97
1925 2,09
2109 2,29
2288 2,49
2465 2,68
2639 2,87
2812 3,05

T-1-17

1,33
1,34
1,36
1,38
1,39
1,39
1,40

T-2-17

1,33
1,34
1,37
1,39
1,41
1,42
1,43

T-3-17

1,33
1,35
1,38
1,41
1,43
1,44
1,45

6 (mm)

23,14
25,01
26,48
27,23
28,74
29,47
31,03

23,14
25,01
26,48
27,99
28,74
30,30
31,89

23,53
24,73
26,92
28,46
29,22
30.80
32,42

2.*103
/

4,085
5,120
4,818
4,560
4,357
4,190
4,049

4,085
6,054
5,580
5,197
4,896
4,648
4,438

4,088
6,845
6,229
5,743

5,361

5,046
4,779



Station

10
20
30
40
50
60

10
20
30
40
50
60

10
20
30
40
50
60

10
20
30
40
50
60

A+

26,00
16,47
16 ,09
15,72
15,40
15,11
14,84

26,00
14,38
13,94
13,52
13,14
12,79
12,47

26,00
12,81
12,39
11 ,94
11,55
11,18
10,84

26,00
11,97
11,56
11,11
10,70
10,33

9,98

183 -

a, 6 6 (mm)
MHKIJ005
1811 1,97
1953 2,12
2189 2,38
2421 2,63
2653 2,88
2883 3,13
3114 3,38
MHKIJ007
1811 1,97
1978 2,15
2260 2,45
2542 2,76
28 25 3,07
3109 3,38
3394 5,69
MHKIJ009
1811 1,97
2000 2,17
2322 2,52
2646 2,87
2975 3,23
3307 3,59
3643 3,96
MHKIJO010
1811 1,97
2010 2,18
2353 2,56
2700 2,93
3052 3,31
3409 3,70
3771 4,10

T-5-17

1,33
1,35
1,40
1,43
1,46
1,48
1,50

T-7-17

1,33
1,36
1,41
1,46
1,49
1,52
1,54

1-9-17

1,33
1,36
1,42
1,47
1,51
1,54
1,57

T-10-17

1,33
1,36
1,43
1,48
1,52
1,56
1,58

6 (mm)

23,53
24,73
26,92
28,46
30,04
31,66
33,33

23,25
25,13
27,37
28,93
31,39
33,08
34,84

23,25
25,13
27,37
29,74
32,27
34,00
36,77

23,15
25,74
28,03
29,63
32,15
34,82
36,65

0f XI1°3

4,088
8,507
7,652
6,980
6,44b
6,003
5,626

4,091
9,909
8,897
8,085
7,432
6,886
6,420

4,091
11,501
10,390
9,4 50
8,683
8,034
7,476

4,095
11,853
10,727
9,761
8,969
8,298
7,719



Station

3
10
20
30
40
50
60

10
20
30
40
50
60

10
20
30
40
50
60

A+

26,00
10,78
10,42
9,98
9,58
9,22
8,88

26,00
9,34
9,07
8,66
8,29
7,94
7,61

26,00
9,27
8,99
8,59
8,21
7,87
7,54

6 (mm)

MUK UO 12
1811 1,97
2029 2,20
2403 2,61
2786 3,03
3177 3,45
3576 3,88
3982 4,32
MHKIJ015
1810 1,97
2051 2,23
2461 2,67
2886 3,13
3325 3,61
3776 4,10
4239 4,60
MHKIJO17
1810 1,97
2052 2.23
2464 2,68
2891 3,14
3332 3,62
3785 4,11
4249 4,61

T-12-17

1,33
1,36
1,43
1,48
1,53
1,56
1,60

1-15-17

1,33
1,35
1,42
1,47
1,52
1,56
1,59

Ir-17-17

1,33
1,35
1,42
1,47
1,52
1,56
1,59

5 (mm)

