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SUMMARY

The self preserving free jet in streaming flow has
been investigated by studying the equations of mean motion for
two-dimensional turbulent flow. It is found that at high
Reynolds number 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-layer on the outside of the slot is also cqnsidered.
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 onthe-outer part of the flow is considered and formulae
for the growth of the inner bbundary-layer 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 agreément 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 well 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 appliqatign. 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 - function 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)
Cy - constant of prqportlonallty defining variation of U;.
Equation (16).
- Co - constant of proportionality defining variation of UyM.
Equation (16).
Cg - skin friction coefficient.
D - diameter of sphere.
d - nominal height of Stanton tube or outside diameter of
Preston tube.
F, - function of jet velocity ratio- (_l ) and@-—)
Equatlon (14).
U
F, - function of ( ), equation (15).
£ - function of non-dimensional cross stream co-ordinate
n for the variation of mean velocity, equation (2).
31 _ functions of non-dimensional cross stream co-ordinate 7
g% for the turbulent Reynolds stresses, equation (2).
H - free jet form parameter as defined in equation (6).
. K - a constant = 0.833.

1o - length scale.
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exponent for the downstream varlatlon of veloc1ty scale.
Equation (5).

exponent for the inner bouhdary—layer mean velocity profile.
(Btl) equation (27).

stagnation pressure measured with pitot tube

pressure at the base of sphere.

wall static pressure.

total bressure in tunnel main streem.

Reynolds number = (UJ ).

Reynolds number = (

mean velocity in the x-direction.

turbulent fluctuatlng component of velocity. in the
x-direction.

velocity scale = (Uy ='Up).

free stream velocity.

jet exit velocity.

maximum velocity in the x-direction. -

hypothetical maximum velocity in the x—dlrectlon at the
slot exit. Equation (11).

free stream velocity at slot exit.

T
o
skin friction velocity = —E .
mean velocity in the y-direction.

turbulent fluctuating component of velocity in the
y-direction. '

downstream distance from hypothetical origin = (x +Xo)'

downstream distance from slot exit.
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distance of hypothetical origin from slot exit.
distance perpendicular to the flat plate.

value of y where U = U
U-U,;

larger value of y where'(ﬁ;:ﬁl) =4

2

experimental constant.

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

length based on the slope of the mean velocity profile

-

U
at the inflexion = (Eﬁf

oy’ ym/2
non-dimensional cross stream co-ordinate =‘(¥o).
non-dimensional cross stream co-ordinate = K(y M

YmM/27YM
kinematic viscosity.
density. 400
. u(u - u;).
free jet momentum thickness = 5 dy.
: U
: 1

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

turbulent shear stress.

shear stress at the surface.

Subscript s refers to conditions at the slot exit.



1. INTRODUCTION

Useful solutions 6f the boundary layer eqﬁations have
been obtained by examining those particular flows for which the
profiles of mean velocity are similar or self-preserving as the
flow proceeds downstream. For such flows the partial differential
equation of motion is replaced by a fotal differential equation
which can be solved either analytically or numerically. Such
solutions have been obtained in the past for bothtlaminar and
turbulent flow although in the latter case some phenomenonological
theory for the shear stress has been assumed in;order to determine
the‘velocity distribution. -

The purpose of the present investigatioh is to examine
the conditions for which the flow of a two-dimensional turbulent
jet sﬁrrounded by a moving stream is similar and self-preserving.

- The application of the theory to a two—diménsional wall jet is
also considered.

For a jet surrounded by similar fluid at rést it can
be shown Ey dimensional analysis (1) or by a detailed examination
of the equation of motion(z) tﬁat, if the static pressure is
uniform e&érywhere," the velocity profiles become similar once
the potential core emerging from thé slot has diéappeared.

When the jeﬁ is surrounded by a moving stream of constant veiocity

aligned with the jet, the flow is not strictly similar, although
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(3)

similarity has been assumed in the .analysis oflAbrambvich
and Craven<4). This procedure is to some extent justified on:
the grounds that.the flow is closely similar for‘the two extreme
cases: |
(1) when the jet speed exceeds the free stream speéd
by a small amount»énd the flow resembles a negative
wake of small ?erturbation.
(ii) when the jét sbeed e#éeeds‘the free'stream‘speed
by a large amount and the flow aéproximates:to that -
with sur;ounding fluid at rest. -
A jet surrounded by a parallel stfé%ﬁfin which the
speed varies in fhe downstregm direction has not yet been exémined,
although the fiow is cloéely related to'thét of a two-dimensional
wall jet in a streaming flow for which tentative theories have
been‘giveﬁ by éarriere,‘Eicﬂelbrenner and Poisson Quinton‘B)
aﬁd by Gebrge(6). In bofh thése theories a forﬁvof downéﬁream
similarity is assumed. In general the flow in the outer part ‘of
.ﬁhe 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-dimensional. turbulent jet in a parailel streaming

- flow with variable pressure gradient are examined. The analysis
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closely follows the work of Townsend(7) on equilibrium turbulent
boundary layers, which layers have similar profiles in velocity’v
defect in the downstream diféction° The analysis is applied
to a wall jet.in.a similar pressure gradient, and as a first
approximétion.the"effect of the ne&ly growing bouﬁdary layer on
the wall is negleétéd;v‘The analysis of the nery,growing boundary
;layer is then considered. Finaily as a second. approximation
the effec£ of the inner boundary layer on the outer part ofAthg
wall jet is also investigated»ahd an_empéfical'forﬁula for the
total mean velocity profile is given;

The'presént solution is of interest in the application
of blowing for b0qndar§ layer control to prevent separétion in
that it gives, subjegt-ﬁo the requirement that the jet'momenﬁum
is sufficiently large, a class of solutiqﬁs for which‘the velocity
profile may be predicted.

| The predictions of ﬁhe theory are éomparéd with -
measurements of a wall jet in a pressure gradient tailored to
produce mean velocity profiles wiﬁh,doﬁnstream similarity.
- Results for six ratios of jet velocity tb free stream velﬁcity,at
ﬁhe sibt exit and four slot widths arevpresente;d° In addition the
skin friction was.measureq‘with Stanton tubes for three ratios
of jet velocity to free stream Velocity and with one slot width.

For comparison measurements were also made on wall jets in still

air and wall jets in streaming flow with zerqpréssure.gr.adie'nt°

A few measurements of the longitudinal turbulence are also. presented.
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2. THEORETICAL ANALYSIS

2.1. Free Turbulent Jet in Streaming Flows:
For two—dimensional incompressible flow in the X=y
plane, the steady boundary-layer equation of motion in the

downstream direction x is -

. du A - %) au;  d%U
U +V ay + dx + ay =":Ul —d}-{- + v ayg o.n(l)

where U and V are the ﬁean velocities in the directions
X and vy,
-u.ahd v are the turbulént fluctuations about the mean,
- Uy is the free stream veiocity exterﬁal to thebshear flow?

)

Fbllowing Townsen-c?{(7 self preserving flow is assumed

in the downstream direction with a length scale lb and a>velpcity

scale u

os which are both functions of x.

. Thus the mean velocity U = U, + u 'f(%o)

1
P2 e (X
and the turbulence stresses u® = ug g; (10)
I >m(e)
vE = ul g27(1o)
- Y
uv = ug g, (10)

/

where £, 915 95 and_g12 are functions of the non-

dimensional cross stream coordinate 1 = %o
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Invoking the equation of continuity for the mean flow

Ju _5_\_}_ : |
ox +vay =0 _ . ce.(3)

d(ugUi) du, , X ug d(1Uy)
2 ‘ .
- u n- g, - g :. ' :
o dx ‘“o'o o 15 1 "ol dx 1, Ty,
u | ' coo (4
= Y ‘]'_'8 f" ( )
(o] ‘ ’

where primes denote differentiation with réspect to n
" ol |

If the Reynolds number is sufficiently large,
the direct viscous'term on ‘the right hand side of equation (4)
is relatively small and may be neglected. Equation (4) is then
independent of x if the various coefficients in the equatioﬁ are
proportional to one another. Thus if equation (4) is to be valid
for all values of x the following parameters, obtained by dividing

2
u .
through the equation by (TQ) must be independent of x:
o’ .

lgodlugty) Lo By 1 0G0, d(lot) alg
ug dx "ug dx ug  dx’ Tu, ax . oax
. . . . . - dlo 1 du_ = :uO
These requirements are satisfied if ; 2 9 and —
e :
are independent of x.
It follows that
1 « (x + xo)
o
uo o« (X + Xo) _ °°°(5)
m
U, = (x + xo)
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where x _ and m are constants.
A second solution is lo = constant, u

“and U, both

o 1

proportional to e raised to a power which is proportional to
(x + x ).
o _ :
These reéults as applied to the outer pért of the
turbulent boundary layer were first derived on the basis‘of more

(8)

restrictive assumptions by Rotta 5 and'later discdssed‘mOre
rigorously by Townsend(2)’(7)’ for flows with small velocity
defect. |

These equations may be applied to a two—dimensional
turbulent jet in a streaming flow, if Ul(x) is the main stfeam
velocity surrounding the jet, and go(x) + Ul(x) is chosen to be
the.vglocity at the center of the jet.

