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SUMMARY

The self preserving free jet .in streaming flow has

been investigated by studying the equationsof mean motion for

two-dimensional turbulent flow. It is found that at high

Reynolds nurnber the jet may be self preserving if the free

stream velocity varies as the downstream co-ordinate to a power

which in turn depends on the non-dimensional velocity of the jet.

The growth of the jet is then linear. The effect of an upstream

boundary-Iayer on the outside of the slot is also considered .

This analysis is then applied to the outer part of a wall jet

in a similar pressure gradient. The effect of the inner boundary­

layer on the outer part of the flow is considered and formulae

for the growth of the inner boundary-Iayer and the variation

of skin friction are given. Also a form for the non-dimensional

mean velocity profile including the inner boundary-layer is

suggested.

The predictions of the theory are found to be in

substantial agreement with measurements of the mean velocity,

the static pressure and the skin friction in wall jets with an

equilibrium pressure gradient. Experimental measurements have

also been made for wall jets in streaming flow with zero pressure

gradient and wall jets in still air. The results of these

experiments compare weIl with those of previous investigators .
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The law-of-wall and the velocity defect law for

wall jets are investigated and the former is found to be

limited in application. A simple power law appears to be

useful for representing the whole boundary-layer velocity

profile and forms the basis for the analysis of the inner

boundary-layer .
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NOTATION

A constant in the law-of-wall.

• A Function of n as defined in equation (28).

B constant in the law-of-wall.

B funct ion of n as defined in equation (28).

b slot width for a wall jet or half the slot width for a
free jet.

C constant of proportionality defining the rate of growth
of the outer part of the wall jet. Equation (46)

•

•

•

D

d

constant of proportionality defining variation of Ul .
Equation (16).

constant of proportionality defining variation of UMe
Equation (16).

skin friction coefficient.

diameter of sphere.

nominal height of Stanton tube or outside diameter of
Preston tube.

function of jet velocityratio (U j ) and (5~) .
Equation (14). uis

UM
function of (Ul)' equation (15).

function of non-dimensional cross stream co-ordinate
Tl for the variation of mean velocity, equation (2).

functions of non-dimensional cross stream co-ordinate Tl

for the turbulent Reynolds stresses, equation (2).

H free jet form parameter as defined in equation(6).

K a constant = 0.833.

1 0 length scale.
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m

n

N

viii

exponent for the downstream variation of ve10city sca1e.
Equation (5).

exponent for the inner boundary-1ayer mean ve10city profile.

= (n+1)-, equation (27).
2

•

•

P stagnation pressure measured with pitot tube

Pb pressure at the base of sphere.

Ps wall static pressure.

PT total pressure in tunnel maîn stream.

Reynolds number = (Ujb) .
. v

Reynolds number = (UMS
b

) .v .

U mean ve10city in the x-direction.

u turbulent fluctuating component of ve10city in the
x-direction.

free stream ve1ocity.

jet exit velocity.

maximum velocity in the x-direction.

hypothetica1 maximum ve10city in the x-directionat the
slot exit. Equation (11).

• v

free stream velocity at slot exit.

skin friction ve10city =J'T:~
mean velocity in the y-direction.

v turbulent fluctuating component of ve10city in the
y-direction.

X downstream distance from hypothetical origin = (x +xo )'

x downstream distance from slot exit.
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0
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YM

YM/ 2 -

a

5*
s

5f

•

ix

distance of hypothetical origin from slotexit.

distance perpendicular to the flat plate.

value of y where U = UM.
. U-Ul

larger value of y where (UM-Ul) = ~

experimental constant.

displacement thickness of the free stream boundary­
layer on one side of the slotexit.

length based on the slope of the mean velocity profile
U

M
at the inflexion = 'dU

(dY)YM/2

Tl non-dimensional cross stream co-ordinate
y.

- (1 ).o

•
non-dimensional cross stream co-ordinate = K(y - YM ).

YM/2-YM
kinematic viscosity.

p

®

density.

free jet momentum thickness
~ +joo _U_(U_._-_._U_l _).

U2
-ClO 1

dy.

•

•

es momentum thickness of the free stream boundary-layer
on one side of the slot exit.

't' turbulent shear stress.

't'o shear stress at the surface.

Subscript s refers to conditions at the slot exit.
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1. INTRODUCTION

Usefu1 solutions of the boundary layer equations have

been obtained by examining those particu1ar f10ws for which the

profiles of mean ve10city a:i;'e simi1ar or se1f-preserving as the

f10w proceeds downstream. For such flows the partial differential

equat.ion of motion is rep1aced by a total differentia1 e'quation

which can be solved either ana1ytica1ly or numerically. Such

solutions have been obtained in the past for both 1aminar and

turbulent flow although in the latter case some phenomenonological

theory for the shear stress has been assumed inorder to determine

the ve10city distribution.

The purpose of the present investigation is to examine

the conditions for which the f10w of a two-dimensional turbulent

jet surrounded by a moving stream is similar and self-preserving.

The application of the theory to a two-dimensional wall jet is

also considered.

For a jet surrounded by similar fluid at r€st it can

be shown by dimensional analysis (1) or by a detai1ed examination

of the equation of motion(2) that, if the static pressure is

uniform everyWhere, .. the velocity profiles become similar once

the potential core emerging from the slot has disappeared.

When the jet is surrounded by a moving stream of constant velocity

aligned with the jet, the flow is not strictly similar, although
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similarity has been assumed in the .analysis of Abra~ovich(3)

and craven(4). This procedure is to sorne extent justified on'

the grounds that the flow is closely similar for the two extreme

cases:

(i) when the jet speed exceeds the free stream speed

by a small amountand the flow resembles a negative

wake of small perturbation.

(il) when the jet speed exceedsthe freestream speed

by a large amount and the flow approximates~o that

with surrounding fluid at rest. :

A jet surrounded by a parallel str~ça:at'in which the

speed varies in the downstrepm direction has not yet been examined,

although the flow is closely related to that of a two-dimensional

wall jet in a streaming flow for which tentative theorieshave

been given by Carriere, Eichelbrenner and Poisson Quinton(5)

and by George(6). In both these theories a form of downstream

similarity is assumed. In general the flow in the outer part of

the wall jet is similar to.that of a free jet as long as the jet

momentum is very much greater than the wall friction, although

the wall constraint appears to modify the rate of spreading of

the jet.

In the present investigation the conditions for similar-

ity of a two-dimensionalturbulent jet in a parallel streamïng

'flow with variable pressure gradient are examined. The analysis
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closely follows the work of Townsend(7) on equilibriurn turbulent

boundary layers, which layers have sirnilar profiles in velocity

defect in the downstrearn direction. The analysis is applied

to a wall jet in a similar pressure gradient, and as a first

approximation the effect of the newly growing boundary layer on

the wall is neglected. The analysis of the newlygrowïng boundary

layer is then considered 0 Finally as a second. approximat,ion

the effect of the inner bound~ry layer on the outer part of the

L
wall jet is also investigated and an emperical formula for the

total mean velocity profile is given.

The present solution is of interest in the application

of blowing for boundary layer control to prevent separat~on in

that it gives, subject to the requirement that the jet momentum

is sufficiently large, a class of solutions for which the velocity

profile may be predictedo

The predictions of the theory are cornpared with

measurements of a wall jet in a pressure gradient, tailored' to

produce mean velocity profiles withdownstream similarityo

Results for six ratios of jet velocity to free stream velocity at

the slot exit and four slot widths are presentedo In addition the.

skin friction was measured with Stanton tubes for three ratios

of jet velocity to free stream velocity and with one slot width o

For cornparison, measurements were also made on wàll jets in still

air and wall· jets in streaming flow with zero pressure gradient 0

A few measurements of the longitudinal turbulence are
'.

also:presented.
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2. THEORETICAL ANALYSIS

•
2.1 Free Turbulent Jet in Streaming Flowg

For two-dimensionalincompressible flow in the x=y

plane, the steady boundary-layer equation of motion in the

downstream direction x is

•

•

where U and V are the mean velocities in the directions

x and y,

u and v are the turbulent fluctuations about the mean,

Ul is the free stream velocity external ~o the shear flowo

Following Townsend(7) self preserving flow is assumed

in the downstream direction with a length scale 1
0

and a velocity

scale uo' which are both functions of x.

Thus the mean velocity U = U
1

+ u.. 0

and the turbulence stresses :2 = u;

•
uv

where f, 9 1 , g2 and g12 are functions of the non-

dimensional cross stream coordinate ~
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Invoking the equation·of continuity for the mean flow

•
... (3)

and substituting equations (2) in (1) gives

••• ( 4)
Il

f

Uo
= y J:"Z

o

where primes denote differentiation with respect to ~

uolo
If the Reynolds nurnber -y-.-. is sufficiently large,•

the direct viscous' term on the right hand side of equation (4)

is r~latively small and may be neglected. Equation (4) is then

•
independent of x if the various coefficients in the equation are

proportional to one another. Thus if equation (4) is to be valid

dlo 10
These requirements are satisfied if dx i

U
o

i l d( louo) dl 0- dxUo dx

duo .. . U oand'-
dx Ul

for all values of x the

through the equation by

following pàrameters, obtained by dividing

u 2
(-2.) must be independent of x:
10

10 du d(loUl)--2. . l
U o dx 1 U o dx'

• are independent of x.

It follows that

10 ex: (x + x )
0

(x
m·

Uo ex: + x )
0

U
l

ex: (x + x )ffi
0
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where x o

A second solution is 1
0

= constant, Uo and U1 both

proportiona1 to e raised to a power which is proportiona1 ta

These results as applied to the outer part of the

turbulent boundary layer were first derived on the basis of more

restrictive assumptions byRotta (8), and later d.iscussed more

rigorously byTownsend(2) ~ (7), for flows with small velocity .

defect.