23,33
25,23
28,25
30,70
33,30
35,09
37,96

23,70
25,62
27,90
31,18
33,82
36,63
39,61

23,22
25,82
28,12
30,56
34,08
36,91
39,92

cyxlO3

4,096
13,279
12,142
11,092
10,216

9,467

8,817

4,098
15,419
14,318
13,155
12,162
11,301
10.547

4,100
15,201
14,105
12,957
11,977
11,129
10,386



TABLE F3.2

Test run MHKDUXO003,

Pressure
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Gradient

Turbulent Shear Layer with Injection and

dw/da - 10%, F =0,003, XIR = 0,8
x (m) Re xI1Of 5 (mm) 0 (mm) 1766 ’ p"x10'3 A+
0,790 1,067 22,05 1,78 2406 1,31 3,49 26,55
0,825 1,132 22,32 1,80 2464 1,31 1,81 21,03
0,875 1,224 23,30 1,84 25738 ,33 1,89 21,00
0,925 1,320 23,63 1,88 2685 1,34 2,00 20,95
0,975 1,418 24,61 1,92 2788 1,35 2,09 20,93
1,025 1,518 24 91 1,95 2888 1,36 2,16 20,91
1,075 1,622 25,19 1,98 2986 1,36 2,21 20,91
TABLE F3.3 Computer runs with XTR small, s - 1 m/s,
du/dx = 0%
' T
Re xICf5 H A*
a(m) ¢ X 6 (mm) . |
MHKLONG3 T-2 XIR = 0,312 m
0,254 2,325 8,27 0,73 665 1,46 26,00
0,359 3,286 10,79 1,02 934 1,40 21,97
0,509 4,659 14,52 1,45 1328 1,43 21,23
0,659 6,032 18,08 1,92 1755 1,46 20,52
0,809 7,405 21,89 2,40 2200 1,47 19,94
0,959 8,778 26,02 2,89 2644 1,48 19,45
1,109 10,151 30,52 3,38 3095
MHKLONG5 T-4,765-17 XIR = 0,312 m
0,254 3,325 8,27 0,73 665 1,46 26,00
0,359 3,286 10,80 1,01 925 1,35 20,72
0,509 4,659 14,53 1,43 1313 1,37 19,75
0,659 6,032 18,65 1,95 1786 1,42 18,78
0,809 7,405 23,26 2,51 2300 1,45 17,97
0,959 8,778 27,64 3,10 2841 1,48 17,29
1,109 10,151 32,41 3,71 3398 1,49 16,70

m

CyXIQ-

3,842
6,003
5,584
5,250
4,979
4,759
4,573

0"x103

5,001
22,759
15,222
11,231

8,978

7,542

6,550

5,001
31,7 35
20,820
14,980
11,685
9,594

8,156
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F4 Input Data fox the Programme

NX, the number of £(:ic) stations, including the first two

DX, the £ step length Af£, for equal steps (as noted before,
these steps need not be equal)

X (l), the value of z at the first £ station, in m

XTR, the value of x at the start of the porcus section for
injected flow

IY, the number of n grid points

K, the ratio of adjacent n step lengths. If K= 1, equal
step length results

H, the first n step length

UINF, mainstream velocity, in m/s
DUDX, a pressure gradient term, in s
PSTAT, static pressure, in Pa

I, temperature of mainstream, in °C
VW, injection velocity, in m/s

IJOB, 0 - no plot output y For 1JOB = 1, vhe JCL
I - plot velocity profile to set up another jot
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EQUIVALENT NOTATION USED IN PROGRAMME

ROMAN
A+ AP UCL UCL
UE
af CF
due/dx DUDX v oo USTR
f FDD M+ UP
h H UINF
H HI 2 vu vw, VWI
K K VI
P+ PP X X
REX y Y
RD3TR y+ YP
u U v/t YODEL
GREEK
B BETA Vv MJ
6 DEL v NU
6* DSTR C X1
E T+ EP P RHO
CcC .+ EPI T J
n ETA ¥ P
6 ITA *ok PD

K KL 4 PDI)
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utirsTfn o5 11mN%
ri(s INinter: NM<MAIN) tMl  (t] 11s <$nN[(fae bl/t(UAK) <uH H.(N'M>

ISV

1 SN
TSN

1

sttt e Seltott

e

SN
SN
SN
SN
SN

SN

SN

SN

SN

SN

SN
SN
SN

3*1
SN
SN

SN
SN

SN
SN

SN
SN

SN
SN

=
oBr

003 r
0030
003 )

011

00 13
001 3
031 »
001 5
001 6
01§
0333

007
KRS

0027
00.'4

00 33
0031
0oCcT2
0Cc33

00 1
ocC:

o016
0037

0038

0039

ooto
03%1

co v2

001 3

00**2
co .3
003 *
00 o
00 =8
0039
0OO0bO

0061

0062
006 3
0063
cces
0367
00 6*1
0063
0070

0071
007 1
0074
0073
0076

0077
Cco 74
00 7V
[eeRTe]

< it 7

suiMtr meric woir-

Cc

103 0

CSE»T 76)

18
19

3000
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USs/ .170 rUKTRA* H f xTturrO DATC

-NAMutt TO SOI vr 'MlI MM(Nf HH frUATIf'K IOt
t NCO~MIIL =< [ttl.]l | LXN | NA~  OS T :.(X»NT tl KINOAi V
LAYrS Kt OW.,» ITM SUCTION ON INJ.Xi II >N AT 1M
»ALL «ANO VUIKt-* OSAO V NT.

AN r n"Y -V I1°.VOS| TV FORMULATION 1 .» USEJ c¢ ™2 TN
Mt YNOLOS STfiF V3

Rf At *S KL.fA Al.nT AMP . KP:.rw4.4|Z

K- Al A" A»l(.. +>),!1>( >G, 11

P " ' *><1CO =_"'F 0) VOV 1 (A00 Ty

A s« inB*10j*»3( 3, 10 ) ruo(«* 100=UAN0
Re At In(ICO)

Rt At =5 »(MOI . AI(rO I

Pi Al *X K,M,P X,1AI.MU.RHO
Wt AL+ A OST P<A)

*01 1001

RF AL*' OfL .f ni v.CF.USTR.UI .JtO.UINF.TAI.PP. AP
RF Al M |M f .. (HI3X. TTA, RX. i"t L. Rl TA.PSf* T

PE Al T.VW, VWU . VR| .VWP.FOU

PCAL *A Pt SI. tI(S3

PCAl *4 AI. HI Ct=-ClsrT-rl,r.i.ut=il ,J1 .K1+j2, K2
PCAL *0 >1,X2 AJ.A4.AbeXb.XITR.KTP