The component m can be related to the’non—dimensional
jet velocity (%%) as follows:

- The integral momentum equation may be written .

a@+® (4,9 L,
dx dx ’

Y1 T ax . ...(6)
" u(u-uq) louy T U,
u(u-
1 =G —o
where @ = f_____g dy = U]_ J(f+Ul fe) dﬂ
-00 U3 -
) rcc ) +co
U- U 15U

and H B = J lgy =229 den
: v C-00 Ul ) Ul -0

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

1+m(E+2) =0 : eoo(7)
- +w '
ffdﬁ
1 -0
and thuS‘E = - 2 + , (8)
+m u . o0
f(f+ — f2) dn
L ) _ Uy

The f§rm of the function f may be determined from .
_equation (4) by invoking one of the phenomenonological thedfies
. for the functions gl, g2, and in particulaf’glz. However the
available experimental data on wall jets and free jets in stre;:lm_=
ing flow suggests that £ is given with reasonable accuracy by
| £ - e
a form which correctly satisfies £he boundary conditions

f(o) = 1 |

£(fe0) =0
substituting (9) in (8) gives a relationship between m and the

jet strength ratio (11.9.)°

U1 | -1
1
m = - 2 + u ) o o o(lo)
1+ -2 ‘
J2U;

' u
It is noted that for jet flow, (EQ) > 0, the pressure

1
gradient is adverse and m lies between - % for a weak jet and

-,% for strong jet, the latter being“equivalent to a free jet in
u

still air. If -1 <59<O, the solution represerits a self preserving
_ 1 L |

wake in an adverse pressure gradient with m between - i and - 0.185.
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For larger values of m, backflow occurs., .

The flow constants may also be felated‘to the flow
emerging from a slot of width 2b. Suppbse«that the slot is
sitﬁéted,at X = 0, the jet velocity profile is uniform there
and equal to Uj, and that the boundary layer passing over each
s;de of the slot has a aisplacemenﬁ thickneSS'ﬁg and a momentum
thickness 0g. . The hypothetical "similar-flow" profile at x = O
isv

U= Ugg + Uog E(Tg)

where suffix s refers to conditions.at the slot.

The two flows‘may be relétéd approximately by matching
both the méss flow and the momentum flux from the centre line
Yy ; 0, to the pléne, y = h,_whefe h is largevand'is so chosen

that the flow is effectively irrotational there.

: h h
. . | -2
. Mass: Ujb + - U dy = Ujg + usg © dy
. b o S _
: ‘ B : &
s
- Ujip - Uig (6; + b) = Yos los 2
2 _f 2 -n2
Momentum: Ujb + U~ dy = U;jg + u, © ay
by, S
2 2 T Uog

UJ.b;—-UiS(eS + 6% + b) = u,. los o (2Uis+7§T)u

whence, by eliminating los’

1. U3 2U
JZ (=L )% - 6_ + 6% + b - —1 1,
Yos _ Ujs | S 8 Uis J
Ujs U.
(__]_ )b _‘5* - b ona(ll)
Uis S .
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Combining equations (10) and (11)

. -1
(%-,l )b - 6% - b ] | |
m=- |24+ 18 : : ...(12)
Uj 2 U
- o

which reduces to the simple form

-1
U, — |
m= - 2+(-5j.-§) | | ...(13)

when the upstream boundary-layer is very thin compared with the
slot width b.
. The values of m computed from equation (12) are shown

in Fig. (1) as a function of the jet velocity ratio at the

A Ui . . ,D¥
slot, (E% ), for various values of (BE) assuming that the form
~Uis

b*
factor of the upstream boundary-layer 5§ = 1.4, which is the

s
conventional flat plate value at moderate Reynolds number. It is

: U,
noted that in the vicinity of (E%s) = 1.5, self preserving
forward flow is impossible unless the upstream boundary-layer
is very thin. A strong departure from similarity is therefore

anticipated in this region and such a behaviouk may'be seen in the

, 6 ' Uy
results of George ). For larger values of —%- it is. clear that
is
a self preéerving jet flow is possible even if the initial bound-

U.
ary layer is quite thick. Furthermore for values of *% less than
: is
unity a self preserving wake flow is possible.

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

U.
the value of X5 will depend on the jet velocity ratio E%s,-the
X

slot width b and the upstream boundary-layer parameters, since



'...IO..

scale effects are usually very small at sufficiéntly high
Reynolds numbers. The-dependence on the form parameter of the
upst:eam‘boundary-layer may be neglecfed if the upstream pressure -
gradient is sufficiently small.
X Us B*
Thus (£2) = Fy (g1 —B) oo (18)
The only experimental information on the value of
this function applies to the particular case of a free jet.
. From the measurements of FOrthmann,
- Fy (o, 0) = - 1.5
By dimensional considérations it is also concluded
that at sﬁffiqiently high Reynolds numbers, the rate of gfowth of
the length =scale,

dl,. . UM
09— Fo(— . , _
= - g(Ul | | ...(15)

where FE(l) = 0 and the function increases with increasing

Upm
Ul . -
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2.2. Turbulent Wall Jet in Streaming Flow:

T -

OUTER
REGION .

UJ' —_—

——
— == — :
=‘-—'

P22 227277 P77V P77 VIV 7707 FVIIP277 777777 777777777777 I"/If

e S
Un
X :

‘Ip the case of a fully developed turbulénf wall jet
it is possible to‘devide tﬁe velocity profile at any section
sufficiently far downstreaﬁ of thé sloﬁ exit into mainly two
‘ :egions as shown above. . Tﬁe inner region includes_that part Of
uv¢16¢it§'§£6file whiéh fesembies éh ordinafy tﬁrbulent'bbuﬁdaryQ
layer with Uy as the velocity at the edge’ofAboundary-layer
and Ym the boundary-layer.thicknesé.‘ The outer region includes
the part of velocity'profile which resembles half a free jet
in streaming flow. . The analysis of this outer reg;on is

given in the next. section.

—K (Y90
T v %‘= : (UM yM/z_

[

. | ' B \\5

b} ' > ) ) "’:}U;T INNER REGION
P

J
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\

.Quter Region of Turbulént Wall Jet in Streaming Flow.

The flow in a two—dimensional-wall jet in streaming
flow is similar to half the previous flow at sufficiently high
Reynolds number, for then the 5oundary-layer represents only a
small proportion of the total velocity profile.

Since the similarity should now strictly extend into
the wall 1aw'region further restrictions are necessary to ensure
self preservation.  The skin‘friotion velocity U, as well as ug
and U;, must be proportional to (x + xo)m.- Further the Reynolds

ugl (2)
must be constant o

number formed by the scaling parameters

A4
Yo
Thus m = -1 and G‘ = =2 /2.
1

- Hence a strictly self preserving forward flow is not
possible.

- Approximate self preservation may be attained for small

u

Efvwhen the length scale and the velocity scale are related by

the logarithmic form of the wall law.. For such a case l, is no

longer proportional to (x + Xo).  (Refs. (2) and (7)).

u _
. For large Ef approximate self preservation may be

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 repreéents the slot width.and 5;, 6g the thicknesses of
the boundary-layer flowing over the top of the slot. . The
exponent m goverﬁing the variation of main stream velocity is
given by equations (10) or (12). However the raté of linear
growth of the'outer half jet and the exact form of the functional
relationship for x, (equation (14» may be expected to differ

from that for free jet flow. -
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2.3 Inner Boundary-Layer Development
In the followinglanalysis of the inner region it is
aésumed'that,
(i) all the conventional boundary-layér approximations
‘apply including that the Reynolds normal stresses
are negligibly small and
(ii) the shear stress at the edge of the inner layer
(y = yM) is zero.
The last assumption is at variance with the measure=~

(10)

ments of Bradshaw and Gee using slanting hot wires, but

such measurements afe notoriously difficult to make and

further measurements are clearly necessary. The above
assumption ﬁo. (ii) 4is also in disagreement with Schwarz and

. Cosartﬁll) However, the present theory gives useful results,
Furthermore, longitudinal turbulence measurements show a minimum
aﬁ*y = yM thus indicating zero turbulence production at y = Ym»
(Mixing}length theory) and seems to contrast with the

(10)

measurements of Bradshaw and Gee 5 énd Schwarz and Cosart(ll)o
They investigated wall jet in still air fo: 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 eqﬁilibrium pressure gradient turbulence

- will be small at the velocity peak.. . On these grounds it is

possible to make the assumption No.(ii). No attempt has yet
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peen made to measure the shear stress at thé velocity peak,
-ﬁoweve:, the experimental results agree very well with'thé
theory given below.