These equations may be applied to a two-dimensiona1

turbulent jet in a streaming flow, if Ul(x) is the main stream

velocity surrounding the jet, and uo(x) + Ul(x) is chosen to be

thevelocity at the center of the jet.

The component m can be relatedto the non-dimensiona1

u
jet velocity (U~) as fo110ws~

The integral momentum equation maybewritten

d+® ( H + 2) dUl = 0
dx Ul dx •. ~ (6)

ta::· . 1"00

@ Ju(u-Ul) louo J U o
f2)where = dy == U- . (f+Ul dT)

-Où u 2 l -co
1tC} U- U

1
1 u +00

and H ® = dy =.~ JfdT)• -cc U1 Ul -cc

using conventional boundary-1ayer notation.
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For similar profiles (5) in (6) gives

•
1 + m(a + 2) = 0

+0:1

1
JfdTI

-co
and thus = 2 +m +c:o Uo

JCf+ f2)
Ul

dT)
-co

...• (8)

•

•

The form of the function f may bedetermined from

equation (4) by invoking one of the phenomenonological theories

for the functions 9
1

, g2' and in particularg12 0 However the

available experimental data on wall jets and free jets in stream-

ing flow suggests that f is given with reasonable accuracy by

f =e-T)2 ••• (9)

a form which correctly satisfies the boundaryconditions

f(o) = 1

f(+OO ) = 0

Substituting (9) in (8) gives a relationship between m and the

•

jet strength . (uO)rat~o -- 0

[:1 ]
-1

1
m = + u

1 +-2
,J2ul

It i5 noted that for jet flow,

gradient is adverse and m lies between -

... (10)

(UO) > 0, the pressure
U·

1
~ for a weak jet and
3

•

1- - for strong jet, the latter being equivalent to a free' jet in
2

Uo
still air ° If -1 <Ul <0, the solution represents a self preserving

lwake in an adverse pressure gradient withm between - - and - 001850
3
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Forlarger values of m, backflow occurs •.

The flow constants may also be related ta the flow
J

•
emerging from a slot of width 2b. Suppose that the slot is

situatedat x = 0, the jet velocity profile is uniform there

and equal to Uj, and that the boundary layer passing over each

side of the slot has a displacement thickness5~ and a momentum

thickness es. The hypothetical "similar-flow" profile at x·",,· °
is

• where suffix s refers to conditions at the slot.

The two flows may be relafed approximately by matching

both the mass flow and the momentum flux from the centre line

y = 0, to the plane, y = h, where h is large and is so chosen

whence, by eliminating los'

~.( ~ ) 2b _ e + 5* + b _ 2Uj bl
Uos = Uis. s s Uis ~
Uis u.

(.:.J. )b - 5* - b
Uis s

irrotational there.
h

dy ~ 01[UiS + u 6s e -TJ
2

] dy

0 •• (11)

dy

. 2

+ u e -Tl
2Jos

h

Ujb + f· u
bB·L.

Uis (5~ + b) = uos

U~b + JU
2

dy = ][ Uis
al. o.

U~b - U~ (e + 5* + b)- =J ~s s s

Mass:

Momentum:

that the flow is effectively•

•

..
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, Combining equations (10) and (11)

(!U )b - 5* - b
Uis s

m = 2 +

which reduces to the simple form

-1

... (12)

m ~ - ... (13)

•

•

when the upstream boundary-layer is very thin compared with the

slot width b.

The values of m eomputedfrom equation (12) are shown

in Fig. (1) as a funetion of the jet veloeity ratio at the

, U· , 5*
slot, (~ ), for various values of (~) assuming that the form

. , U~S b
5*

factor of the upstream boundary-layer ~ = 1.4, whieh is the
es

eonventional flat plate value at moderate Reynolds number. It is

u·
noted that in the vieinity of (.:.1.U ' ) = 1.5, self preserving

~s

forward flow is impossible un1ess the upstream boundary-layer

is very thin. A strong departure from similarity i8 therefore

U;
For larger values of ~ it is clear that

Uis

anticipated in this region and sueh a behaviou~

(6)
re,sults of George .

may be seen in the

ary layer ls quite thiek.•

•

a self preserving jet flow i8 possible even if the initial bound­

U·
Furthermore for values of.:.1. less than

Uis

unity a self preserving wake flow is possible.

If the slot position is ehosen as the zero for x,

U·
the value of x o will depend on the jet veloeity ratio .:.J..u . , 'the

:+s
slot widthb and the upstream boundary-layer parameters, sinee
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scale effects are usually very small at sufficiently high

Reynolds numbers. The~dependence on the form parameter of the

upstream boundary-layer may be neglected if the,upstream pressure

gradient is su;Eficiently small.
U' 5*

(.:.1. ~)
Uis' D

... (14)

•

The only experimental information on the value of

this function applies to the particülar case of a free jet.

From the measurements of Forthmann,

By dimensional considerations it is also concluded

that at sufficiently high Reynolds numbers, the rate of growth of

•
the length scale,

d1o '=F
2

(UM)
dx Ul ' ... (15)

•

•

where F2 (1) = 0 and the function increases with increasing
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Turbulent Wall Jet in Streaming Flow:

•

.u·IS

OUTER

REGION.

•

•

•

In the case of a fully developed turbulent wall jet

it is possible to devide the velocity profile at any section

sufficiently far downstream of the slot exit into mainly two

regions as shown above. The inner region includes that part of

velocity profile which resembles an ordinary turbulent boundary-

layer with UM as the velocity at the edge of boundary-Iayer

and YM the boundary-Iayer thickness. The outer region includes

the part of velocity profile which reseffibles half a free jet

in streaming flow. The analysis of this outer region is

given in the next. section.
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Outer RegiOn of Turbulent Wall Jet in Stream1ng Flow.

The flow in a two-d1mens1onalwall jet in streaming

flow 1s similar to half the previous flow at sufficiently high

Reynolds number, for then the boundary-layer represents onlya

small proportion of the total velocity profile.

Since the similarity should now strictly extend into

\

the wall lawregion further restrictions are necessary to ensure

self preservation. The skin friction velocity UT as well as Uo

and Ul' must be proportional to (x + xo)m •. Further the Reynolds

uol o (2)
number formed by the scaling parameters must be constant .

V

Thus m
Uo= -1 and = -2 ft.

•

•

•

Hence a strictly self preserving forward flow is not

possible.

Approximate self preservation maybe attained for small

Uo
-. when the length scale and the velocity scale are related by
Ul

the logarithmic form of the wall law. For such a case 1 0 is no

longer proportional to (x + x o )' (Refs. (2) and (7)).
UoFor large approximate self preservation may be
Ul

possible on the grounds that the coupling between the outer flow

and the inner boundary-layer is weak so that the outer half jet,

conforms to the analysis of the previous section. Such an

assumption has been fruitful in the analysis of wall jets in

(1),(9)
quiescent fluid . In such a case the analysis of the

previous section may be carried over without change:
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b then represents the slot width and ô:' es the thicknesses of

the boundary-1ayer f10wing over the top of the slot. The

exponent m governing the variation of main stream velocity is

given by equations (10) or (12). However the rate of 1inear

growth of the'outer ha1f jet and the exact form of the functional

re1ationship for Xo (equation (14~ may be expected to differ

from that for free jet f1ow.
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Inner Boundary-Layer Deve10prnent

In the fo1low1ng analysis of the 1nner reg10n 1t 1s

•

•

•

•

•

assurned that,

(1) aIl the convent1onal boundary-Iayer approx1mations

apply includ1ng that the Reynolds normal stresses

are negligibly small and

(1i) the shear stress at the edge of the inner layer

(y = YM) is zero.

The last assumpt10n is at var1ance with the measure­

ments of Bradshaw and Gee (10) using slanting hot w1res, but

such measurements are notor1ously d1fficult to make and

further measurements are clearly necessary. The above

assumpt10n No. (1i) is also in disagreement with Schwarz and

cosart~ll) H.owever, the present theory gives useful results 0

Furthermore, longitudinal turbulence measurements show a minimum

. .

at y = YM thus indicating zero ,turbulence production at y = YM'

(Mixing .length theory) and seems to contrast with the

(10) (11)
measurements of Bradshaw and Gee ,and Schwarz and Cosart 0

They investigated wall jet in still air for which

it is expected that the turbulence is greater than in wall

jets in streaming flow at the velocity peak. However, in the

case of wall jet in equilibrium pressure gradient turbulence

will be small at the velocity peak. On thesegrounds it is

possible to make the assumption NO.(ii) 0 No attempt has yet
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been made to measure the shear stress at the velocity peak,

however, the experimental results agree very well with the

theory given below.

From previous analysisit is shown that:·

U1 = Cl (x + xo)m }•.. (16)
and UM = C2 (x + xo)m

is a known constant and a function
UM C2

where m of - =Ul Cl ~

For the inner region UM represents the streaming f10w

and YM the boundary-layer thickness of a flow which reseffibles

a conventional turbulent boundary-layer·but with a re1ative1y

high main stream turbulence.

Thus momentum and continuity equations can be written

as:

•
dU

where: T = (~ dY - puv)
dU dV

Continuity: dX + dY = 0 ... (18)

•

•

With boundary layer approximations the momentum equation can be

written as:

dU dU dUl l dT
UdX+VdY=U:Ldx+pdY ... (19)

Integrating equations (18) and (19) from y = 0 to y = YM with

boundary conditions:

at y = 0 T = TO and U = V = 0
... (20)

and at y = YM T = 0 and U = UM
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where

p

•

•

... ;0 = ~x (U~ YM) [) (T])~ dT] - ) (T])~ dT]]

- UM YM d~ [J (T])~ .dT] _f~~~2]

If ~ 1 0 at y = YM the above equation is modified to

(io ~ I) = 2-(U~ YM) [lf(T])~.dT] - If(T])~.dT]]
P P dx 0 0

~. UM YM d~~ [) (T])~ .dT] - f~~l2J
Assume a power 1aw form for skin friction

•• 0 2
aUM

= l
(UM YM)N'

"

•• 0 (21)

o 0 0 ( 22)

o • 0 (23)

•

•

n+lwhere cr is a constant and N - --- from the law of the wall and
2

is consi~tant with the assumption of a power profile for

U il
(U;) = Tlo , and can be easi1y der ived as follows:
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From equation .(23)

1"0 _1_ 1

pU~
oc

(UM)N'

(U,;)
2. oc (-LI..