DATH*

XTO*2.20700

IV*100

NK =J

H L0100
Casie

X(11m 3.2000

K=1. OTOf O
UIN- =17 .CCOO

T(ﬁ_«%()()

PSTATab.CTO
Ve 1=0. 1.'0OJO
KL»0.400
NC * 1

IF "JO1P=C PLOT IS SUPPtSSED J33P=1 ALLOWS PLOT

V«U= VWI/V IN:
UEOeUINF*3.9030

Wfi 'r FC6. 1000 1 UINr.DVDX.V*V

FORMAT (//// /T1 0. «UIN* =*_.013. S M/S* ./ /T 10, W/DX *- .D13.C , - 1/8*
».//T 13, «VW/U INF =+ . D1 1.6)

TsT*2-1.1SPO

RMO* ( TAT & TSI J.600)+9.809U0/ (2 17.1D0* T)

CALCUL ATE MU

MUat(IT-27S.01/2S.1*3.121*1.727)*1.00-5

MAIN 0sS/363 FORTRAN H FXTENDED DATE

CALCU.ATE TAU
TAUaTAUr[RMO.MU.X.DUDX.UEO.NC)

«» "TEf A.Ol | ) TAU.PHD.,MU
FORMAT </ TS5 «+« TAJ**»D13.7>, 5X,*RHOa* ,01 3.6 .7 x, *MU:*.013.6)

DEFINE PARAMETERS FOR SUBROUTINE LEOTIB

N-ir-4
DO 1 1*2.NX
X<1Ta* (I-1 )*DX

coNT fiur

DO ? 3 *) .NX

X1(J 1-Mu* W)H4AX(T)*( <
CcC NT iNUf

XI TP =**(#0.f*]. %fR+ (<TP*OUDX/2.0*Ue"0)
OCNfBATf f TA POINTS

CALL MACOI (U.K.1V, - 7A)

1*DUDX/2 .0f=0*ULU)

CALCUL AT* CONSTANTS FOP MATRIX A
CALL MKOO/CM.XpAl «Ul+C1.Ul<FI1+<FI1.XI.X2, *3.*4.AS, X6)

NC*1

C*Ti 4/00 3(7 .nuux N« D.Uf .- TA.NC.W.AP. TAU.RMO.MU. VAl .LSTq.V
IF (« (NCI .IT. 0.033 =01 QU TU 1330

IF (NC .TO. 11 GO TO 18

GO rn 19

FDD’ TAij*<2 .000*X I Cf*t ) I ** 0.6 »3/( «HO*UE
CCNT INUfT

vw)

F* M)

CALL MKO04 (* TA.TA 1.P1 ., MU, IM'l.t".PD, 1V.DUOX . V+ . *jC.roe.NO"L . Uc .PP.
<+7P.7 1.U.Tl .ns r».rot L ,OLI

CALL * KCOSCf r-.11iN. r.4, IV.NC.ETAI

If (fir .f0. ?2) 60 TO e?

fir e»IC* 1

TAU TADf (RUN , M) «A, DIIf/X « » 1. N =

fot tau*n',u. t=/ .C=-xi<=Nti)/(r «» = *u: *Mm Il

GO TO 86

COMT |[NU*

CALL MFCS8II CTA ,X,XI.NCc*it .pJ ,PHJ.P.PD .PDD.DUDX.DEL .Ur .'"ftsr ,/
#,HZ "TI/.N . 1)

If (NC .to. 2?1 GO TO HZ

NC'NC*1

taui ta.p (P»m ,uu
Go fe so

CUNT ifiur

x.nin>x .u« 0 *nc )

ror T UP 00 LOOP IN X Ul RVCTIf N
1- *tV- A

OR r1)

fHA 1 NX * |

NI Tf 0*0

f.L YNC* I

7 1.0/7/ 1t..00.4

MIOI VK otw-X I NOHAV N.i» >PWM Kar,csi»t MrxurF NUALC NOANSF rrs*

78.027/16.00.41

M.AV=I

A



rvil

ISN
1 SN
1 SN
ISN
1 SN
1SN

I'sN
Iss

ov

oc'1~

0100
0101
0102
0103
0105

0106

0107
0108
0109
0110
o111
oil?

0113

omn *
o115

ISN 0117

>
|S»1

V.N

i SN

Olid

dlo

0120
0121
0127

02

0125
0126

0127

01 35
01 36
01.18
«e!

21s!