. From previous analysis it is shown that:l

Uy =Cp (x+ %)™ (16)

and Uy = C, (x + x, )™

where m is a known constant and a.function of}%% =‘§§,

- For the inner region Uy represents the streaming flow
and Yy the boundary-layer thickne#s of a flow which resembles
a conventional turbulent boundary-layer but with a relatively
high maiﬁ stream turbulence. |

- Thus momentum and continuity equations can be written

as:

U L QU - 1dp 13t ‘
Momentumf US; + V3y = o dx + p Jy ..o (17)
oU . --
where: T = (u 3y - puv)
: 3 ' ,
Continuity: Sg + %% =0 ...(18)

With boundary layer approximationé the momentum equation can be

written as:

Ju du duy 1 o1 . :
Ux +t VSy = U I * 5 dy ...(19)
Integrating equations (18) and (19) fromy = 0 to y = Yy With

boundary conditions:

at y=0 7 Toand U=V =0

...(20)

and at y=y. 7T =0 and U = Uy



2 M
T _duy C1 du | Jdu
5 tWax Y, (E) = . (U5x + Voy) .dy
: 4 2 1
1, =& 1, L
= 3% (UM - ym) J(n) dn - g(n)n-d-’n]
(o] (o]
1 1
U d
Uy Yy T 'f('n)n i
o
.U T h'A
where =— = (1) and n =
. Uy M

P dx
1
duy f 1 &C }2
—_— n - A
- Uy ¥y “ax g (n)".an - (c, ...(21)
Ift £oat y = yy the above equation is modified to

: o1 o2
(2o -1y _ d_(ug vy) [ f(n)n-dn - J(n)n-dnJ

P P dx o
1, 1 2
| dum [ n éEl%
-~ Uy Yy ~an ()7.an - () ... (22)
- o
Assume a power law form for skin friction
T aU
-9 _ M_ ...(23)
v
"where o is a constant and N = Eél from the law of the wall and

is consiftant with the assumption of a power profile for

9] n '
(ﬁﬁ) = 1 , and can be easily derived as follows:
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From equation .(23)

o 1 3
‘pUM * (UM)N
D - '
. U « 1 ‘ ...(24
RS (ﬁi) ((UM)% | .(2 )

(57 = <=9

1,th '
i.e. with the assumption of (;) power law velocity profile

near the wall the law-of-wall would be

1
o : yU,. n .
U YU n
Uy = constant. ( " o ...(25)
at y = Yu AU = UM
' 1
U YmYg n
R )
» . UT
. n41
> o n 6
i.e. UM‘ U, B o | ...(26)

substituting equation (26) in equation (24) gives:

2
AT -1

U. 2
o) = () = (oy) N

’ n+l |
o N = (FF) | | .. (27)
It should be noted that equation (27) is generally true and does
not depend on the existence of the universal, lbgarithmic, 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 Rg
- (i.e. n = 7). It should be noted that similaf’éssumption of a

| _ o | | (12)
power law form for skin friction was also made by Myers et al

when analysing wall jet in still air.

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

5 .
av, 2 dUy
M - d -
1=.A'cK(UM Ym) BUMYM ax ...(»28)
UMYMA\N
( M M)N
v
. lj 1 2 n
where A = (n).an - j(n) dng = ——
, o o (n+1) (n+2)
1 1 2
~and B = f( W, - (C1 __—n__ . (51,°
N U c. (n+1) C
o 2 2
Now writing X= (x + x )‘and substituting for U, = c_ X"

M 2
equatlon (28) reduces to: |

my dyy
va 1 = xM (2A -B) +Ex — ...(29
m L1l =
N

The proper selection of velocity profile in the inner
layer defines the quantities A and E; which are determined by the

exponent n describing the velocity profile.
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The solution of equation (29) can be easily obtained

as:
[ 1 N__
N N+1 N-m
(N + 1)av N1 (30)
YM = j 1_'%_ R - B - X . 3
ACy, Im (T'),(Nﬂ) -1| +N
The equation (30) can be written in non-dimensional
form as follows:
" N
N+I
(Zﬂ) _ (N + 1) a
b A -8B
A {m [( ) (N+1) -1] +N
1 m N-m
y L oxg NI +xg, ML
'(bUM ) (b—') ] ( 5 ) ...(31)
S
—U. 2 65, 0% - oY
: (UMS Uisg J2 [(U{-S) - _E. + T + 1 Q(U{-s)
where U. =
is ey 5x , ...(32)
(gt ) -_5-1
ls b
Um x + xo
B = () - (33)
S fo) :
Uy b
and Reg = ( " ) -(34)
N-m

Hence. (%ﬂ)_ o b‘j;“‘) | ...(35)
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- skin friction_Variation:-

, To

~Define skin friction as C_ =

. £ i 2
2 PUM

. o 2a .6)
o . = l : o s o
£ (UMYM £ (3
v

Substituting the values of Uy and yy from above analysis into
equation (36), gives:

. ‘ ‘ ' m -
1..

-NFT
(2 )W.l"c i 20 (52) | ..+ (37)
s f (v1)a e B
z BBy (N + 1) -]+ nll . (EXo
A {m [(, A : ] ( )
It is clear from equation (37) that
L
f es X+Xo I\H.[l:i'l__l 000(38)
5 ) ~

» (12)
Equation (38) is similar in form.to Myers et al -

Considering the limiting values of m for weak and

-3
1

rR. T
:es

strong jets in equilibrium pressure gradient, namely m

and - > and exponent n = 11, C

£ varies proportionately to
1

. 1 : - . e
2;1;2;0.0952 and (X+xo)0-0715 respectlvely.- This indicates
b b

that C¢ is not very sensitive to changes in either R

. -+
or (xbxo);
: (ll
Schwarz and C:osart

found experimentally that Ce does not

vary much with x for a wall jet in still air. As a strong
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wall jet in equilibrium pressure gradient tends to a wall
jet in the still air caée, their observation is in agreement

with equation (38).
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2.4 Effect of Inner Boundary Layer on Outer Flow.-

As a second approximation to the analysis of section
2.2, the effect of the inner boundary-layer is now considered.
From the pfevious analysis it is clear that the outer

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

s M et
= =1+ (= - l)e and the inner boundary-layer region
U U1 1

. U -, UM m
i.e, can be represented Db - =
( Y £ ¥YM) P y (Ul) ()"
The integral momentum equation for the whole flow

can be written as:

To a0 ., & a1 (g4 2) - ...(39)
6r u U
where 6 = f = 1 - =
Ul ( U]_) dy
o]
) U
and H O = g(l -3 ) .dy
: o 1
_ R 5
U 2
Now 6 = .f o (1 - Ul).dy
o
YM 6—»00
U U U U
o M
| - T } _ y
B/L outer part
[+ o]
Yru, 1 uy?s % 2
=y 3 " - (07) an+ |fr+g, &M
- M Ui 1M n Uy
o o
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v .
where U,o = (U, - Ul) o= )

M
| | Y - ¥y
and using 1_ = (yM/2-yM) « (x+ %)) :n = K(y&._ . );
= M
2

K = arbitrary constant =,O.833.

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

| n U n ' YM/2"YM, Yo VT Yo
. 0= Yy [%% (841) - (ﬁ%)e(;:§>] - [(-M‘%-M>(a;: %)(1ﬁ5ful)}

.(40)
. U n
. ‘ M—=— M/2" Yy '
Similarly H6 = yy [l - ﬁz(n+l)] - [( )(Ul)( 2)] ... (41)
Substituting equations (40) and (41) in equation (39) gives
avy _[c v sz Yo ]
( ) [(n+l) (Ul)(n+2 ]' Tax [K'Ul' Ei(l * /By
pUl U X 1 ]
. _ uy
N - M n - YM YM .__Q_ =
M[ gl n+l)] (_LQ__ ) U, o -
+ m|2 +'U » : v
MM [ n_ _ M n_ M/2 .
o )| - <——41-5——> o (1+¢§U ]
UnYy n Uy M£2 M UoF
(=7 - (U_)(n+2) X ( ) (5o )(l+ —
Uy (x+x0) n+ Uy 2 J§U
.(42)
- As previously obsefved.@quation (35) ahd also see
section 4.1:9 ym 1s very nearly proportional to (x+xo)..
Also (yM/2-yM) = C(x+x,).  Hence substituting these in equation

(42), it becomes:
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T U dy u \u
—o, - (L _n_ Oy ¥ ¢ Yovz o
pUM , (UM (n+l) ( )(n+2) ax (K ‘UM 2)( 2Ul)
‘ R
- S mp] - [ e 2L | T
: U n+l K 2
1+ 2 + - b} ‘
UM n Ym/2™¥M Yo
(. [(m - 3 (2] [(—L—KYM )52 L1+ 32)
When the boundary layer is neglected this equation reduces to:
1
L +m 2 + a = 0.
l,' +~/§Ul
in agréement with equation (10) of section 2.1.