UM .(UM)N

If the law-of-wall applies then

· .. (24)

l·th
i.e. with theassumption of (n) power law velocity profile

U
U1" - constant.

It should be noted that equation(27) is generally true and does

•

•

•

near the wall the law-of-wall would be

1
YU1" ri
(-)

"
at y = YM U = UM

1
UM YrfJ rr

oc (y).
U1". .

n+l
n-

i.e. UM
oc U1"

substituting equation (26) in equation (24)
. 2
- n+T

oc (UM)

.'. N = (nt
l

)

gives:

· .. (25)

· .. (26)

· .. (27)

•

not depend on the existence of the universal, logarithmic, law-

of-wall with A = 5.6 and B = 4.9.
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However, due to the high level of turbulence in wall jets

it is expected that the exponent n will be greater than that in

•
an ordinary turbulent boundary-layers at a comparable Re

(i.e. n = 7). It shou1d be noted that similar 'assumption of a

. (12)
power 1awform for skin friction was a1so made by Myers et al

when ana1ysing wall jet in still air.

Substituting equation (23) in equation (21) gives:

•
,where -

A = =
n

(n+1) (n+2)

... (28)

•
and B = n=

(n+1)

.•. (29
dYM

(2A - B) + A dX
mYM-_.

X

Now writing x= (x + xo)and substituting for U
M

equation (28) reduces to:
1

aJT

•
The proper selection of velocity profile in the inner

_.
layer defines the quantities A and B, which are determined by the

exponent n describing the ve10city profi1e~

•
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The solution of equation (29) can be easi1y obtained

•

as:

y =
M

1
(N + l)av N

1{ [- - -N 2A - B
A C2 rn (A ) (N+1)

li-
N+1 N-rn

N.t1
x .• (30)

The equation (30) can be written in non-dirnensiona1

forrn as fo11ows:

•

•
where

(YM) =
b

rnx + Xo
= (x )

o

(N + 1) a

[(~ )
u~s

x +xo
(b )

N
R+I'

N-rn
N+T

· .. (31)

· .. (32)

· •• (33)

and Res = · .. (34)

•

•

Hence ce
· .. (35)
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Skin friction variation:-

•
Define skin friction as Cf =

20
... (36)

Substituting the values of UM and YM from above analysis into

equation (36),gives:

•

l

•

It is clear from equation (37) that

l

( )
N+l

Ci Res ... (38)

(12)
Equation (38) is similar in form,to Myers et al

Considering the limiting values of m for weak and

varies proportionately to

l
strong jets in equilibrium pressure gradient, namely m = - 3

l

land t Il C R 72 exponen n = , f esand

that Cf is not very sensitive to changes in
, . (11)

Schwarz and Cosart found exper imentally

x+x
either R or (-b0).'

es
that Cf does not

• l
x+x 0.0952

( 0)--n-
and

l

(
x+x 0.0715
---2.)

b

respectively. This indicates

• vary much with x for a wall jet in still air. As a strong
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•

•

•
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wall jet iil equilibrium pressure gradient tends to a wall

jet in the still air case,their observation is in agreement

with equation (38).



U ~MU == 1 + (u -
l 1

(i.e. y < YM)

•

•

•
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2.4 Effect of Inner Bouridary Layer on outer Flow.

As a second approximation to the ana1ysis of section

2.2, the effect of the inner boundary-1ayer is now considered.

From the previousana1ysis it is clear that the outer

part of the wall jet (i.e. y> YM) can be represented by

2
l)e-~ and the inner boundary-1ayer region

1

can be represented by (U ) == (~)~ w
U1 1

The integra1 momentum equation for the who1e f10w

can be written as:

'L o de e dU1 (H + 2) ••. (39)
puy = dx + u1 dx

BJ U Uwhere e = U1' (1 - Ü1)' dy
0

B• f (1
U

and H e = - U ) .dy
0 1

5

J
U U

Now e == tr1' (1 - U1) .dy
0

YMf U U :J~ U U
== U1 (1 - U1) dy + U (1 - - ) .dy

1 U1
0

1 i
B/L. outer part

• If[U 1 U22] co u oHl+ e-~q.M - M n
== YM o U1 ,~n - (Ul)', ~ d~ + U1

0

•
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y - Y
MK( -, ) :

YM - Y_ M
2

K = arbitrary constant =.0.833.

(see sections 4.1:3 and 4.1:4).

[

. YM/2-YM u o J1i U o ]
- ( K )(U1~ 2)(1~ U1)

o •• ( 40 )

• 5imilarly He = YM [1 - ~tn~l)] .•• (41)

substituting equations (40) and (41) in equation (39) gives

•

•

+

As previous1y observed ~quation (35) and a1so see

•

section 4.1: ~ YM is very near1y proportiona1 to (x+xo ).

A1so (YM/2-YM) = c(x+xo ) .. Hence substituting these in equation

(42), it becomes:
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•

't'o

Pu2 =
,M

1 + m

•

•

When the boundary layer is neglected this equation reduces to:

in agreement with equation (10) of section 2.1.

To assess the effect of the inner boundary-layer on the

outer part, th~.value of m is obtained from equation (43) and

compared with that obtained from equation (10).

Rearranging equation (43),

•
m= o 0 ( 44 )

•
which whèn the boundary-layer is neglected once more reduces to:
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[ 2 +

-1
1 ]m = - ... (10)

1+
U o

hUI

•
The following table gives a comparison of the m values

obtained from equations (10) and (44), using measured results

which are described 1ater and n = 11.

•

•

•

•

~ dYM YM!2 m m

Uis
.b dx YM From. equa. (10) .F;-om .equa. (44)
~ns •

3.00 0.2 0,,0072; 3.84 -0.407 -0.4175

6.00 0.2 0.00955 5.465 -0.448 . -0.451

It is seen that the values of m obtained from equation

(44) are sufficiéntly:.in·ëlose agreement, for,;most practica1

purposes,'Miththosë obtained- from equation (10).'

Thus the inner boundary-1ayer indeed has 1itt1e

effect on the outer part of the wall jet in equi1ibrium pressure

gradient.
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Non-dimensional Mean Velocity Profile Including the Inner

Boundary-Layer in an Eguilibrium Pressure Gradient:

From the analysis of the previous section (2.4) it

•

•

is seen that the complete velocity profile for a wall jet in

an equilibrium pressure gradient can be given by adding two

regions together. However, it is worth noting that due to

the selection of a power profile for the inner region, the

gradient of mean velocity profile will not be zero at the

velocity peak. On the other hand the outer region profile

has a zero slope there. However, the condition that U = Um

at the matching point is fulfilled by both the inner and· the

outer profiles. Furthermore, consistent with the assumption

the shear stress at the matching point is also zero.

Thus the complete non-dimensional mean velocity

profile is given by:

(U-Ul
U~U) =

M' 1
+ e

... ( 45)

•
It should be noted that each part on the right hand .

side of equation (45) only àpplies within the respective limits

and is assumed to be zero elsewhere. Also note that

•
which in turn is a funct ion

+ x o ) thus

UM
of (UI)'

y .
( M/2) is a .constant

YM
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3. GENERAL DETAILS OF THE EXPERIMENTAL INVESTIGATION:

•

•

is described in the Appendix I. The aim was to produce a

wall jet in streaming flow for which the longitudinal

pressure gradient could be readily adjusted and in which the

mean flow was effectivelytwo-dimensional. This was achieved

by using a blower tunnel and a test section with adjustable

. (13)
louvres similar to the test section of Clauser .

Due to the flexibility of the apparatus it was

possible to investigate for comparison wall jets in still air /

and also wall jets in streaming flow with zero pressure
l'

•

•

•

gradient. The wall jet in still air was investigated for jet

velocity Uj equal to 239 ft./sec. and 317.5 ft./sec. and with

a slot of width 0.20ins. The wall jet in streaming flow

with zero pressure gradientwas investigated for .<Ui )equal
Uis

to 2.66, 3.0 and 5.95 and with a slot of width 0.20in:. and

o.375in.

The wall jet in an equilibrium pressure gradient was

investigated thoroughly to support the theoretical analysis

given before. The measurements were made for ,the jet

velocity ratios, (~ ),Of 1.07, 1.501, 3.0, 4.05,6.0 and
Uis

6.01, and slot widths of 0.20in.,0.375in., O.40in., and

0.402in.
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Pitot traverses on the centre line of the plate were

made by a round pitot tube with sharpened lips and also by a

fIat pitot tube. The details of these pitot tubes are given

in Appendix I. Extreme care was taken in traversing the flow

and in particular for obtaining distance of pitot tube centre

from the plate surface. The pitot tube was lowered down to

touch the plate and then moved up with an .increment of 0 .OOlin.

The pitot tube readings were plotted simultaneously. When the

pitot tube had just left the wall a change in reading was

observed and was found to be linear with y for about O.003in .

However, when the pitot tube was in contact with the plate

it gave a constant reading. Thus knowing the size of the

pitot tube the two intersecting straight lines gave the distance

of pitot tube centre line from the plate. This procedure was

adopted as a preliminary for aIl the velocity measurements.