01 1

0IS1
o111
Sl'ir

0i'.8

(5T*T

90

cooo

SCPT

Ta)

761

looi

HA IN os/jao FOWIUAN I< rxT N"rpD
H (NC .TO.
NI A >Nr - X*V.r

N) 1 «*“ Nt A

NAI—2 ) 3.4.5
Wdr

NL AT *1
NCA2 « '
cOo 10 €
Nv Al 3

NXI 1 STOP

NC * r¥5?
CONT INUr

If (NCk Kf 3) coO TO 17
UR sf.ot 1
CONI INIT ~

CALC in. Arr ur TA.P* AND A*

CALCULATE 1 All TOR NC*

FK1#2.0004XMNO
FAsO S)NT (P XI )
kat*nca

e <N!Trp .ro. 01
TAUe *1, HO «CM *Uf

X ST AT 1 JN

N*T NLA I
PDOINAT.,II/FX

C*U. MKOO>(x.Dur,x.uf£O0 .u:.ui:T* . NC.r.[>.%r-

EViipt,Vi2.1)*K.<KPt.| .0).«»«NCAI ,J)-K.M.KP1

c i~ 1p*e-CMJil!lET».»63.RMO.MU.AP.OEL.EP.KC.NCA.OStP

it AT /7S 1T r R * ' 1J.=* '"NCA .*.1J.J* '"NCA1l...13.
|[F (NITro <« CT -~ 101 GO TO 8
CALCULATE EPS! PASH
X6. X1
a
cauvr MlO0Six (.p. "D.5-00 NCANCAILNCAZ MC.IT MIsR .0l
e?2?2'. i) i)-xii.i)*Ri. .il-A1 !.zi»Pl «. a)
»A 1N OS/360 FORIKXN H rxTCNDED

APlE -1

5 * * 0 -ODO

ESIAOLISM In ¢ nf e-JNDARY U4Y' R

EAIL KEB I3 (RQGLJFL.ETAe CDCL - >
CALL."*’KCM?PO.* 1tpHO.ue. Nnci .K.M.OTIR.NC.fTAI

TEST FOR CCHVERCKC

IFI’VeH 0. o

NTIrNCAl

E*A-Ei1i-Er 111"

*I*I'I 6) 'lT o.oroo .FNO. 01712 .L7. o0.01001

CONT 1'W

Til” SOLUTION HAS NOW CLNVC*GEO

1iy-n1TI 111CA)/TtA

hNW L

{7,172 ~ [ Vo..sr*i,o-i..
WPfTr|a.ICICT T )

<u.FHn.«u.v

J* -KCAZ2

O To 6

DAir

N<=»2.

-1 »

DATE

78.027/1A.00.*%

78.027/16.00.41
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. DAIL 7rt.027/ 1
Ub/360 FOKtCAN » t XI <f.(t >
rvn. 2.2 (sri=i lei

WI?ltr| 6. 100'» > If ;
lbﬂN 0t70 fFL At (/) I . *Ur - .('13.7 M/S") e s apiep o rruL -
VIS\IDI*D, m I CLBMAL<IMl .//1f *'7 <NI«*124," *- 740, %) . 775, =P« , 1C9 . 'U/U i
CInt. Y/TTA* . I'M',*[»'+' />
ISN o1 73 1007 POL"AT(7(3**013.6))
c
c
c
0] 74
]tgim N Yr (Nc'Tro~ €7 )P 'snC?0T?5 03° 3
11er o 00 TO .002
ol i
1SN 0 Isi G TO -cp]J
I SN ci zoo, CONT iNur
1°»N 1(.011. ICPU* I
IS»N O’Iﬂ* ORITr ((,1001.1
llmg‘l;: WRIT p.l1OP' tv(*:;,r(NCA, I1«PP<T.'CAcl)ePPPtk=,.11"
#FP( 1 1.n TT*1 1) .- 11
i SN 0 1AT 1. bOo  crur lYiur
TSN 01 MS .10P? ITU V.PCNCA, U.OOINCA.I ).PCOiKiC*. II
ISN 1*9
<01 1 1-VPTrA( I1.1 PI 11
1SN 190 1ze I'N "isue
N 0111\?L IFo =it <.Cl -Riirift.15011
llgﬁ . = <1. p.Cl STOP
I SN 1lir? ;.  .c: Aa sy
l\zﬁ 0203 4»ilTF( 10. 104 CCT rOT TA( 1).FD( 1)
1SN 01 1243  CO"MNUr
llgg 0,,2[;7?) SStTFO o!lci 00)* V3TTA( 1) .FOC 1)
TSN OéO4 1252 CUM INUf
I SN cC20s nj 12%3 1=50 .NN«.5
1SN ©0z06 *812 F* 10,10400) Y.17TA(I)#FD(1)
LN e 125,3 1F INnC KUTE. 3 = WHITT <10, 10500)
}?:, 02?3 IF - laaw 3) 4HITt (|0,10 501 )
o |F INC .r o. i) *3*70(10.:0000)
lgE 2 ru. 1C)*=1IT! (10. *000 11
! mﬂ% . . . 20)"31T:(10.1000 2)
1SN NG PO 30 )>Cl TF( 10.10003)
v 0020 YECIE Lrwl a0)e=ETe (10.10004)
ey ero. SO0)'SITC(10. 10J0O8)
N . ..w .to. 60)ASITLC 10, 10000)
{EE )6 *Q*TC(10,10603)
SN 0227 ITF( 10. tO’ 00l
I SN 0229 IF (NC .r0. NX) O TO 1505
1SN 0217JO 03 TO §00.3
SN @2‘37 1a0s ﬂUS'(lU 1()4% YDTTA( 1) .EP<1I
I SN . .
I SN 0233 12%5 COAT 1INUE
WHITE# 10.1 09 00)
IIS]:J :;2233: wPIrF(l0.1C°01 >
;gN 02 36 WRITFI 10.1 1CC")
1SN 0217 WRITE*1C.120C0)
1SN 0239 IF(ICOU .GT. 6) GO TO 2003
MA *N 0S/360 FOR TRAN M EXTENDED DATE 76.027/16.00
VCL 2.2 (SOT 76)
I SN 0243 |F(»IC .FQ. NX: CD To 200 3
ISN 072*7
ISN 02%*3 150 1
1SN 0244 1scC 2
*
1S ?)2222 "o XT 1T
1SN €247
1SN C2«a
I SN C2*9
1sN
I SN
I SN .
ISN 0253
0254
P SN 0233 10000 FCU-* »t <.1 IflvtrmeT =1
1sn 0256
ISN C? .7 .10
1SN 0239 1:2%
IsN 0259 L,000* rnlI"«- TeT; 01 T ee*eee ]
ISN 0260 ' ,
vet o S MiH Fhfejl
1SN 0762 200 tgmn 1{.
1SN 026 1 (il”lU(,
Ilil;ll (()322§i SZ:? ror>3 AM//T*'. *PWOCA.Pt .TOPPED W CAtiSC UR,
13N G Xy
M.ON, ,N CFFEtt.AAHCP.I... OP,IP,,r.11 t INCtOUM,100, S.EMPA*. AUTDDRLIfICN*]I
P..OAS .N .-C.O-IUPCr roto.c NOL.M I.VDECA O(UtCT H*A, HDCOr.A, LL:COV-T NO..f, MIALC UOAMSP TEPH
WT.ST.C',. "