To assess the effect of the inner bbundary—layér on the
outer part, thg& value of.m is obtained from equation (43) and
compared with that obtained from equation (10).

Rearrénging equation (43),
o
2. (M
( PUM ‘ ( Ul)
dy -1
M _C Yoir Yo
[<n+1> @] 2 - 5 2F g2
= - (44
" 1- (M) (_n_ (Im2"¥M y 1 %0 JT ()
Up® 'n+l N - K.uy 2
2 + : e /7
@ [n-@h )| - e gt B =)

which when the boundary—layer is neglected once more reduces to:



-1
1
1+ 2.
Jau,
[ .
The following table gives a comparison of the m values
obtained from equations (10) and (44), using measured results
which are described later and n = 11.
U; dy Y o ul m
-1 M M£2 o ‘ S
Uis s | ax ) From»equa;f(lO).Fromzequaﬁ (4h)
3.00 | 0.2|00072 | 3.8% - -0.k4o7 -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 sufficiently’ in .close agreement, for.most practical

purposesjywith thosé obtained from equation (10).
Thus the inner boundary-~layer indeed has little

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

gradient.
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2.5 Non-dimensional Mean Velocity Profile Including the Inner

Boundary-Laver in an Equilibrium Pressure Gradient:

From the analysis of the previous séction (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 selectibn of a power profile for the inner region, the
gradient of mean velodity 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 = U
at the matching point is fulfilled by both the inner and - the
outer profiles. Furthermore, consistenf with the assumption

the shear stress at the matching point is also zZero.,

Thus the complete non-dimensional mean velocity

profile is given by: « (y - M 2
U n‘ B It M
( M)(X_) - , YM Ym
(U—U]_ U1 Ym /2
U, ) = 5 + e

M) ' '
U1 ... (45)
0 <y < ¥y, Yy < ¥ <@

It should be noted that each part on the right hand
side ofiequation (45) only applies within the respective limits
and is assumed to be zero elsewhere. Also note that
Y/ © (x + x ) and yy, = (x + x ) thus ( M/2) is a constant

which in turn is a function of ( )
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3. GENERAL DETAILS OF THE EXPERIMENTAL INVESTIGATION :

Braed &wﬁryngtail of the experimental apparatus

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 effectively‘two—dimensional; This was achieved
by using a blower funnel and a test section with adjustable
louvres similar to the test section of Clausér(l3).

_ Due to the flexibility of the apparatus it was
possible to investigate fér comparison wall jefs in still airl,
and also wall jets in streaming flow with zero pressure ;
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 gradient was investigated. for (%i ) ‘equal

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

0.375in.
| 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, (g; ), of 1.07, 1.501, 3.0, 4.05, 6.0 and
is '
6.01, and slot widths of 0.20in., 0.375in., 0.40in., and

0.402in.
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Pitotutraverses on the centre line of the plate were
made by a round pitot tube with sharpened lips and also by a
flat 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 thefplAte and then moved up'with an .increment. of 0.00lin.
. The pitot tube readings were plotted simultaheously. When the
pitot tube had just left the wall a change in reading was
observed and was found to be lineaf with y for about 0.003in.
However, when the pitot £ube,was in contact with the plate
it géve»a constant reading. Thus knowing the size of thev
pitot tube the two intersecting straight lines gave the distance
of pitot tube centré line from the plate. . This procedure was
adopted as a preliminary for all the velocity measurements.
This method was extremely sﬁccessful and the repeatability was
very good. . The correction for £he displacement of the pitot
tube centré line was not made. The velocities were calculated
on the assumption;that the static pressure at a particular
section was constant across the boundary-layer.

Two-dimensionality checks for wall jet in streaming
flow were made at x = O.Bih,vand 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:
- k5]
. For a particular value of T b and 5; the value of m
is
was calculated from equation (12). A suitable free stream
velocity at the slot, U,,» was then chosen. Using equation (5)
Uy ‘ X \m ' .
(E_ ) = (1 + 3 )", it was then possible to calculate the free
Yis o ‘

stream velocity U

\ X ‘
1 at various — . The value of x was then

X
o . 4
" determined approximately by extrapolating George's results.

Using these approximate values of U, and assuming that the

1
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
were sufficiently streamlined to ensure that the flow left
smoothly‘and Without a vena contragta it was;pdSsiﬁlé 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., 12.5in.,
and 18.5in. from the slot exit. A Preston tube was also

used at x = 18.5in. The details of these tubes and the

calibrations are described 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 Dbrief investigation was made to determiﬁe the
longitudinal turbulence by using the-DISA constant temperature
anemometer 55 A Olflugwo'separate hot wire probes were used
to check the repeatability° “7: Platinum plated Tungstép
wire of 0.005mm. diameter and approximately lmm. length was
used.. The results df'the longitudinal turbulence at x = 19.2in.
are presented for the two cases of wall jet in equilibrium
pressure gradient (Ei = 3.0 and 6.0°and b = 0.20in.), and

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

H

WITH THE THEORY .

Experimental results are divided intovthree.parts
as follows:
(i) wWall Jet in Equilibrium éressure Gradient,
(ii) wall Jet in Streaming.Flow With Zero Pressure
Gradient.,

(iii) Wall Jet in Still Air.

4,1 wWall Jet in Equilibrium Préssure Gradient:

4.1.1 General
Pifot traverses on the centre line of the plate were
made at 6.5in., 9.5in., 12.5in., 15.5in°, 18.5in., and 21.5in.
downstream from the slot exit.. The Stanton tubes were fixed
lin. on either side of the centre line at 6.5in., 12.5in., and
18.5in. from the slot exit.. The hot wire anemometer traverses
were made at 19°2in;, from the slot exit.
The experimental results are for jet velocity ratios,
(g%s) of 1.07, 1,501, 3.0, 4.05, 6.0 and 6.01 and.slot widths
of 0.2in., 0.375in., 0.40in., and 0.402in. The test copditions

together with the upstream boundary-layer ReynoldsAnumber

(UiSGS) are shown in Table 1. Also shown in this table are
- _

. : U
the associated values of (ﬁ%), the exponent m, X the rate of

U
growth C and the wall jet Reynolds number ( M3M12)°
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4.,1.2 Variation of (g%),

It is seen from Figures (3.1, 3.?, 3.3, 3.4, 3.5,
and 3.6),  that the ratio (%%) is practically independent
of x as required for similarity. The average value of (Eg)
for each test is used to compute the exponent m in équation
(10). . The values of m obtained from equations (10) and (12)
are given in Table 1 and are in fair agreement with one
another. The values of.m obtained from equation (10) are
presumably moré reliable because the analytical formulation
of this equation does not depend on a éimplified allowance
for the upstream boundary=layer involving an overall

matching of continuity and momentum.

4.,1.3 vVvelocity Profiles.

Figures (4) show ... . the velocity profiles plotted

as (Hf ) vs y at’ various downstream distances, x, from the
is

slot for the seven test conditions.. These plots show that
the maximum velocity Uy decays as the downstream distance
from the slot increases’and that the free stream velocity Uj
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 tﬁe flow emerging from the slot and'the flow within ﬁhe
boundary-layer outside the slot, are no longer appérent
except for the cases of (%i ) = 1.501 and 1,07. In the
case of (g% ) = 1.501 ana ;S= 0.20in., the velocity profiles
distinctlyl:xhibit the influence of the upstream boundary-layer.
Farthér‘downstream however, the velocity profiles more clearly
resemble an ordinary turbulent boundary-layer. For this
particular test it was observed that the flow sepafated at
approximately (%) = 122.5 and confirmed by visual observation
made by using tufts on the surface of the plate. In the case
of (g; ) = 1.07 and b = 0.20in. the influence of the boundary-
is
layer outside the slot.is 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 6f the
tufts. The above two cases were investigated to confirm the
predictions made in the theoretical analysis.
For (g%s) = 1.07 case, it can be seen that the velocity
profiles are definitely not similar. For the case (g%s) = 1.501
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 Ei

U,
1S
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is clearly always difficult (Fig.l).

Another interesting point to note is that the
distance from the slot exit where the core of a jet disappears
may be a function of (%%s) and slot width. This effect although
not obvious in the velocity pfofiles for slot widths b = 0.375in.
O0.40in., and 0.402in. is clearly indicated in the non-
dimensional mean wveloclty profileéo

Figs. (5) show the velocity profiles plotted non-
dimensionally in accordance with equation (2), except that the
non-dimensional cross stream co-ordinate 1is transferred to
exclude the effect of the inner boundary-layer of the wall
jet.. Thus the parameters (U—U% ) and (Z:Zﬂa__) are chogen

to represent the similar velocity profile for the outer

region. The length scale YM/2 is the larger value of vy

Uty ) = % and YM is the value of y where U = U
Uy~ U1 2
In these figures an empirical form of the function

where (

M°

£(n) = (UfUl ) is provided for comparison.