This method was extremely successful and the repeatability was

very good. The correction for thedisplacement of the pitot

tube centre line was not made. The velocities were calculated

on the assumption that the static pressure at a particular

section was constant across the boundary-Iayer .

Two-dimensionality checks for wall jet in streaming

flow were made at x = O.5in.and 15.5in. downstream of the

slot exit. The results are described in Appendix II. Within

6ins. of the centre line the profiles were almost identical
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across the flow. Thus with the main measurements being

made on the centre line the flow was considered to be

•
effectively two-dimensional.

The adverse pressure gradient on the plate was set

as follows:

was

For a particular value of

calculated from equation (12).

U'
.:::J. , b and
Uis

A suitable

5* the value of fi
s

free stream

velocity at the slot, U. , was then chosen. Using equation (5)
~s

it was then possible to calculate the free(U1 ) =' (1 + ~ )m,
:Ois X o

stream velocity Ul
at various ~. The value of x was then

Xo . . 0(6)
determined approximately by extrapolating George's results.

•

Using these approximatevalues of U
l

and assuming that the

flow at any section was one dimensional the mass flow at each

• section was calculated to establish the amount of excess air to

be bled from the top louvers. Assuming that the louver profiles

weresuff:Lciently streamlined to ensure that the flow left

smoothly and without a vena contracta it was possible to

determine the louver settings .to give the required pressure

gradient.

•
The skin friction measurements were made by using

stanton tubes. These were fixed at x = 6.5in., l2.5in.,

and l8.5in. from the slot exit. A Preston tube was also

used at x = l8.5in. The details of these tubes and the

•
calibrations are descr.ibed in Appendix II. The skin friction
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measurements were also made for wall jets. in still air and

wall jets in streaming flow with zero pressure gradient.

A brief investigation was made to determine the

longitudinal turbulence by using the DISA constant temperature
(14 )

anemometer 55 A 01. Two separate hot wire probes were used

to check the repeatability. ::> " Platinum plated Tungste'n
'J

•

•

•

•

wire of 0.005mm. diameter and approximately Imm. length was

used. The results of the longitudinal turbulence at x = 19.2in.

are presented for the two cases of wall jet in equilibrium

(U; )pressure gradient ~ = 3.0 and 6.0 and b = 0.20in. , and
Uis

for a wall jet in still air (Uj = 317.5 ft./sec., b = 0.20in.)
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DISCUSSION OF THE EXPERIMENTAL RESULTS AND COMPARISON

WITH THE THEORY 0

Experimental results are divided into three parts

..

•

•

•

as follows:

(i) Wall Jet in Equilibrium Pressure Gradient~

(ii)Wa1.1 LTet in Streaming Flow With Zero Pressure

Gradient 0

(iii) Wall Jet in Still Air •

4.1. Wall Jet in Equilibrium Pressure Gradient:

401.1 General

Pitot traverses on the centre line of the plate were

downstream from the slot exit. The Stanton tubes were fixed

lin oon either side of the centre line at 6 .Sin 0' 12 .Sin 0' and

18.Sino from the slot exit. The hot wire anemometer traverses

were made at 1902ino, from the slot exit.

The experimental results are for jet velocity ratios,

( UJ' ) 4 6 6of 1007, 10SOl, 300, .OS, .0 and .01 and slot widths
Uis

of 0.2in.~ 0.37Sin., 0.40in~, and 0.402in. The test conditions

together with the upstream boundary-layer Reynolds number

(UiseS) are shown in Table 1. Also shown in this table are
v

the associated values of (UM), the exponent m, x o ' the rate of
Ul

growth C and the wall jet Reynolds number (UM~M/2)~
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•

•

It is seen from Figures (3.1, 3.2, 3.3, 3.4, 3.5,

6) UM
and '3., that the ratio (Ul) is practically independent

UM
of x as required for similarity. The average value of (--)

. Ul

for each test is used to compute the exponent m in equation

(10). The values of m obtained from equations (10) a.nd (12)

are given in Ta.ble l and are in fair agreement with one

another. The values of m obtained from equation (10) are

presumably more reliab1ebecause the analytical fprmulation

of this equation does not depend on a simplified allowance

for the up.stream boundary~layer involving an overall

matching of c:ontinuity and momentum.

4.1.3 Velocity Profiles.

Figures (4) shO\\7 the velocity profiles plotted

•

•

U
as (- ) vs y at' various downstream distances, x, from the

Uis
slot for the seven test conditions .. These plots show that

the maximum velocity UM decays as the downstream distance

from the slot increases and that the free stream velocity Ul

has been decreased in proportion by the imposed pressure

gradient.

Furthermore it is seen that the measurements were

made sufficiently far downstream of the slot for the flow to

be fully developed in the sense that the detailed structures
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of the f10w emerging from the slot and the flow within the

boundary-layer outside the slot, are no longer apparent

U'
except for the cases of (~ ) = 1.501 and 1.07. In the

U.
U' . lS

case of (-1 ) = 1.501 and b = 0.20in., the velocity profiles
Uis

distinctly exhibit the influence of the upstream boundary-layer.

Farther downstream however J t.he velocity profiles more clearly

resemble an ordina.:ry turbulent: boundary-layer. For this

particular test it was observed that the flow separated at

approximately (~) = 122.5 and confirmed by visual observation

made by using tufts on the surface of the plate. In the case

U'
of (~s) = 1.07 and b = Oo20in. the influence of the boundary-

layer outside the slot ois even more prominent and velocity profiles

retain this influence over the entire length of the plate. A

distinct negative stanton tube reading was observed at (~) = 92.5

indicating the separation of flow from the surface of the plate.

This was furthermore confirmed by the visual observation of the

tufts. The above two cases were investigated to confirm the

predictions made in the theoretical analysis.

U'For (~ ) = 1.07 case, it can be seen that the velocity
Uis

U'profiles are definitely not similar. For the c~se (~ ) = 1.501
Uis

it is difficult to conclude from these plots that the velocity

profiles are not similar, however, further investigation shows

that the achievement of similarity for such low values of Ui
U .
. lS
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•

is clearly always difficult (Fig.l).

Anothe:r: interesting point to note îs that the

distance from the slot exit where the core of a jet disappears

U'
may be a function of (~ ) and slot width o This effect although

~s .

not obvious in the velocity profiles for slot widths b = 00375ino

Oo40ino, and O.,402ino is clearly indicated in the non=

dimensional mean velocity profiles 0

Figs 0 (5) show' the velocity profiles plotted non-

dimensionally in accordance with equëition (2'), except that the

non~dimensional cross stream co~ordinate is transferred to

exclude t.he effect. of t.he inner boundary-layer of the wall

jetoThus the pa.rameters (U-U~ ) and (Y-YM= ) are chosen
UM- 1 YM/ 2-YM

ta represent the 81milar velocity profile for the outer

region 0 The le:ngth sea.le YM/2 lS the larger value of y

u-u - .
where (__1 ) := ~ a.:nd YM is the value of y where U = U

M
0

U~Ul 2 .

In these figures an empirical form of the function

i8 provided for comparisono

The Secho 2 function is alsa plotted for comparison

ioe. It will be

• recalled that this latter function is used by Eichelbrenner
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( 15)
et al in their method for calculating the development

of wall jets in streaming flow.

•

•

•

•

•

It is noted that despite the existence of the

inner boundary layer region a satisfactory degreeof

similarity has been achieved in the outer region of the

flow and also that the exponential function is in better

agreement wi.t.h the results. It shmlld be noted that the

experimental resu1.ts are slightly lower than the values of the

exponential function in the region between YM and YM!2.

Figs. (501, 5.3., and 5.4) show clearly that the

velocity profiles at a distanèe of 6.5iri. fram thé slot exit

deviate slightly from the similarity profile 0 This may be

accounted due to the core of the jet not having completely

vanished at this distance. Recent investigation by

(16)
Ra Knystautas of a free two=dimensional jet indicated that

the core of a jet disappears at approximately (~) = 80 Myers
b

et al(12) have found that for wall jet in still air the

distance where the jet core disappear~lies between ~ = 4 and
b

~ = 14. However, for wall jet in streaming flow the rate of

growth of the jet being smaller than that of a wall jet in

still air; it is expected that the jet core will exist for

a longer distance.; As mentioned before this distance may
U.

be a function of ~ and slot width.
lS
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Fig. (5.6) is of interest in the sense that it confirms the

prediction of difficulty in obtaining similar velocity profiles

for (~ ) = 1.501.
Uis

Figs.(6) show the velocity profiles plotted using

the non-dimensional cross stream co-ordinate as suggested in

the theory 0 (Section 205, equation (45)>0.A1SO on these

figures a full velocity profileobtained fromtheory is drawn

for comparison.

l thThe inner boundary layer is represented by an --
11

power profile and the outer part of the jet is represented

by an exponential function 0 The values of (UM) and (YM )
UT YM/2

•

•

•

were obtained from the measurementso· It i5 clear from these

figures that, apart from the discontinuity in slope at y = YM'

the experimental results are fairly well represented by matching

the two profiles. As observed in Figs.(5), the experimental

results are slightly lower than the theoretical values

obtained from exponential function in the region YM < y < YM/20

4.1.4· Growth of Wall Jet:

YM!2 YM
The growth of wall jet in terms of (b ) and (~)

is shawn in Figso(7). Both curves are seen ta be linear for

the range of (~) which was investigated. Thus the .curves

define the values of x o and Cin the growth equation for the

outer flow:
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... ( 46)

•
In agreement wi.th equation (14)

and the available values for this f~nction for wall jets are

(15)). Fig. (7a) shows

Ul
(UM). The latter

dYM!2 dYM
the variation of (dx ) and ( dx) with

given in Table 110 The values of C are also tabulated in

Ul
Table land seen t.o vary consistently with (UM) as expected

for self preserving flows, (equation

•
parameter is chosen to enable still air wall jet results to

be plott.ed on t.he saffie figure. The growth parameters

•
Ul

may be expected to vary with (UM) and in Fig.(7a)

it a.ppears that t.he relation is approximately linear.