TAT | ST1C,"

PRI

VOUWCE s, AT,PINTS *

H.) DIAGNOSTICS 6f nr RATIO

»''C *

3 1S* PTICS Cl

COP' HOT USED

C-.CO .* 1

IE AO=.

1

PAGE
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0s/J60 FiMTkan h r Mrnovo DAIf 0./** .01.2% »*aoc
»w"i. 22 <st *i P<>

ivrsicr> oOIMt.ifts:

rkNs IN rn it fi iocrTe NOLisr INIDCAMVIJ/ CT HOSA™ NOI OFAT NICISINI noxnir NJALC NOANSF TN TLAG(T 1

. T
(XX)- gTi.i....il

]C SN lirrVtivr V-IKESS IS usrt-
c
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IS E , 0000
c DETf rocs OF O.L -
ill 1
i tu rr 1Q 00 TO *
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0S/360 f OHTMAS M txTCNOEP OATt TO.02T/ 16.01.% i FACE
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X eg

roi JIM .030
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isil ' S#B9="'—

1 SN OOTO e CONTI...).
I S E ]
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OF 'T 7(. 1 HS/JtiO rOHilAN M FXTLNND nxir 7u.027/iA .o0i.in

sITMLO niM IUNS

deeeerr MM(MEME mi THA (11t NGRNI@A) LV ('4X)

( IHCIMC NOT ir- oiurc NOMX>» Noror?MAT NOCVISTM r Noxarr NTALC NOANST TFNM »L AU(CTI
C
¢
¢ r UNT t 1 )N To CM t1U All 1AU f OW MAIN
c
1SN oo0x*2 #DSC T|ON TA IF <k'HIl. MU. A . Je 1.SC)
1SN 00 71 Kl *v ess IT ,iH O.INi I.XM. X(t VI .OUOXeRA. 1AUf
1 SN 00 )e Ul +> IN< 1 eM'.TX AIM j
1SN CO =3 rex<Nf)/mu
1 SN OOJb AK, S~ 0
1<N 0037 HEIRICS C.'Q UC +U* /«A
1sN 003 4
1 SN 00C9 r NP
“VEL 2.2 (SEPT Os/300 F ORMAN M EXT LNf>f0 DATt 78.027/16.01.30
rJEST ED OPTIONS
IONS IN EFrFEcCT: NAME* WAIN) OPT! Ml /' M1 LIKECI7INT (O0) Si /LI* A*) AUTOPPL (NO» >

SUU,$CF EUCOIC NHL IST NJOC CK OOJtCT NIMAP K'.)JORFAT NOOCSTu# T t.CX k~f NOALC NOAnSF TERM FLAG™* I)