Uy Uy 5
Y=Ym
- (0-833- (v
£(n) = (1) - .

. The Sechoz function is also plotted for comparison

U-U, 5 (y_ym_ \
i.e. £(n) = (=——= ) = sech. 0.88 =y . It will be
Uy-Uy Ym/2 M

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 ﬁhe
inner boundary layer region a satisfactory aegree‘of
similarity has been achieved in the Quter region of the
flow and also that the exponential function is in better
agreemént with the results. It should be noted that the
experimental results are slightly lower than the values of the
exponential function in the region between yy and Ym/2 -

Figs. (5.1, 5.3, and 5.4) show clearly that the
velocity profiles at a distance of 6.5in, £rom the slot exit
deviate slightly from ﬁhe similarity profile. This may be
accounted due to the core of the jet not having completely
vanished at this distance. Recent inveétigation by
R, Knystautas(l6) of a free two-dimensional jet indicated that
the éore of a jet disappears at approximately (%) = 8. . Myers
et a1{12) nave found 1-:hat.for wall jet in still air the

distance where the jet core disappears,lies between % = 4 and

% = 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

B

-1

be a function of U. and slot width.
-1

8
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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 (21 ) = 1.501.
Figs.(6) show the velocity profiles plotted using

the non-dimensional cross stream co-ordinate as suggested in
the theory. (Section 2.5, equation (45»,,Also on these
figures a full velocity profile obtained from theory is drawn

for comparison.

The inner boundary layer is represented by an 1 th

11

power profile and the outer part of the jet is represented

YM
YM/2
were obtained from the measurements.. It is clear from these

by an exponential function. The values of (g%) and (

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

dbtained_from exponential function in the region_yM <y < YM/Q'

4.1.4 . Growth of Wall Jet:

The growth of wall jet in terms of (Z%LQ) and (%M
is shown in Figs.(7). Both curves are seen to be linear for
the range of (%) which was investigated. Thus the curves
define the values of X5 and C in the growth equation for the

outer flow:



(yM/2 - vy =c(x+ xo) ...(46)

In agreement with equation (14)

%o Ui s
(F) =Fl (Uis’ —1;)

and the available values for this function for wall jets are
given in Table II. The values of C are also tabulated in

Ul
Table I and seen to vary consistently with (ﬁﬁ)-as expected

for self preserving flows, (equation»(l5».v Fig.(7a) shows

dym/2 dym Uy

the variation of (ax ) ana (3 with (UM). The latter
parameter is chosen to enable still air wall jet results to

be plotted on the same figure. The growth parameters

d¥y Yym/2 Uy
dx and T3 may be expected to vary with (Uy) and in Fig.(7a)

it appearsz that the relation is approximately linear.
The present experimental results are in fair agreement
with this prediction. Further, experimental results are

however required before a specific law is given.

. . UM . X
§,1.5 Variation of (Uj) with (S)'

_ m
The thiory indicates that Uy « (x + xo) .
Mmoo . . .
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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=Ly

U
: M
Figs. (8). It is seen from these figures that (ﬁ?) is

proportional to (%) over the range of (%) for which the pitot
traverses were taken. Note thét the curves are not extrapolated
in the region of the slot exit. In this region it was impossible.
to correct for the inadequacies of the one dimensional theory
used in setting the position of the louvers since similarity

is not possible in the mixing region near the slot. In passing
it should be néted that high wall pressures are usually found
near the slot exit in wall jet experiments (e.g. Ref.6), and
‘are attributéd to the high rate of entrainment there. These
wall static pressures may be also plottéd to obtain additional
but léess accurate values of (EQ) [Patel and Newman(l7n and

these are shown in Table I.

4.1.6 Mean Velocity Profiles - Inner Law Plot:

In all unseparated flows it is expected that
sufficiently near a smooth wall, the velocity profile is of

the universal form

v U
H = f 1 o s o
g, - (57 (47)
Io
where : UT = )

Very near the wall i.e. in the laminar sublayer, the

, ) yU
above expression takes the form of y = —;Eon the assumption
o T

that the shear stress is constant across the sublayer.
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g
D (=

In the outer part of the wall region = constant
which is usually independent of conditions in the outer part
of the flow.

U

Thus T = A log (XEE) + B ...(48)
. B ¥ v

It is expected that these laws will hold sufficiently
close to the wall but the values of A and B may depend on the
outer conditions and in particular (g%): (see section 4.1.12)
Similar observation was also made by Schwarz and Cosart(ll),

Figs. (9) show a pronounced semi-logarithmic region.;.
when mean velocity profiles are plotted with (%&) against (Xgi).
The skin friction velocity U, was obtained by usingAStanton
tubes and the detailsvof their calibrations are given in
Appendix. IL., Fig.(9.5) shoWs that the logarithmic form of
law~ofwwéll approximately applies to the wall jét in an
equilibrium pressure gradient. The values of A and B are,
however, difféfent than those used foé 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)
shows clearly that the uhiversal logarithmic law-of-wall does
not exist for the . case of Ei =‘l.501.\ This is expected because

Ujis
the velocity profiles for this case are not similar. From the
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(lO) who investigated a wall

measurements of Bradshaw and Gee

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

and B also tend to those of the boundary-layer (Tablé III).
The deviations of experimental points very<near the

wallAmay 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-Laver:

For an equilibrium layer at high Rg and farther out

from the wall (X, QH) is a function of‘z_, /2 na O .
; Ut 3y ™y, U1

However, for wall jets in an equilibrium pressure gradient it is
Y UM
shown in the theory that _%[2 = f(ﬁI)(which in turn is a constant
_ M |
for a particular wall jet.

Hence, the outer defect law can be written as:

T

U, — U y. . U
M Y - Om
U = f(YM, Ul ...(49)»

This is compared with the experiments, and the results are shown
in Figs.(10). It is seen from Figs.(10.2 and 10.5) that the

velocity;defect law extends down to a value of (Z;) approximately
: ' : Y. -
M
equal to 0.30. Also it isvinteresting to note that the velocity

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

S

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

defect law does clearly and satisfactorily describe the results



- 41 -

U. ;
for ﬁ% = 1.501 Fig.(10.6), but the outer part profiles are
is
also not exactly similar.

4.1.8 Boundary-Laver Mean Velocity Profiles Using Power Laws
In the theorétical analysis for the development of
the inner boundary-layer of a wall jet in equilibrium pressure
gradient, it was anticipated that the mean velocity distribu=-
tion in this region may be given by a power profile. Hence,
with UM as the velocity at the edge of inner bounda;y—layer
and Yy asf inner boundary-layer thickness the mean velocity

profile is represented by:'

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.. R,

(i.e. n=17).
Figs.(ll) show the inner boundary-layer velocity
profiles plotted on log-log paper. Fig.(ll) shows the investi-

gation at (%) = 92.5 for different jet velocity ratios. On
: ' 1 th
the figure are also plotted conventional 7 power boundary-

. 1 th . (12)
layer profile and IZ power profile suggested by Myers et al .
for wall jets in still air. It is seen from Figs. (11 and 11.5)

1 th v

that an 7 power profile is in best agreement with the

Unm

experimental results generally for GI 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

pressure gradient that the inner boundary-layers are also in

1 th
agreement with an II power profile, It is interesting to
U

observe from Figs. (11 and 11.6) that for EM £ 1.8 the inner
1th 1

boundary-layer profiles tend to the ? power profile and

the complete velocity profiles of wall jets tend to ordinary

turbulent boundary-layer profile. In other words n .varies

U
with (ﬁﬂ) as well as Reynolds number.
1

Y]
4,1.9 Variation of (EM

The theoretical analysis of the inner boundary—layer
N-m
X + Xo NFI

indicated that ( My is proportional to (

Considering the two extreme cases namely a strong wall jet

1
and a weak wall jet, the values of m are - = and - L respectively.

2 3

Furthermore, it was found experimentally that the inner boundary-

layer velocity profiles for wall jets w1th > 1.8, can be
1 th
represented by an 77 power profile, thus giving N = 6. With
X + Xg 0.929
these values of m and N, for a strong wall jet ( My« ()
The exponent 0.929 compares satisfactbrily with the exponent 0.90

(12)

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

difference between the two exponents however, is entirely due

to the different power profiles used. For a weak jet

% + x 0.905
(—“) « (Tp )
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The results of the experimental investigation are
l

_ ' M X + x
shown in Fig. (12) where Ry /. ( b) is p7otted agalnst (-

o
.),
on logarithmic paper. The values of (‘—) were obtained from

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

are also plotted the lines with respective theoretical values of

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

N + 1

agree satisfactorily with the theoretical predictions. For

the slot widths of approximately O.40in. it is found that the

experimental points deviate considerably from the theory.