The presentexperimental results are in fair agreement

with this prediction 0 Further, experimental results are

however required before a specifie law isgiveno

•
401.5 Variation of (~7) ~ (~) .

m
The theory indicates that UM ~ (x + x ) •

1 0
UM m

Hence, when (Uj) is.plotted against x a linear curve is

expected. The measured values have been plotted this way in

•
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uM m
It is seen from these figuresthat (Uj) is

•

•

•

x . x
proportional to (b) over the range of (b) for which the pitot

traverses were taken o Note that the curves are not extrapolated

in the region of the slot exit. In thi.s region it was imposs.ible

to correct for the inadequacies of the one dimensional theory

used in setting the position of the louvers since similarity

i.s not possible i.n the mixing region near the slot. In passing

it should be noted that high wall pressures are usually found

near the slot exit in wall jet experiments (e.g. Ref.6),and

are attributedto the high rate of entrainmentthere o These

wall st.atic pressures may be alsoplotted to obtain additional

but less accurate values of (XO) [pateland Newman(17~ and
b

these are shown in Table I o

4.106 Mean Velocity Profiles - Inner Law Plot:

In aIl unseparated flows it is expected that

sufficiently near a smooth wall, the velocity profile is of

the universal form

• where

y U..
U = f(-)
U.. V

U.. =jT~

•.• (47)

Very near the wall i.e. in the

that the shear stress is constant across the sublayer.•

. . U
above expression takes the form of U...

laminar sublayer, the

yU..
= ---on the assumption

V
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y .@.
In the outer part of the wall region UT èy = constant

which is usually independent of conditions in the outer part

of the flowo

Thus
U yU
- = A log (--I) + B
U-r v ... (48)

Similar observation was

outer condi.tions and in

•

•

•

•

It is expected that these laws will hold sufficiently

close to the wall but the values of A and B may depend on the

particular (UM): (see section 4.1.12)
Ul

(11)
also made by Schwarz and Cosart .

Figs 0 (9) show a pronounced semi-logarithmic region,;.

when mean velocity profiles are plotted with (UU ) against (yUT).
T V

The skin friction veloc:i.ty U1,' was obtained by using Stanton

tubes and the det.ails of their calibrations are given in

Appendix II o F:Lgo(905) shows that the logarithmic form of

la.~..v·-of-wa.ll approxi,mately applies to the wall j~t in an

equilibrium pressure gradient. The values of A·and B are,

however, different than those used for conventional turbulent

boundary layers. The available values of A and B for wall jets

are tabulated in Table III.

As one would expect-from the velocity profiles which

resemble turbulent boundary-layers, the values of A and B tend

to those of the conventional turbulent boundary' layer. Fig. (9 .6)

showsclearly that the universal logarithmic law-of-wall does

U·
not exist for the case of ~ = 1.501. This is expected because

1.S

t.he velocity profiles for this case are not similar. From the
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measurements of Bradshaw and Gee(lO) who investigated a wall

jet in a pressure gradient it was found that the values of A

and B also tend to those of the boundary~layer (Table III).

The deviations of experimental points very near the

wall may be attributed to the error (approximately 0.0005in.)

in locating the exact distance from the wall.

4.1.7 Mean velocity Profiles - Outer Defect Law for Inner

Boundary-Layer~

For an equilibrium layer at high Re and farther out

from the wall (L. (JU) is a function of L
yM

, YM!2and UM .
UT cy YM Ul

However, for wall jets in an equilibrium pressure gradient it is

YM!2 UM
shawn in the theory that = f(Ul)which in turn is a constant

YM

.for a particulax wall jet.

Hence, the outer defect law can be written as:

... ( 49)

•

This is compared with the experiments, and the results are shown

in Figs.(lO). It is seen from Figs.(10.2 and 10.5) that the

velocity defect law extends down to a value of (L) approximately
YM

equal to 0.30. Also it is interesting to note that the velocity

U'
defect law for urs = 6,(Fig. 10.5)tends to that of wall jet

in still air as expected (Figs. 41 and 42). The velocity

defect law does clearly andsatisfactorily describe the results
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U·
for ~ = 1.501 Fig.(10.6), but the outer part profiles are

Uis

also not exactly simi.lar.

•
4.1.8 Boundary-Layer Mean Velocity Profiles Using Power Law:

In ·the t.heoretical analysis for the development of

the inner boundary-layer of a wall jet in equilibrium pressure

gradient, it was anti.cipated that. the mean velocity distribu-

tian ln this region may be given by a power profileo Hence,

with U
M

as t~he velocity atthe edge of i.nner boundary-layer

• and as inner boundary-layer thickness the mean velocity

profile i8 represented by:
1

U == (L)n
UM YM

• Due to the high level of turbulence in wall jets, it

was expected that the exponent n will be greater than that in

an ordinary turbulent boundary layer at a comparable Re

(i.e.n=7).

Figs.(ll) show the inner boundary~layer velocity

profiles plotted on log-log paper. Fig.(ll) shows the investi-

On

power boundary-

(12)
power profile suggested by Myers et al

gation at (~) = 92.5 for different jet velocity ratios.
b

lth
the figure are also plotted conventional 7

1 th
layer profile and -­

14

•

It is seen from Figs. (11 and Il.5)in still air.for wall jets
1 th

that an Il power profile is in best agreement with the
UM

experimental results genera11y for U1 greater than about 1.8.•
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It is noted later in the description of the experimental

investigation of wall jets in still air and wall jets in zero

UM
t.. 1.8 the inner

Ul
power profile and

pressure gradient that the inner boundary-layers are also in

l th
agreement with an power profile. It is interesting to

Il

observe from Figs. (11 and Il.6) that for

Ith
boundary-layer profiles tend to the 7

•

the complete velocity profiles of wall jets. tend to ordinary

turbulent boundary-layer profile. In other: words nvaries

•
( UM)with
U1

as weIl as Reynolds number.

4.1.9 .. f (YM)Varlatl.On 0 -.
b

•

The theoretical analysis of the inner boundary-layer
N-m

indicat.ed that (~M) 18 proportional t.o (x : xo) r:r-FI'.

Considering the two extreme cases namely a strong wall jet

and a weak wall jet, the values of mare - ~ and - ~ respectively.

Furthermore, it was found experimentally that the inner boundary-

layer velocity profiles for wall jets with
UM > 1.8, can be

L th Ul

represented by an Il power profile, thus giving N 6. With
x + X o

0.929

these values of mand N, for a strong wall jet (YM) ex:: ( b )
b

•
The exponent 0.929 compares satisfactbrily with the exponent 0.90

given by Myers et al(12) for wall jet in still air. The

difference between the two exponents however, is entire1y due

to the different power profiles used. For a weak jet

•
x + x 00905

(~M) ex ( b 0)
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The results of the experimental investlgation are

l YM x + x
shown in Fig. (12) where ResT. (l;) is plotted against ( b 0)

Xo
on logarithmic paper. The values of (~) were obtained from

the growth law and values m from equation (10). On the figure

are also plotted the lines with respective theoretical values of

N - m
the exponent ( 1). It is seen that the experimental points

N +
agree satisfactorily with the theoretical predictions. For

the slot widths of a.pproximately 0.40ino it i8 found that the

experimental points deviate considerably from the theory.

This is not surprising as mentioned before that the distance

u·
where the jet core disappears depends on (~ ) and the slot

1.S

width. In previous figures of growth law-of-wall jets in an

equLU.brium pressure gradient the (~M) variation was assumed

• '"". . (YM) (X) (.ll.near, 1. oe. _. cc -, see
b b

In Fig. (12) a line

l.~d.t.h slope equa.l. to one i8 dra.·.rm so as to compare the slopes

of the experimental lines. From this figure it can be concluded

that for aIl. practical purposes is directly proportional to

From the theoretical analysis of the inner boundary-•
4.1.10 Variation of Skin Friction:

To confirm this the skin friction was measured by using Stanton•

layer of a wall jet in
l

found that Cf·(Re~N+l

equilibrium pressure gradient
1

is. proportional to [. ~
x:xoJ L~+.L

it was
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tubes .. The calibration and use of stanton tubes are given in
1

the Appendix II. In Fig.(13) Cf .(Re)5 is plotted against (x + XO )
, s b

on logarithmic paper. The experimental results in this figure are

compared with the theoretical curves obtained from

by using Sigalla's(lS) and Blasius values of a and

equation (37)
th

1:. power
7

profile and the extreme values of m for a weak and a strong jet

( land _ 1) It iB seen that the Blasius skin friction law- 3' 2' •

reasonably weIl with the experimentalfor strong

resul t,s for

jet agrees

~
Uis = 6.0. It should be noted that the theoretical

• results are fairly insensitive to the choice of m and that for

u·-l = 3.0 and 6.0, the value of m
U
is

1
for a strong jet is

2

•

•

sufficientlyaccurate. Blasius skin friction law gives values

of the skin friction which are smaller than those computed using

Sigalla's constants.
u·

It i8 also interesting to note that for üîs = 1.501

( x + X O )the measured skin friction values fall quickly as b

increases. This is expected from an examination of the complete

velocity profiles which are similar to ordinary turbulent

boundary-layer profiles near separation.

Fig. (14) shows the skin friction coefficient plotted

1 th
as predicted by equation (3S). However, -- power profile is

Il

used because it represents the inner

logarithmically in this figure. As mentioned above the value•
more accurately .

boundary-layer profiles
1 x + Xo

Thus Cf (Res )7 vs. ( b ) is plotted
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agree very
l

Ci (ResY

Thus theof m =-~ was used to compute the
2

present experimental results for

exponent (m+l
l
).