c
1SN OC 32 5JPCOUT InC maic 1T1*, x. It.: 1Al
PROGRAMME. TO CAICULATL VTA FJR
1SN 0033 R( Al *n H.K .KM! , KS
1SN 0034 RFAL A4 f TA ( 1CO)
1SN 0005 kM| t 1.COO
I SN 00 36 I TA(1 *to.COO
1SN 0007 IF 1* .CO. 1.000) GO TO 20
I SN 0033 DO 1 I*3.!y
1SN 0010 I o1-1
I SN 001 I kS=ka-j-i.000
1SN 031 2 ETA* 11 -* Ak S/KMI
1SN 0313 1 "ONT INVC
1SN 00 14 GO TO TO
I SN 001 5 20 00 40 1-7. IT
1SN 001 6 J=1-1
ISN 0017 ETAI 1 )*rTA(J )4H
ISN 0016 a0 CONTINUC
ISN 1019 30 CCNT INUV
1SN 0020 RETURN
I SN 002! ENO
vCcL 2.2 (SEPT 76) 08/369 FORTRAN H EXTENDED batr r«.0?r/i6.0i.35
IUFSTEO OPTIONS:
IONS IN EFFECT: NAME( *1 IS) OpTt M /' (1) I IKFCOUNT (60) SIZE("4X) AUTCPPIL. (NCSf 1
SOUPCF CHCPIC NOCIST NOPECK OdJFCT NUMAM NO QRMAT KOOOS rn I -,0X« NOALC NOAN ,F TEAS FLAG* I)
ISN 0032 supacjT ist mkoo/(h. *. ai.m ,ci.ni .ri.fi,m .x7.x3.x4.%s  *>>
c PROGRAM'* TO CALCULATE TMC CONSTANIS N.OIIRfO IN SETT IN- UP
o T™™» MATWI X A
1SN 0033 SEAL h.K+*AI.01eCI,01«EI.F 1.G1,M1.[1,J|.KI ,KIM.KP1.K2.M7.H ?
1SN 003* RLACAf X|,X2,*3.X*, AS.X6
c
1SN 0035 s §.0,
ISN 0336 KPT:I 0‘3&‘
1SP 0037 K2%« PI =72 .C =0
I SN 0034 H/eNA»7, 000
1SN 0039 K.J*MA#J.0PO
I SN 0010 Al* K**3.0H)/(I_F<KH>
I SN 031 1 Bl WKI M*</M
I SN 0012 CI*K/( H*KP| )
c
1 «N 0013 ol DO*( K* *4
LN 0014 ﬁ”‘-’fjoq;ﬂ%% y
1SN 0015 «2.0(1‘ 3
c
1SN 0016 00O*yAer»#000/(M3»<2)
1 SN 001 7 F(F*H#].000*K-1 . DO)Y+ AAS.000/C H)ISKO]| I
I SN 001 6 PnO/K2*K»f I &I.GOC/K2
1SN 0319 11%2.0 C»I 1*K*«3.0DC/M )
1SN 0070 J 1 .900*(-* |[M«<++2.0:0-!.0DO)Ar=+/.000/(MI1AKni )
1SN 0071 K1*2.0DC*K*A&*090/("2*K2) *
1SN cC XI*2 «00CAF » = f. ODO/(H2* r.MI )
1SN 0073 K2*-2.0r?sK**',.0n3/,,2
1SN 0374 X3%2.01)CA<*«5,000/( M2+ <P 11
1SN 0325 X4?22.9PC*f AS/ fM
1SN 0076 MS«-2.9Pr-*F/M?
ISN 0027 *6=2 2. 9DOAK/(M2«K=>|I
I SN 0024
1SN 0029 END
VEL 7.2 fSE*T o |\ / wurIma*”m ¢*tENorr DATE 78.077/16.01.44 PAGE
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1ONS IN EFFECT
SOURCE =+.icnic NOCIST » C7 Ulurc I NOMA* N /7 CUV4 rNOGOSTM INO<» » KOALC NOANSF term MAGI I)
ISFI 0002 SUn»OUT |[Nr MKCO03( X.DUDX, V2 C.U .MfTA.UC .pp. 41 . TALLLRME.MU.VW LUM N.
HVHP.VH# )
c PHOSPAM***.  TO CALCULATE UF .or TA.VP.PA ,AA .USTF. ANO V»P
c
1 Sf« 003 J REAL AO OUDX.Ur 0»U7 ,fl? TA.PP.AP. TAU-RMJ. MU+V«| .VP,US IR*NU, VrIA 3+
#vvt*.nr w
I SN 0094 P» FLA» r (f 0)
1 SN 0036 Rf At An  A*) .4 1%7
ISN 00 =6 UC =7 (NCI APS-./ «CKO
1SN 0037 » Ti ft .V no -(=» o/u )-A7
ISN 00 =5 USTP =( T/ |/t MO) + *0. r.f O
1SN 0999 Rin*'#r¥r>»if>r «Mij/fOM in.s 1 »< *i]
1VI 0010 IF (fisc I .rz . .'.*S7[,3 .ANO. x(MC1l sLT. 7.=0C| GO TO I
1SN 0012 VA *3 ,3DC
1 VI 00 13 API  1+Cr9-11 =*O0a p
1SN 09 14 A»*«/<..Of*0/rSOMT= A3 | 1
1SN Co16 WRIr| *6.1001 SC.PP.4P.VSTR.UC
IsN o016 K > £I% ' at (/ rs, sars, i*. /# .« I3.A./* ,+«An»« ,r i3.c LensTn <% o
#DI13.f,,2A,'Uf* ,1U 1 L/TS. «FR'IN M/003'./ I
1SN 03! 7 GO TO /
1SN 091 s 1 V4 =VW
1v* 0019 V*P vs/USTR
ISN 00/ 1 PI w*rp /r.< 1 1.4V=0-V<P|
1SN 9071 A1*7  -PPt [pi V- |ecUl»S +/V VP +PEW
1SN 0077 Al»« 76. 00 0/0', ONT<A 7))
1SN 00/ 3 2 RN

SN 00 =*
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N
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IF OIF SI [ 0.000100)
IFIND”L .FO. 1V) GO TO 9
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GO TO 9