This is not surprising as mentioned before that the distance
95

where the jet core disappears depends on (U- ) and the slot

is

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

equilibrium pressure gradient the (——) variation was assumed

iinear, i. ( M) « (X) (see Figs.(7)). In Fig. (12) a line

with slope equal to one is drawn so as to compare the slopes

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

Y
that for all practical purposes (—%) is directly proportional to

().

4,1.10 vVvariation of Skin Friction:

From the theoretical analysis of the inner boundary-

layer of a wall jet in equilibrium pressure gradient it was

1 1
found that Cg QN+1 is. proportional to ‘ mt [
S prop [x+xo N+T .
=

To confirm this the skin friction was measured by using Stanton



ST

tubes., . The calibration and use of Stinton tubes are given in

' 5 . , +

the Appendix II. In Eig,(l32 Cf.(Re)5 is plotted against (f___fg)
S

on logarithmic paper. The éxperimental results in this figure are

compared with the theoretical curves obtained from equation (37)
( ) th

by using Sigalla's 18 and Blasius values of q and i power

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

(—~£ and - %}. It is seen that the Blasius skin friction law

3

for strong jet agrees reasonably well with the experimental
Ui
results for Ujg = 6.0. It should be noted that the theoretical

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

El = 3.0 and 6,0, the value of m = - é for a strong jet is
U, < )
is

sufficiently accurate. Blasius skin friction law gives values
cf the skin friction which are smaller than those computed using
Sigalla's constants,
U
It is also interesting to note that for U%s = 1.501
. : x
the measured skin friction values fall quickly as ( 5
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 (38)., However, II power profile is
used because it represents the inner boundary-layer profiles

i X+X0
more accurately. Thus Cg (Res)7 vs. ((p ) is plotted

logarithmically in this figure. As mentioned above the value
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m+1

of m =-% was used to compute the exponent (N+l . ‘Thus the
[
- Uy .
present experimental results for El = 3.0 and 6.0 agree Xery
Tis

well with the skin friction variation law given by Cf(Be;F

const8?8715° The constant was found to be 0.03284.

b , (11)
At this stage it is worth noting that Schwarz and Cosart
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 in an equilibrium 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 Intensity:

Fig.(15) shows the r.m.s. longitudinal turbulence
as a proportion of the local meah velocity for a wall jet in
still air (Uj = 317.5 ft./séc.) and two cases of wall jets

b1

in an equilibrium pressure gradient (g;4 = 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 chéék
repeatability. The probes and the constant current hét wire
anemometer used in this investigation are described in the
Appendix I. It is seen from this figure that wall jet in still

air has the highest turbulence intensity and as the jet velocity

ratio decreases the turbulence intensity also decreases. This
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is expected on physical grounds'for the local values of QH

oy
in the outer part of the flow are reduced in general as the
velocity of the external stream Ul.apprOaches the maxiﬁum
jet velocity Uy - Associated with the increased;intensiry 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)
that the 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
smaller than. those of wall jets invstreaming flow.

Figs. (16.2 and 16.5) show the variation of the
longitudinal turbulence as a proportion of the external stream-
ing velocity and the corresponding mean velocity profile for
the two equilibrium cases. It is interesting to note that
the longitudinal turbulence plotted in this way is greater

near the wall surface than at y = vy ‘In the outer region

M°
turbulence intensityonce more increases and finally it decreases
again to the wvalue in the free stream.. The shape of the
turbulence intensity profiles is similar to the measurements
(10) - ha

of Bradshaw and Gee on a wall jet with small EI 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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4,1.12 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 Uy, Uy, Yy» YM/ps W and p

Uy UvYy YM

Thus A=f£(0n, v , yM/2) ...(50)
But YM/E « Xt¥and yM & X +Xo
M \ U1
Yu/p is a constant and depends on (Uy)
UpYM Uy
Hence A=f( , s UM) ...(51)
Un'm
Fig. (17) shows the variation of A with V for
U1
various ratios of (ﬁ— . Despite considerable scatter in the
M Un¥m
results it is clear that A does not depend too much on v
U
1

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

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

that as expected A tends to the value for a conventional
boundary-layer as (gﬁ) increases. 1In Fig. (18) are also

shown the values of A obtained from wall jets in streaming

flow with zero pressure gradient (see Figs. 29 and 30)‘and it is
intetesting to note‘thatithe points agree reasonably well with
the equilibrium cases. Thus it is apparent that A tends to
depend more on local conditioﬁs than on the'preVious history

of the flow. The values of A and B are tabulated in -

Table TIIT.
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4.2 wall Jet in Streaming Flow With Zero Pressure Gradient:

- 4.2.1 General

The wall jet in zero pressure gradient Was investigated
for.comparison_with some of the results of George$6)
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 6.5in., 12.5in.,, and 18.5in., downstream of the slot.
The experimental results are for jet velocity ratios (Hi—) of

is
2.66, 3.0, and 5.95 and slot widths of 0.375in. and 0.20in.

4.,2.2 variation of (%%).

Fig. (19) shows the variation of (g%) with (%)°
It is seen that the decay of maximum velocity near the slot
exit is greaﬁer 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 well 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 vVelocity Profiles,

Figs. (20, 21, and 22) show the velocity profiles
U%f , ‘
plotted as (g~ ) vs. y in. As mentioned before the flow was
' is
traversed at three stations only and it should be noted that

the effect of the jet core has disappeared at least before

-§= 17.34.

The velocity profiles in Figs. (23, 24, 25 and 26),
are plotted non-dimensionally for direct comparison with the
results in 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

(6)

a zero pressure gradient, a conclusion which George also
reached. It is interesting to note however that the departure
from similarity is not large and thus an apprqximate method,
incorporating a similarity hypothesis, for predicting the
growth of wall jets in arbitrary pressure gradient (i.e. one in

which U; 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 Sech. function.

4.,2.4 Growth of Wall Jet.

Figs. (27 and 28) show the downstream variation of
(X%ZE) and (X%) with (%). For comparison the results of
George(6)'are also plotted in Fig. (28). It can be seen tha;
the (%ﬂ) variation is approximately linear, however the (Xﬂég)
variation is definitely not linear. It is expected that (Z%Zg)

may be proportional to (%) near the slot and sufficiently

1
- . 52 e B
farther downstream it may be proportional to (;) . If (U~ )
that of 1S
is large the wall jet growth tends to,a plane wall jet
Ui
« x, From Fig, (28) it is clear that for (3 ) = 5.95,

i.e. y .

M/2 v 4 Uis
the variation of (T ) is approximately linear. Also it is clear
that with larger jet momentum the growth of 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 Plbt,

Figs. (29 and 30) show>mean velocity profiles plotted
as (%;) against (Z%E)° The skin friction velocity (U.) was
obtained by using Stanton tubes which were calibrated in
turbulent boundary-layer with Ze;o pressure gradient using

(13

Clauser's universal curves; (see Appendix II). It can be
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seen that there is no evidence of’uniVersal law of fhe wall,
however, there is a semi-logarithmic region in each velocity
profile. The semi-~logarithmic law for individuél profile is
given and it can be seen that the'values of A and B are different
from the convenﬁional values for turbulent boundary-layers.

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

consistent with values of other wall jets.

4.2.6 Mean Velocity Profiles — Outer Defect Law For Inner

. Boundarvy-Lavex.

um-U
Ug

with ( ) and (%ﬁ) as parameters the velécity
prifiles are p;otted in Figs. (31 and 32). For the case of
jet velocity ratio of 3.0 it is clear that the velocity.
defect law does not exist, Fig.(31). However, for the case of
jet veldcity ratio of 5.95 it appears from Fig. (32) that the
defect law extenas up to a value of (%;) = 0.15.  This can

be expeéted oﬁ the grounds that the strong jet in effect

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

results of plain wall jets indicated the existence ofavelocity

defect law; (see Figs. 41 and 42).

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

It is of interest to see whether the inner boundary-

layer velocity profiles of wall jets 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
- L Ath 1 R 1 th
(UM) against (yy). For comparison 7 », 11 , and Tf power

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

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

%&Fh 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
alr were investigated7 The same apparatus was used with tunnel
speed set at zero. The results represent two jet Reynolds
numbers Re =»(El£) = 22900 and 30400. The slot width b was

v
set at 0.20ins. The results are compared with the theories
suggested bnyyers et ai(lg) and thus the parameters used in
the figures are the same for direct comparison'with their results.
Skin friction variation was measured 5y using Stanton tubes
located at three downstream distances from the slot exit.
Pitot traverses on the centre line of the plate were made at
6.5in., 12.5in., and 18.5in. downstream of the slot exit.
Turbulence intensity and the corresponding mean velocity profile
were measured at one station only. The turbulenee intensity
was measured‘by using DISA hot wire anemometerl&)and the

results gre compared with those of Bradshaw and Gee(lo).