N+
~
U. = 3.0 and 6.0

lS

well with the skin friction variation law given by•
The constant was found to be 0.03284.

constant

b (11)
this stage it is worth noting that Schwarz and Cosart

(
X + x 0.0715·

0)
=

At

found very litte variation in skin friction with downstream

distance in their experiments on wall jets in still air.

This is not surprising in view of the present theory for

• strong· wall jets i.n an equilibr ium pressure gradient are similar

to wall jets in still air. For comparison the values of Cf

are tabulated in the Table III.

• 4.1.11. Turbulence lntensity:

.Fig 0 (15) shows the r.m. s. longitudinal turbulence

as a proportion of the local mean velocity for a wall jet in

still air (Uj = 317.5 ft./sec.) and

in an equilibrium pressure gradient

two cases of wall jets
Uj

(Uis = 3.0 and 6.0). The

wall jets were traversed at a distance of x = 19.2in. from

•
the slot exit using two separate hot wire probes to check

repeatability. The probes and the constant current hot wire

anemometer used in this investigation are described in the

Appendix I. It is seen from this figurethat wall jet in still

•
air has the highest turbulence intensity and as the jet velocity

ratio decreases the turbulence intensityalso décreases. This
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is expectedon physical grounds for the local values of g~

in the outer part of the flow are reduced in general as the

velocity of the external stream Ul approaches the maximum

jet velocity UMe Associated with the increased intensity it

is found that the rate of growth of wall jets in still air is

.higher than that of wall jets with external stream; (see

Fig. (7a) It is also apparent (through Mixing length theory)

•

•

•

•

thatthe values of A in the semilogarithmic law-of-wall will

decrease as the turbulence intensity increases. Thus for wall

jets in still air it is expected that the values of A will be

sma11er than those of wall jets in streaming flow.

Figs. (16.2 and 16.5) show the variation of the

longitudi.nal turbulence as a proportion of the external stream-

ing velocity and the corresponding mean velocity profile for

the two equil:ibri.um ca.ses. It i8 interesting to note that

the longitudinal turbulence plotted in this way is greater

near the wall surface than at y = YMo In the outer region

turbulence intensityonce more increases and finally it decreases

again to the value in the free stream. The shape of the

turbulence intensity profiles is similar to the measurements

of Bradshaw and Gee (10) on a wall jet with small ~~ in a

pressure gradient slightly more adverse than the relevant

equilibrium value. It should be noted that the hot-wire

anemometer was not linearized hence the readings in high

turbulence zone may be in doubt.
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Variation In The Value of A For The Logarithmic

Law-of-Wall:

•
For equilibrium flows it is reasonable to assume

that A will depend on Ul , UM, YM, YM/2' ~ and p

Thus .00(50)

.. . YM Ul
YM/2 is a constant and depends on (UM)

A = f(

Despite considerable scatter in the
UMYM

•
Hence

Fig.

various ratios

,

(17) shows the variation of A with

Ul
of (u).

M

UMYM

v for

... (51)

•

•

•

results it i8 clear that A does not depend too much on v
Ul

but varies considerably with UM. From Fig. (17) mean values

of A were obtained and this i8 plotted in Fig. (18). Note

that as expected A tends to the value for a conventional

boundary-layer as (U1) increases. In Fig. (18) are also
UM

shawn the values of A obtained from wall jets in streaming

flow with zero pressure gradient (see Figs. 29 and 30) and it is

interesting to note that the points agree reasonably well with

the equilibrium cases. Thus it is apparent that A tends to

depend more on local conditions than on the previous history

of the flow. The values of A and B are tabulatedin

Table III.
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402 Wall Jet in Streaming Flow With Zero Pressure Gradient:

4.2.1 General

The experimental results are

2.66, 3.0, and 5.95 and slot

•

•

The wall jet in zero pressure gradient was investigated
(6)

for comparison with sorne of the results of George.

To achieve this experimentally the perforated plate was

removed from the exit of the test section and the louvers were

closed. Pitot traverses on the centre line of the plate were

made at 6.5ino, 1205ino, and 18.5in., downstream of the slot.

. U·
for jet velocity ratios (~) of

Uis

widths of 0.375in. and 0.20in.

4.2.2 Variation of (~~).

•
F'ig.

U
(19) shows the variation of (uM) with (~).

l b

•

•

It is seen that the decay of maximum velocity near the slot

exit is greater than that farther downstream and generally

the rate of decay increases with the jet velocity ratio.

Also the high decay rate near the slot exit can be explained

with the momentum transfer. The slower moving region of the

outside boundary-layer is being supplied with the momentum

from the jet. Thus due to the vigourous momentum transfer

taking place near the slot exit it is expected that the

maximum velocity will decay faster. However, farther down-

stream when the mixing of the two flows is weIl settled the

variation in UM will be smaller.
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The results of George(6) are shown in this figure

for comparison. It is clear that the results of George lie

• below the present experimental results and this is no doubt

due to the difference in jet momentum for the two investigations.

4.2.3 Velocity Profiles.

21, and 22) show the velocity profiles

y in. As mentioned before the flow was

Figs. (20,
U}yf­

as (~"') vs 0

U1S

traversed at three stations only and it should be notedthat

plotted

• the effect of the jet core has disappeared at least before

x
b

17.34.

The velocity profiles in Figs. (23, 24, 25 and 26),

•
are plotted non-dimensionally for direct comparison with the

result,s i.n an equilibrium pressure gradient. It will be seen

that the scatter of points, particularly farther away from the

wall, is noticeably greater. All the figures therefore indicate

that the velocity'profiles are only approximately similar in

a zero pressure gradient, a conclusion which George(6) also

reached. It is interesting to note however that the departure

from similarity is not large and thus an approximate method,

incorporating a similarity hypothesis, for predicting the

growth of wall jets in arbitrary pressure gradient (i.e. one in

whichUl is not proportional to (x +xo)m) is not likely to

•
be seriously in error. Once again it appears that the
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exponential function is in better agreement with the

experimental results than the Secha function.

4.2.4 Growth of Wall Jet.

Figs. (27 and 28) show the downstream variation of

(y~!2) and(y~) with (~). For comparison the results of

(6)
George are also plotted in Fig. (28). Itcan be seen that

the (~M) variation i8 approximately linear, however the (YMh2)

variation is definitely not linear. It is expected that (YM!2)
b

sufficientlyl ..
~ U'

(~)':: . If (2 )
bUis

•

•

may be proportional to (~) near the slot and
b

farther downstream it may be proportional to
I~q~ ~

is large the wall jet growth tends toÀa plane wall jet
U'

ioe. YM!2 ~ x. From Fig, (28) it is clear that for (~)
YM!2 ~s

the variation of (b ) is approximately linear. Also it

= 5.95,

is clear

•

that with larger jet momentum the growthof wall jet is

smaller. It appears therefore that in formulating the growth

law for wall jets in zero pressure gradient, jet momentum

will be the main influencing parameter.

4.2.5 Mean Velocity Profiles - Inner Law Plot.

Figs. (29 and 30) show mean velocity profiles plotted

as (!L) against (y~-r) . The skin friction velocity (U-r) wasU-r

obtained by using Stanton tubes which were calibrated in

turbulent boundary-Iayer with zero pressure gradient using

Clausers(13) universal curveSi (see Appendix II). It can be
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seen that there is no evidence of universal law of the wall~

however~ there is a semi:'""logarithmic region in each velocity

profile. The semi-logarithmic law for individual profile is

given and it can be seen that the values of A and B are different

from the conventional values for turbulent boundary-layers.

The values of A-and B are tabulated in Table III and are

consistent wi.th va.lues of other wall jets.

4.2.6 Mean velocity Profiles - Outer Defect Law For Inner

• Bouridary-Laye~.

UM-U
With (-u;-) and (X-) as parameters the velocity

• YM
prifiles are plotted in Figs. (31 and 32). For the case of

•

•

•

jet velocit.y ratio of 3.0 it is clear that the velocity

defect law does not exist~ Fig.(31). However~ for the case of

jet velocity ratio of 5.95 it appears from Fig. (32) that the

defect law extends up to a value of (~) = 0.15. This can

be expected on the grounds that the strong jet in effect

tends to a plain wall jet in still air and the experimental

results of plain wall jet~indicated the existence ofavelocity

defect lawi (see Figs. 41 and 42).

4.2.7 Boundary-Layer Mean Velocity Profiles Using a Power Law.

It is of int~rest to see whether the inner boundary-

layer velocity profiles of wall j~ts in zero pressure gradient
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can be represented by a simple power profile. With this view

in mind the velocity profiles in Fig. (33) are plotted with
. U Ith l th l th

(UM) against (~). For comparison 7 ' Il , ~nd 14 power

profiles are also plotted. It is clear from the figure that

the inner boundary-layer profiles are in best agreement with the

tlth power profile.
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4.3 Wall Jet In still Air.

4.3.1 General:

For comparison and completeness wall jets in still

air were investigated. The same apparatus was used with tunnel

speed set at zero. The results represent two jet Reynolds

( UJ'~. )nurnbers Re =
v

set at 0.20ins o The results are compared with the theories

suggested by Myers et al(12) and thus the parameters used in

the figures are the same for direct comparisonwith their results.

Sktn friction variation was measured by using Stanton tubes

located at three downstream distances from the slot ex~t.

Pit.ot t,raverses on the centre line of the plate were made at

6.5in' j 12.5in., and l8.5in. downstream of the slot exit.

Turbulence intensity and the corresponding mean velocity profile

were measured at one station only. The turbulen~e intensity

(14)
was measured by using DISA hot wire anemometer ' and the

resultsare compared with those of Bradshaw and Gee{lO).