0S/360 FORTRAN N t xTFN'ifO
Go To a

NO?«NOtL

DO 41 13NO0?,1Y

fo<t) 1.One

COST iNVf

INIf G° AT|
F<11m0e+Ono

TO OdTAIN F

DO 5 1«?.1V

Jo-

fIII -TFnl [ 14r0(j))» (| TA<1)-C TAI 3) 1/2.0D04F *3)
CUNT|NUC

GTNk PArr r* ANS PO

DO 6 ! m! . IV

PINC. 1) f( 11-1 TA(T)

CO** T 1*<uF

00 7 T«l,IT

Pul NC. 11»Fr.( 11-1 .300

"ONT INUC

CAirm.ATC nsTo

Tie RM 0o

03 10 14?2 NTM

Jai- 1
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IINa®@ SUL « r.11 INI  »«K30H| 6. * 1 .«'l .CT.dl .( 1.1 1.<1-i/.i 1.x*. >-.k6.KIl .h( *K.
# 1t o. f#la. KLa | ,N1rIN,MI 1A.LIA.I Ml
nzof.cANNr ii* CAi viHAIf IMI COl F* 1CK NT NAIM * A

=N 00 == M Al «!1° 411(01

1SN 0004 M *. 4 1A| .111.r 1.01 1.1 I.M .k? . 3.k*.k' k6

1IN 00J» kt AL Art A(>J, D, 1*. 10V )enil *.100 1lelviu4 '00).fni |CO)

[ IN OD.X, Nt AL + 4 NN .»'M1 .1111?

! KL Al * «/% ./ / .73.24.25. 2.27

1SN 070 RI Al +:! f 1A(100)

ISN 0010 «L AM* IT 1A

=N 0011 DM1»*H KC-11-x| (MC-?)

L=~ 03 127 OH/* k1t NC>-AI(NC -1)

1SN 0013 NE «( r>Ml 4. .0(104(4,421/172 410H140712) 1

ISN 00 1% N1rNVA

ISN 00 1S IF IMIf rR .CT . 0) co TO 10

1 SN 7 NT *NCA1

1SN miﬁ IL81 V- *

1 SN O 9 DI" 1 3*1 .IF

sy 0 Uno 1 342

1SN 00/1 I 34

1sN 0022 Al J. | MAT 4k *1 | .00C»I.P( |-1 T1)/K44 13

1sN 00/3 CONT iNiir

ISN 00/4 ou r Jo«r Lif

IsN 00JN *

2 18 4

1 SN ?t 1P T'4 1

1 SN .4 Z1I»A1*X?24( i.coodr->( i U/F4.13

1 SN *9 Z2«MeO| = 11TeOMO*fi*(1I =1/K=4t1

1SN 0030 /3wM 4 (1 (411. 114-rTA(n 1/N * %12

I =N 00 31 24 «rv TA* Al *(r0( NT , 1142 .31>0 1/K* « 1

1SN 00 3/ /5:/.0ii04A |( NCI'NN*~ I« (POINT , | >41.0)01/4%41

1SN 00 13 A<J].2)+«/14/24 73 [*-20b

ISN 00 14 - Ty 1 K
1SN 00 35 w3T ltr
15N m M 34 P

1SN 16? 13%3 T

I SN 00 $6 12 «/ 41
00 1» / 1-4 1« *3% (I-CTIO*fII(1 1)1/K4%*]|3
1SN 0040 Jpan i *[ e (i.000%1 ->11) )/<441 1
I SN 0041 Z3«C 14 *%%1 1. 0/0%( i 1! ))/ <<= | 3
0042 4cwl*II°(NT , 1) *(C T*( | ) 1/K«+12
1SN 0043 Z5«m TA401 * (PO(NT,1 14 p.000)/K* *1
1SN 0044 Z64/ .one** 11 NL 1+« (PPINT .1 14| .C30)4NNAOI/4 *41
I sN 0045 27 ?2rOr=C*< II NC ) 4MOO (NT =+ 1) NN
1SN 0046 Al3«l) 214/24734/4-/5-/6417
ISN 0047 CONT INUI
1SN 00*6 DD A 3*1 .11
1SN 0049 1:3x
1sN 00t>0 1_] «.Z*I
vCt 2.2 (SEPT 76) MKOCm 0s/360 FoarHAN M t *TENOED DAT2 75.0/7/16.02.05
I SN 0051 1**7?M
1SN 005/ /1 *PI1 4F1 .( 1.000 ¢CPI 1) )/*.4*1 1
1 ccs3 Z/*C 14 *r ., e0nOo*f PC 1*1 11I/K 4411
1 OGS* /J«t TA4(PINT . 1)*CTA(C ! 1j/F * 12
0055 2*%enrTA»Cl «< PDINT , 1)*2 ,c iDI/<8 *1
0056 ZS$*? .COC +Al(fc)*CI*'<S4 (POINT .1141.0>0)/K* 41
*5x7 A(J. 4)*T14/24/3- ZA-Z!
00 .5 A CU'T INI'IL
0059 DO 5 J « =+« IF
0060 181* 2
00M 1J *3%]
006/ ACT. 14A641 1.000 *1 MI [41) |[/K 4413
%* 5 CONT TNUTf
RC T3 fIN
0065 EN?)
IN trricT: KAMt IMcIN1T OPT IN|/+«l1l t INECUUNtIG60 T »Kt I=A*T *uivi 'I<'U*"'1