U
4.,3.2 variation of (ﬁ¥).
J
~ Fig. (34) shows the variation of maximum velocity

with downstream distance. A theoretical curve and a best
12
experimental line as given by Myers et al( ) are also plotted.
u ~0.49
The best line suggested by them is (Eﬂ) = 3.45 (%)
. ‘ j
The present experimental results are in better agreement with
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their theoretical curve.  Thus Eff confidence was established
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 u; = 239 ft./sec. and 317.5 ft./éec.

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

sufficiently far.. :. downstream of the slot exit,

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

(10)

(9)

profile., 1In thisfigure the results of Bradshaw and Gee
and the theoretical mean velocity profile given by Glauert
with a = 1.2 are'also plotted. The éxperimental results are
in very good agreement with both these profiles. However,
Co X
at the outer edge
g ~(ym/2

Bradshaw and Gee deviates from Glauert's profile and the

) > 1.2 the velocity profile of

present experimental results are in better agreement with

Glauert's profile,
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4.3.4 Growth of Wall Jets.

To compare .. experimental results for the growth of
the wall jets with the theory of Myers et a1(12), v, Fig. (38)
. v . L . | ' YM/2 a (X
is drawn on log-log paper with '} - parameters (—5__) and (b)°

. Two theoretical curves as given by them are shown in this figure.
. The results df‘the present investigation agree extremely well with
their theoretical prediction. It is clear that the growth law
is not very sensitive to the variatién in Reynolds number (Eii)
Y
and sufficiently far downstream of the slot exit, the growth of

the wall jet is approximately linear. From this figure confidence

was further established in the present wall jet: investigations.

4,3,5 Mean Velocity Profiles - Inner Law Plot.

With dimensional analysis it can be shown that:

U U Loy, D UMyM/Q)

Sufficiently near the surface

U du- UMYm
ooy = 57 ..-(53)

U YUt
Thus §; = A log (—3—) + B where A and B depend on

Um¥Mm \

( v ). Furthermore, it is shown that A is not very sensitive
UMYM '

to changes in the value of (Tv ) (see section. 4.1.12). Hence

. UM¥YM
if B is also insensitive to the values of ( v ), then, one

would expect a universal, semi-logarithmic, law-of-wall, in

wall jets in still air.

\
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5 ' . YU .
In Figs. (39 and 40) %;‘is plotted against —;I on semi-

logarithmic papér.~ From these_f;gurgs it is seen ;hat there is

a semi—;ogarithmic region in the velocity profiles butAthe values
of A and B are different than the conventional turbulent
boundary—laygr. Similar observation: was also ﬁade by Schwarz

and Cosart(ll).- From these figures it is apparent that A andtB

Um¥m

v ) and thus the universal

(10)

slightly depend on the values of (
law-of-wall was not found. The results of Bradshaw and Gee
"also indicate that the law-of-wall is not universal. Contrary

(12)

to this Myers et al concluded that within a small range

(ZEI‘< 30) the universal law-of-wall for the flat plate (i.e.
v _

U yu
v 5.6 log-—gl + 4.9) holds for wall jet as well, However,
T 3 :

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 TIII.

4.3.6 Mean Velocity Profiles - Outer Defect Law For Inner

Boundarvy-Lavyer,

From dimensional analysis it can be shown that for the

outer part of the boundary-layer

U QU - £(Y_ :
UT Sy f(YM) | ... (54)

Hence the outer defect law becomes:

_____UMU; LA Yo ... (55)
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Figs. (41 and 42) show the outer defect law plotted with

Um
UT '
Both figures exhibit a universal defect law in agreement with the

vagainst-g— for jet velocity Uj = 239 ft./sec. and 317.5ft/sec.
M

above prediction. The outer defect law extends down to a

Qalue of %ﬁ approximately equal to 0.10.

4,3,7 Boundary-Layer Mean Velocity Profiles USing a Power Law.

For comparison the inner boundary-layer mean velocity.

profilés were plotted as shown in Fig.(43).‘ In this figure are

1th
also plotted the conventional‘7 . -power boundary-layer profile,

(12) ;1 th

h ' _ ‘ _
%ﬁf power profile given by Myers et al and i1 power profile’

obtained from the investigation of wall jets in equilibrium
. 1 th
pressure gradient. It is seen from Fig.(43) that the~II

power profile is in best agreement with the experimental results,

4,3.8 skin Friction Variation.

To obtain 7. confidence in the Stanton tube measure-

ments, the skin friction was plotted for direct comparison with

the results of Myers et al(l?) Fig.(l44) shows the variation of

skin friction against downstream distance from the slot exit,
T

‘The skin friction coefficient C. is defined as c; = I_Q_E and
' S SoU
Ujb - 29 J
the Reynolds number as R, = - Thus Fig.(44) is directly

replotted from Myers et al. The results of the present investi-

gation show extremely good agreement with the results of Myers et al.
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Their results were obtained by using hot-film technique. Thus
it was concluded that the skin friction values obtained from

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

T
values of skin friction coefficient C_ = Q 5 are tabulated

£ 1
2PUM

in - . : Table III.

4.,3.9 mTurbulence Intensity.

As mentioned in section (4.1.11) the turbulence
intensity was measured at x = 19 .2in. for the wall jet in still
air. (Uj = 317.5 ft./sec.) Fig.(45) shows the r.m.s. longitudinal

turbulence as a proportion of the local mean velocity.  The

. . . R Yy - YM /2
turbulence intensity is plotted agalnstw(________),-where
: ' B
_ £
6 —5——UM ' '
£ (SH) , for direct comparison with " . similar results
Y'Y _

M/2

(10)

.of Bradshaw and Gee On the figure the corresponding mean
velocity profiles are also plotted. It is seen that the
rexperimental mean velocity profile is in good agreement except
near the wall with the mean velocity profile of Bradshaw and

: Gee.«vThe 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 ~a.. self preserving free jet in
streaming flow can be applied to the outer part-of dasn wall
jet in a siﬁilar streaming flow and that the effegt 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 high. At low jet velocity ratios
(i.e. %s £ 1.5) similarity of the flow is difficult to obtain
experiméntally° Approximaté similarity is also obtained for wall
jets in streaming flow with zero pressure gradient. In the
cases where g%é > 6 the wall jets in streaming flow are
similar Eo a wall jet in still air.
2. ‘The inner boundary;layer velocity profile of the

th
wall jets can be represented by an 1 power profile and the

11
boundary-layer thickness Yu increases almost linearly with
downstream distance.

3. The skin friction coefficient measured with Stantoh
tubes for wall jets in an equiiibrium pfessure gradient is not
very sensitive to the variation in downstream distance and is
in agreément with the prédiction of the theory based on the
power profile,

y, 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-logarithmic law-of-wall are diffefent

than tho;e of a conventional turbulent boundary-layer in zero
pressure gradient. The values of A and B depend mainly on the
velocity ratio‘%% and slightly'on the Reynolds number. Thus
they may probably be related to the tutbulence intensity in the
outer part of the wall jet for this is found to increase in
general with the velocity ratio.

5. The experimental measurements on Lfﬁ wall jets in still
air are in very good agreement with those of previous investi-
gators.,

6. The present work could usefully be extended in the
following areas:

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

(p) Further investigation of the values of A and B
in the semi-logarithmic 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 I

_ 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., centrifugal fan and has
variable inlet vanes for speed control. Downstream of the fan
is a 5° diffﬁser, a settling chamber with deep cell honey=c§mb
and three remo?able screens, followed by a 6:1 two-dimensional
contraction. . The test section for the present investigation is
attached to the tunnel exit as shown in Figs.(2).

The bottom of the test section consisted of a flat
Plexiglas plate and a slot. The'jet was emitted tangential to
the flat plate and below the oncoming flow from the tunnel. The
je; air supply was prpvided by an'aﬁxiliary 20 H.P. centrifugal
compressor. An 8% diameter flexible pipe followed by a 6°
diffusei connected the compressor supply to the slot. . The mass
flow to the jet was controlled by a bleed 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 wefe provided on both sides of
the centre line of the Plexiglas plate.. To prevent separation
from ﬁhe side walls of the test section these wereAprovided 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 adjuétable louvers so shaped that the
flow emerged smoothly between them at an angle of approximately
30° with tﬁe éxis of the tunnel.

Stagnation pressure was measured using pitot tubes
with outside diameter 0.031lin., inside diameter 0.0195in., and
200 sharpened lips. Also a flattened pitot tube was used to
traverse the flow. ‘The overall height of the flattened end was
approximately 0.0097in. and the height of opening was 0.00485in.