4 (UUM,) •. 3.2 Variation of
J

Fig. (34) shows the variation of maximum velocity

with downstream distance.

experimental line as given

•

The

The

best line suggested by them is (UM)
U·. J

present experimental results are in better agreement with
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their theoretical curve. Thus confidence was established

at the outer edge

•

•

•

•

•

in the investigation of wall jets with the present experimental

technique .

4.3.3 Velocity Profiles.

Pitot traverses were taken at x = 6.5ins., 12.5ins.,

and 18.5ins. downstream of the jet exit. The jet velocities

investigated are Uj = 239 ft./sec. and 317.5 ft./sec.

Figs. (35 and 36) show the velocity profiles. It is worth

noting that the effect of the jet core is not existing in

these velocity profiles as the measurements were taken

Bufficiently far,:, ,.,' downstream of the slot exit.

Fig. (37) shows the non-dimensional mean velocity

profile. In thisfigure the res~lts of Bradshaw and Gee(lO)

and the theoret.ical mean velocity profile given by Glauert (9)

with a = 1.2 are also plotted. Theexperimental results are

in very good agreement with both these profiles. However,

L
(YM/2) > 1.2 the velocity profile of

Bradshaw and Gee deviates from Glauert's profile and the

present experimental results are in better agreement with

Glauert's profile.
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4.3 .4 Growth of Wall J'ets.

To compare '~,,- experimental results for the growth of

•
the wall jets with the theory of Myers et al(12), :';.' Fig. (38)'

ls drawn on log-log paper with:.+' pararneters (Y:/2) and (~).

Two theoretical curves as given by themare shawn in this figure.

The results of the present investigation agree extremely weIl with

their t,heoretical predi.ction., It is clear that the growth law

, U.?
is notvery sensitive to the variation in Reynolds number (--:L-)

v

and sufficiently far downstream of the slot exit, the growth of

• the wall jet i.s approxi.mately linear. From this figure confidence

was further established in the present wall jet~ investigations.
,;.

403.5 Mean Velocity.!:rofiles - Inner Law Plot.

• With d.im~nsional analysis it can be shawn that:

... (52)

Sufficiently near the surface

... (53)

(see section. 4.1.12). Hence
UMYM

if B is also insensitive to the values of (~), then, one

U yU-r
Thus U1:' ~. A log (~) + B where A and B depend on

UMYM '
(---v-)' Furthermore, it is shawn that A is not very sensitive

UMYM
to changes in the value of (--v--)

•

would expect a universal, semi-logarithmic, law-o~-wall, in

• wall jets in still air.
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U . ~~
In Figs. (39 and 40) -- 1S plotte~., against --- on semi-

U~ v

logarithmic paper. From these figures it is seen that there is

a semi-logarithmic region in the velocity profiles but the values

of A and B are different than the conventional turbulent

boundary-layer. Similar observation was also made by Schwarz

and cosart(ll). From these figures it is apparent that A and B

UMYM
slightly depend on the values of (----) and thus the universal

v

law-of-wall was not found. The results of Bradshaw and Gee(lO)

•

•

alsoindicate that the law-of-wall is not universal. Contrary

(12) .
to this Myers et al concluded that within a small range

(yU~ < 30) the universal law-of-wall for the fIat plate (i.e.
v

iL 6 YU-r
u~ 5. log 'T + 4.9) holds for wall jet as weIl. However,

their experimental results show considerable scatter in this

region and such a conclusion seems to be unjustified.

The values of A and B are tabulated in Table III.

4.3.6 Mean Velocity ·Profiles -Outer Defect Law For Inner

Boundary-Layer.

From dimensional analysis it can be shown that for ~e

outer part of the boundary-layer

U oU
U~ d'Y ... ( 54)

Hence the outer defect law becomes:

• = ... (55)
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•

Figs. (41 and 42) show the outer defect law plotted with

against Y- for jet velocity Uj = 239 ft./sec. and 3l7.5ft/sec.
YM

figures exhibit a universal defect 1awin agreement with the

above prediction. The outer ,defect law extends down to a

value of ~ approximately equa1 to 0.10.

4.307 Boundary~Layer Mean Ve10city Profiles Using a Power Law.

For comparison the inner boundary-1ayer mean velocity

•
profiles were plotted as shawn in

Ith
also plotted the conventional 7

~th power profile given by Myers

Fig. (43). ' In this figure are

power boundary-layer profile,

(12) l th
et al and Il' power profile

obtained from the investigation of wall jets in equilibrium

power profile ie in bestagreement with the experimenta1 results.•
pressure gradient.

1 th
rt is seen from Fig.(43Y that the­

Il

4.3.8 Skin Friction Variation.

To obtain., confidence in the Stanton tube measure-

ments, the skin friction was plotted for direct comparison with

the results of Myers et al(l~) Fig.(44) shows the variation of

gation show extremely good agreement witp the resu1ts of Myers et al,

and
l 2
2PU j

is directlyThus Fig. ( 44 )

The skin friction coefficient Cf is defined as c~ =

skin friction against downstream distance from the slot exit.

1:"0

Ujb
the Reynolds nurnber as Re =

V

replotted from Myers etaI. The results of the present investi-

•

•
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Their results were obtained by using hot-film technique. Thus

it was concluded that the skin friction values obtained from

are tabulated

Stanton tubes for the wall jets were very satisfactory.. The

'L o
-1-2

2 PUM

values of skin friction coefficient Cf =
•

in Table III.

4.3.9 Turbulence Intensity.

As mentioned in section (4.1.11) the turbulence

•
intensity was measured at x = 19 .2in. for the wall jet in still

air. (U j = 317.5 ft./sec.) Fig.(45) shows the r.m.s. longitudinal

turbulence as a proportion of the local mean velocity. The

On 'the figure the corresponding mean

similar results

where
y - y

( M/2),
5

fUM
5f = (dU) ,for direct comparison with

dY YM/2
(10)

of Bradshaw and Gee .

turbulence intensity is plotted against

•

velocity profiles ~re also plotted. It is seen that the

experimental mean velocity profile is in good agreement except

near the wall with the mean velocity profile of Bradshaw and

Gee. The turbulence intensity profiles deviate considerably

• near the jet peak and at the edge of the wall jet. It should

be noted that the hot-wire anemometer was not linearized for

high turbulence measurements hence the readings near the edge of

the wall jet may be in error.

•
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5.CONCLUSIONS

•
1. The analysis of 'à·'· self preserving free jet in

•

•

streaming flow can be applied to the outer part of ',êL' wall

jet in a similar streaming flow and that the effect of the

inner boundary-layer is small. The growth of. the jet is linear

and the flow is easy to establish experimentally when the jet

velocity ratio is h:igh. A,t low jet velocity ratios

'~
(i.e. Uis L 1.5) similarity of the flow is difficult to obtain

experimentally. Approximate similarity is also obtained for wall

jets in streaming flow with zero pressure gradient. In the

cases where ~uU: > 6 the wall jets in streamihg flow are
~s

si,milar to a wall jet in still air.

2. The :Lnner boundary-layer velocity profile of the

l th
wall jets can be representedby an 11 power profile and the

boundary-layer thickness YM increases almost linearly with

downstream distance.

3. The skin friction coefficient measured with Stanton

•

•

tubes for wall jets in an equilibrium pressure gradient is not

very sensitive to the variation in downstream distance and is

in agreemènt with the prediction of the the ory based on the

power profile.

4. The law of the wall and the velocity defect law

exist for wall jets in an equilibrium pressure gradient
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and for the wall jets in still air. However, the values of

A and B in the semi-Iogarithmic law-of-wallare different

than those of a conventional turbulent boundary-Iayer in zero

pressure

velocity

gradient.
UM

ratio U
l

The values of A and B depend mainly on the

and slightly on the Reynolds number.Thus

they may probably be related ta the turbulence intensity in the

outer part of the wall jet for this is found ta increase in

general with the velocity ratio.

air are in very good agreement with those of previous investi-•
5.

gators.

The experimental measurements on C,; wall jets in still

6. The present work could usefully be extended in the

•

•

•

following areas~

(a) A detailed study of the flow near the slot exit.

(b) Further investigation of the values of A and B

in the semi-Iogarithmic law-of-wall.

(c) Turbulence measurements and in particular the

shear stress distribution across the flow.

(d) A study of wall jets on rough surfaces.
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APPENDIX l

APPARATUS AND INSTRUMENTATION

The McGill blower tunnel which was used for the

experiment has an exit section 30" wide and 17" high. It is

driven by a 25 H.P., fixed r.p.m., centrifugaI fan and has

variable inlet vanes for speed control. Downstream of the fan

is a 50 diffuser, a settling chamber with deep cell honey-comb

and three removable screens, followed by a6:l two-dimensional

contraction. ' The test section for the present investigation is

attached to the tunnel exit as shawn in Figs. (2) .

The bottom of the test section consisted of a fIat

Plexiglas plate and a slot. The jet was emitted tangential to

the fIat plate and below the oncoming flow from the tunnel. The

jet air supply was provided by an auxiliary 20 H.P. centrifugaI

compressor. An 8" diameter flexible pipe followed by a 6°

diffuser connected the compressor supply to the slot. The mass

flow to the jet was controlled by ableed valve far upstream of

the slot. The slot exit was designed so that the jet width could

be varied from'zero to approximately 0.425in. The contraction

ratio at the maximum slot opening was approximately 10.

Static pressure taps were provided on both sides of

the centre line of the Plexiglas plate. ' To prevent separation

from the side walls of the test section these were provided with

bleed slots. The exit of the test section was fitted with a
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perforated plate of 23:per cent open area. The top of the test

section was fitted with adjustable louvers so shaped that the

flow emerged smoothly between them at an angle of approximately

300 with the axis of the- tunnel.