SUURCF r 6CC’IC NO! IST NO3E C* M3ECT Njx AM NO7 ORPAT NOO’ STMr NOXAtF NOALC NOANSF TCTk E,Aclll

100074 SUPPCITINI u<006<<I.fTA.PDD.MHO.NU,AM ,DEL+fF#NCsNCA.,DM P+*L.NCA 1|
#sr A? ., M .NITIP. | f.41
PRnGP«* «T TO t At <31 ATf fPSI fmMpuucMoUT FTA WANS'

1SN 003S #1 AL ** Rl

1SN 0034 PC AL *S *160)

1SN 0 0*15 P 5 IM

1SN 00 36 rf »i *h rn« t

1SN 0037 PCA 41 *11661

1SN 006 9 FFAL*6 CT Al ICOI.P -;v(*. 100) ,rMIL (100)," M100)
1SN 000 # Ft Al *M I'MD . «'U. AM.DLt .DS$f M(A | .U: TI.UIFST .4*1,3/
ISN 001 0 NT »*ir A

1SN ooi i #%1=(/.000 4<4INC)1440.500

ISN 001 2 IF (N £ .CcT . 0100 TO I

1SN 0314 NT

1VvI 00 15 1 f 1«1 *OMO4OF *07 t/F * 1

1SN 0016 |[f (» (NCI .IT, 0.0C9C0) CO T3 300

ISN 0016 00 2 1*1 .17

156 001 9 IF (r TA<TT .1 r 0.0C000 U=OI Cl1 TM *00

1SN 0021 IT «1 .0t C46.5r>94(( ta| I)I( vi )4*6

1SN 0027 co TO *91

Isi: 63/ 1 400 1I-I1.0ono

1SN 00=* *01 g. 1i)-<10.01 66004 Uf *OSTW(Nt) )/T 1)*1 Pm

1VI 00/5 2 CON * I'll It

1SN 0026 fpl(i) O.oro

ISN 00/7 D4dx IT(<f¢[ePOOl>T, 1)/MU) 440. r.(>0] /AM

1SN 0026 1-1

1Ml 0029 3 1-1%1

ISN 00 13 ii«-rTAit) *nr* I

1V 00 JI T/ wl.C10

1s" 00 12 Ir< 11 .ceT. -50.CIO) T? 1.0f)0-:t»r*»( t il
1SN CO J* IPI( 11-141 «' TA(: 1+ T? 1*%%2 4f 71%4%00 (M1 . 1)/**T
1SN 00 35 Dir I "¢ (11-TMK

154 00 16 1401451 .1 T. 0.0 ol co TO *

1SN 00 11 4 (I .T(j. 1Vl CO 10 A

1SN 00%*0 GO TO 1

1vi 00* 1 * DU r# 3-1.1

1 SN 3%2 em 3i -rI*[ (31

s+ 00% 1 s << NT |4.ur

[N bes TAFIT(/7 1. M PATAOMNC (M 41 1
ISN 00%*s5 10000 m 1 . m (P'- %FT ..IA/Z)
1Vl 03*6 6 j TO 10,

1SN 00*7 330 DU 6 T1-1.1Ir

ISN 00*6 rM rl*o.oNO

1S'. 00,9 I3 CUNT|M P

1S'. 0 ISO 301 CON *| *F|P

ISN 09 .1 fm*»m

1SN 00 ./
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END

0S/360 FORTRAN M EXTENDED
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The ratio of displacement thickness to momentum thickness,

H, numerically quan tides the shape of the boundary layer.
The "fuller" the profile, the smaller //.
The fell owing admittedly over-simplified analysis suggests
the trend di ;ed. A consideration oi the following
sketches indicates the typical values of //. and its rela
donship with otltcr pvopciti< of the boundary layer.
H=13 Hr 2,6
\
\T
U \
turbulent laminar separation
ie. as // increases, ; dec i nes.
Thus > ffl/d )
From Reynolds Analogy, and experimental re suits for hen'
transfcr ,
ot = . /2 (Bird, Stewartand Lightfoot, 1960)
And with inject ion :-
st = r/2 x 1,16 F0,004 (Moffat and Kays, 1968)

Thus  SI = f(1/H)



However, a, docreases with injection ratio, as does St

(see Moffat and Kays, 1968) .

Thus, as H increases, St decreases. From Fig 7.13, it is
clear that % increa ed with P, and for the restricted flow
case, H was higher for a given x station and injection ratio,

for fixed primary and secondary flow rates.

By definition, St = h h = heat transfer
coefficient

Heat transfer, Q= h(/g

If 67 decreases, so docs 4, and for hypothetically constant
Q and tyy £ must decrease. Hence a lower wall temperature

results, which is the desired ffact.

Considering the injection velocity profile with blockage
shown in Fig 7.14, lends to comparing it with the turbulent
velocity, varying in space rather than with time. Although
the average injected momentum is unaltered eor a iixed
secondary flowrate, it may be more meaning lul to use some
form of root mean square value for v, with olockagc. Ihce
greater penetration of y momentum clearly has a greater
decellerating effect on the boundary layer - it may also
decrease the heat transfer coefficient. However, only
extensive experimentation can conclusively verify this

qualitative speculalion.
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