Stagnation pressure was measured using pitot tubes

with outside diameter 0.031in., inside diameter 0.0195in. J and

20
0

sharpened lips. Also a flattened pitot tube was used to

traverse the flaw. The overall height of the 'flattened end was

approximately 0.0097in. and the height of opening was 0.0048Sin.

A traversing gear incorporating a double ended dial gauge was

used to traverse the flow at each downstream station. The static

pressure was determi.ned from surface taps, of 0.015in. diameter.

The pressures were measured with conventional single tube and

multitube manometers filled with alcohol.

The skin friction measurements were made using Stanton

tubes. These consisted of halfground razor blad~glued on to the

surface of the plate as shown in Fig.(49).~Preston tube was

made from brass tube with outside diameter 0.030in. and inside

diameter 0.0195in. It was mounted as shown in Fig.(50).

A Statham differential pressure transducer (Model PM 5TC)

was used to measure the Stantbn tube:- readings. The range of

pressure difference for this transducer was ± 0.15 p.s.i.

The turbulencè intensity was measured by using a DISA
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constant temperature anemometer, 55 A 01. The details of the

instrument can be found in Reference (14). The hot wire probes

were made of thin tungsten wireconnected to nickel supports.

The wire was 0.005 mm. in diameter and approximately 1 mm. long.
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APPENDIX II

TWO-DlMENSIONALITY CHECK - WALL JET INEQUILIBRIUM

PRESSURE GRADIENT

Figs. (46 and 47) show the ve10city traverses for a

U·
jet ve10city ratio (..:J. ) = 4.05 and b = 0.375in. The wall jet

Uis

was surveyed with a pitot tube at two stations 0.5in. and 15.5in.

downstream of the slot exit. Within 6in. of the centre 1ine the

profiles were a1most identica1 across.the f10w and indicated on1y

± 0.90 per cent variation in maximum ve1ocity·at 0.5in. downstream

of the slot and: 0.80 per cent variation at 15.5in. downstream.

Observation of surface tufts a1so indicated that the f10w

remained effective1y two-dimensiona1 even for values of

less than 1.5., for which the f10w tended to separate.

(~ )
Uis

Thus

•

•

•

the flow was considered ta be effective1y two-dimensiona1 for

the range of measurements which are presented here.

STANTON AND PRESTON TUBE CALIBRATION.

Stanton tubes were staggered one inch on either side

of the centre 1ine of the wall at 6.5in., 12.5in., and 18.5in.

downstream of the slot exit. These were mountedon the wall

as shown in the sketch, (see Fig.(49)>. It was important to check

the two-dimensiona1ity of the boundary-1ayer f10w before

ca1ibrating the Stanton tubes in turbulent boundary-1ayer with

zero pressure gradient. Fig.(48) shows typica1 bound~ry-1ayer

ve10city profiles at x = 15.5in. The ve10city profiles within
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6in. on either side of the centre line of the wall were almost

identical and thus the flow in boundary-layer was considered

satisfactory for calibration .

. An extensive investigation was carried out on the

stanton tube at x = 18,5 in. to find out the effect of dust

and dirt. The dust and dirt did have effect on the Stanton

tube readings. The flow was filtered and the dust and dirt

was ·blown out of the Stanton tube usingan ordinary bic'yèle

pump. The tube was then recalibrated. It is seen from the

calibration curve of this tube (Fig. 49) that the change in

calibration i.s hardly noticeable. Once·:.< sufficient confidence was

obtained from this tube)two other tubes were mounted at 6.5in.

and 12.5in, AlI the Stanton tubes were calibrated in turbulent
. (13)

boundary-layers w.ith zero pressure gradien~ using Clauser 1 s

universal curves with A = 5.6 and B = 4.9.

Fig~(49) shows the calibration curves for these tubes.

The Stanton tubes readings were extremelysmall and it was not

possible to use an alcohol manometer. A sensitive pressure

transducer was used to measure the Stanton tube pressure

differences, and the transducer output was fed to a vacuum

tube millivoltmeter.

in terms of mV using

Thus the Stanton tubes readings are presented
. (19) .

Preston'snon-dimensional parameters.

•
In plotting these results a nominal height of O.OOlin. was
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assumed for the stanton tubes. It was not possible to calibrate
U2 d2

. ~

the tubes beyond lOglO (---v--) = + 0.24, with the existing range

of boundary-layer thickness, however the calibration curves are

extrapolated linearly beyond this value, a procedure which is

justified by the calibrations of the Stanton tubes by Bradshaw

and Gregory(20). It should be noted that only the Stanton tubes

were finally used in the present experimental investigation

although a Preston tube at x = 18.5in. was used initially

before it was confirmed that the law of wall was not universal

for wall j et.s .

Fig. (50) shows the Preston tube calibration curve.

The tube was calibratedin the same fashion as the Stanton tubes,

it
but the pressure d.ifference. being large was measured on an alcohol

. ~

(19)
manometer 0 In this figure) Preston' s pipe calibration , Smith

andwalker's(21) calibration and Rélf,s(22) calibration are also

plotted. It is interesting to note that.the experimentalr,esults

are in best agreement with Relf's boundary-layer calibration,

but these in turn are not very different from the calibration

of Smith and Walker who used a moving element technique.

TUNNEL TURBULENCE LEVEL.

As a preliminary to the investigations (and before the

availability of the hot-wire equipment) the turbulence in the

free stream of the tunnel flow was determined by meàsuring the
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base pressure coefficient b~hind two smooth spheres of different

sizes. The results are shown in Fig.(51). The measurements on

the larger sphere indicate a slight tunnel blockage but the

smaller gives acritical Reynolds number (corresponding to a

base pressure coefficient of - 0.22) of 3.65 x 105 . This is

indistinguishable from the value in free air and corresponds to

a longitudinal turbulence which is certainly less than 0.5 per cent.

~oldstein(23~.
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TABULATED RESULTS OF THE PRESENT EXPERIMENTS= ~

WALL JET IN EQUILIBRIUM
PRESSURE GRADIENT

-+ -"

Uses Uf>/!
Cm) (:0) (~) l~) AAI\JG E

Uj 'lt
billS. ~'IN5 95 iws.

FROM t:RoM l="Ro~ FROM
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V
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-- f-..
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1000
6-0 )(104
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l·t~lllo'"
4 6·0\ 0·40 0·011 0·010 226-5 5-75 -0'449 -0·462 - 5·0 -5,0 0·0637 _ 1 4

\\·15'l< 0

2,82'0 -2,-0
4-12)(10+

5 6·0 0-20 0-025 O-O\:3B 5-G5 -0,448 -0,462 - 3·0 0·0515
G.79 l'\0

4

\·625)(10'1-
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TABLE II

AVAlLABLE DATA FOR EQUATION (14): AS APPLIED

TO THE OUTER PART OF A WALL JET 0

CASE SOURCE btTl5.
U· &~ ~.J..
Ul5 b b

'SIGAL-LA 0-3\3 co - -8'03

~C.HWAR:Z. '8> 1·00 co - - \\.2.
WALL JET co5ART

IN
l=ëRTHMANI'J ~. ~B 0::> - - 6'7STILL AIR

PRESENT 0-20 00 - - lO·Q
lNVE$TIGATION

0·06\ 2·96 0-9025 -2~'0
~

GEORGE 0-065 3·001 0·837 -20,0
WALL JET IN

0'06'25 5·ee 0·876 -16,0

ZERO PRESS,URE
0·20 3·0 - - 20·0

~RAD\E.NT PRë.~EI\IT

IN\lESTIGAilotJ 0·20 5,95 - - 16·0

0-'2.0 ~'O 0·144 -7·0

Oo~75 4·05 0·\0 -7·76

WALL.. :rET ItJ

PRESEI\.lT 0·402. 0-0 0·078'2 -\0·0
EQUILI6RIUM

INVESTIGATION

PRE~SURE
0-40 6·01 0·0275 - 5-0

GRADIENT. 0-20 6-0 0,1'26 -3-0

0-20 10 501 0·197 - 11·5
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TABLE III .

COLLECTED VALUES OF A AND B IN THE LOG LAW-OF-WALL
AND COEFFICIENT OF SKIN FRICTION.

u· ê.

CASE. SOURCE ..1- 6Îns. ~=2\ &) u, U", )'M A B
Uis UM -V

8·61 x 'O~ 3·9 9'6

MYERS et dt 0·0
3 3-95- 0'50 - 6-52""10 7'45

et.
4·4$"18~ 3-75 8'6

.J
6·8~)(.lcfJ 0·00673 4,45 6'oS

~ 3
2 - 0·'2.0 0'00554 0·0 8'44><10 4·2>5 8·05

PRESENT o· 00531 9·1 x Icf 4-75 1·7
~
h 1l\l\lESTIGAiION. 0·00568 9.92. le 10:' 4'0 7·915
J 3

3·9J - 0·20 0-00512 0·0 11-56><10 9'7«
3 0·00524

:0 4,4 8·01ê.·4~ .... \0
:,

BRADSHA-W & GEE. 0·018 0·0
2,'51)<\0 4,7 6·8- - '" 31'2.. 5~"IO

-
8·66 )(IO~o· 00573 (}4'28 4·3 7·8

1- ::,
0 2 0·0 0·20 O' 0048'2. 0'510 10-60"'10 . 4·1 S'oSCi u.J

~
aw PRESENT 0·00494 0'570 13·515,..\0 4-IS 9·1'" ~

2 \.'j INVESTIGAiION. 0·00591 0·2322. 8.88 )0.100 4·4 ,,5

~
UI

5·95 0·'2.0 0·294 ~
4·15 8·6Cl! 0·00518 10-5 le Id

'ï :J

~ O, 00522- 0·353 :3 4·9S 7·35...J IO-5~'" 10
.J W
« Cl!

~
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0·00612 6'o4lC103 4-65 6,45
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~
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