. A traversing gear incorporating a doublé ended dial gauge was
used to traverse the flow at each downstream station. The static
pressure was determined from surface taps. of 0.015in. diameter,
The pressures were measured with conventional single tube and
multitube manometers filled with alcohol.

The skin friction measﬁrements were made using Stanton
tubes. These consisted of half,ground razor bladesglued on to the
surface of the plate as shown in Fig.(49).m™ePreston 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 f 0.15 p.s.i.

. ‘The turbulence intensity was measured by using a DISA
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constant temperature anemometer, 55 A Ol. The details of the
instrument can be found in Reference (14). The hot wire probes
were made of thin tungsten wire connected to nickel supports.

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

TWO-DIMENSIONALITY CHECK -~ WALL JET IN EQUILIBRIUM

PRESSURE GRADIENT

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

jet velocity ratio (g; ) = 4.05 and b = 0.375in. The wall jet
' is

was surveyed with a pitot tube at two stations O.Bin.'and 15.5in.
downstream of the slot exit. . Within 6in. of the centre line the
profiles were.almost identical across.the flow and‘indicated only
T 0.90 per cent variation in maximum Velocity'at'O.Bin. downstream
of the'slot and T 0.80 per cent variation at 15.5in. downstream.
Observation of surface tufts also indicated that the flow
remained effectively two-dimensional even for values of (gis
less than 1.5., for which the flow tended to separate. Thus

the flow was considered to be effectively two-dimensional 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 line of the wall at 6.5in., 12.5in., and 18.5in.
downstream of the slot exit. These were mounted on the wall
as shown in the sketch, (see Fig.(49». It was important to check
the two-dimensionality of the boundary-layer flow befbre
calibrating the Stanton tubes in turbulent boﬁndary—layer with
zero pressure gradient. Fig.(48) shows typical boundary-layer

velocity profiles at x = 15.5in. The velocity 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 Sténton tube using -an ordinary bicycle
pump..vThe tube was then recalibrated. It is seen from the
calibration curve of this tube (Fig. 49) that the change in
calibration is hardly noticeable. Once +:.. sufficient confi@ence was
Obtained from this tube,two other tubes were mounted at 6.5in.
and 12.5in. All the Stanton tubes were calibrated in turbulent
boundary-layers with zero pressure gradient usiné Clauser's(l3)
universal curves with A = 5.6 and B = 4.9,
Fig.(49) shows the calibration curves for these tubes.
The Stanton tubes readingé were extremely small and it was not
possible to use an alcohol manometer. A sensitive pressure
transducer was ﬁsed to measure the Stanton tube pressure
differences, and the tiansducer output(was fed to a vacuum
tube millivoltmeter. Thus the Stanton tubes readings are presented
(19) : | i

in terms of mV using Preston's non-dimensional parameters.

In plotting theée results a nominal height of 0.00lin. was
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assumed for the Stanton tgbes. It was not possible to calibrate
ue g2
T

‘the tubes beyond log, o ( ) =+ 0.24, with the existing range
of boundary-layer thickness, however the calibration curves are
extrapolated linearly beyond this value, a procedure which is
Vjustified by the calib?ations of the'Sganton 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 jets.

Fig.(50) shows the Preston tube calibration cuzve.,
- The tube was calibrated in the same fashion as the Staﬁton tubes,
it

but the pressure difference:. being large;

was measured on an alcohol
(19)

manometer. 1In this figure,Preston's pipe calibration , Smith

21 .
( ) calibration and Relf's(gg)

and Walker's calibration are also
plotted. It is interesting to note that the experimental.rﬁsults
are in best agreement with Rélf's boundary-layer qalibrati;n,
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 measuring the
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base pressure coefficient behind two smooth sphéres of different
sizes.. The results are shown in Fig.(5l).. The measurements on

the larger sphere indicate a slight tunnel blockage but the

smaller gives a critical 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(235.
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TABLE I

TABULATED RESULTS OF THE PRESENT EXPERIMENTS

WALL JET IN EQUILIBRIUM
PRESSURE GRADIENT

n N Ue Vs (m) i k) (%o) @E) RANGE
TeST Y bihs. 85'th gs s, - _U_ FROM FROM Fgé;” - :TR;V\Z C oF
Uis 1) U | B (1)) Equ(12) oF PRESSURE Rez YMdwid
Uﬂlz“fm)- OISTRIBUTION €=
7-02x|04
1 4.05| 0:37510:037% | 0030 | 1535 2:92 |-0:413 | ~0-448 | =775 | -8-0 0:0457 0:0 % 16*
. ' 0-0xi0
V : ‘ s 5-4Sr\o+
2 3-0 | 0-20 |0-0288 | 0-025 | 1000 2:65 |-0-407 |-0-432 | -7.0 - 8.0 0.0355 =95 16"
. ) 60 x(o‘"
3 3.0 |0:402|0-0313 [0-0258 | l0OO | 3-0 |-04l4 |-0-43 | —10:0 -10-2 | 00458 ol x1o*
' 713 x10*
4 60l [0-40 |o-Ol 0-010 | 2265 | ®-75 [-0449| -0-462 | - K-0 -B50 0-0637 IS (04
A . ' ' 42xot
5 60 |0-20 |0-025 | 00138 | 2B2:0 | 5.-65 [~0-448 -0-432 | —3-0 -2:5 0-0B18 o79 \04.
1-625x%0%
6 | 1501 [0-20 |0-0388|0050 | 1385 | 325 |-0256 [-0-328 | -6 | -6 | 0-0l67 282 %i0"
7 l-07 {0-20 "NON  SIMILAR  PROFILES.

Tl -
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. TABLE II

AVAILABLE DATA FOR EQUATION (14): AS APPLIED

TO THE OUTER PART OF A WALL JET.

CASE SOURCE bins. E._I_ ?.5 Lo
Uis b b
SIGALLA 0.5‘5 @ - —8'55
CH . © - -1
WALL JET Sc “cg‘;lgé 1-00 12
IN ~ ,
FORT . _ o
STILL AIR ORTHMANN 118 | o 67
PRESENT P _ A
EavesTigaTion | 029 | @ 10:0
0-0%) 2:96 0-9025 -2%-0
. - 00l . —-2%.0
WALL JET N GEORGE 0-055 | 300! |0-8%37 5
0-0525| 5-82 {0.876 | -18.0
ZERO PRESSURE 020 »0 ~ 200
GRADIENT PRESENT ‘
INVESTIGATION | 0-20 5-95 _ —16:0
0-20 3.0 0144 | -7-0
0-375 | 4-05 | 0-10 |-17.75
WALL JET IN
, PRESENT 0-402 | 5.0 |0-07182 | =100
EQUILIRRIUM
INVESTIGATION
PRESSURE 0-40 6-0f | 00275 | - 50
| GRADIENT. 020 | 60 lows | -30
0-20 | |80 | 0-197 |-1I-B
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TABLE IITI . . ..

COLLECTED VALUES OF A AND B IN THE LOG LAW-OF-WALL

AND COEFFICIENT OF SKIN FRICTION.

.
CASE SQURCE: N sz(%—:) Y U S Al B
Us Um 4
86ix10> |39 |96
” MYERS et al. - o0 - 0:0 652 %10 395 | 7.45
< | 4.46x(5 375 | &85
% 0-00675 e-esx\oz | 44 |88
Z : - 020 0- 00554 00 B-44x10 4.35 | 8-09
; PRESENT 0- 00531 9.1 x\& 475 | 71-7
2] INVESTIGATION. 000568 9.92 x 102 43 7.95
-;Jl - {020 | 00051 00 | i-86x10 | 29 |97
3 Q- 00 524 \2‘45x\03 A4 | 80
BRADSHAW RGEE. | — [0-OI8 - 00 |« 2\‘255';‘?13 47 | &8
a 000573 |0428 | 865x10° | 43 | 7-8
8 uz_g %.0 | 020 | 0.00482 0510 | 10-50%I0" 44 | 885
"{,J g PRESENT 0-00424 0-570 \5-55*\03 4-5 | 9|
AR INVESTIGATION. 0-00591  |02322| &88x10° | 44 | 13
b g 595 | 0-20 | 0.00518 |0-294| 10-3xi8 | 415 | 86
4 8 0-00522 |0-385| |0-BxxI0° | 4.95 | 7.35
§ & BRADSHAW ¥ GEE - |o-0l8 - %0-858 - 4-81 | 625
0-00612 6-34x10° | 4-65 | 68.45
5, 1501 | 0-20 | 0-00457 |o785 | 8-85x0° | 55 |62
é;’ § 0-00374 \\-’*sonoe’ 56 | 71
§ % BRESENT | . 0:0056 315 x\oz 3.45 | 102
> wl  vesTigaTion | 30 | 020 | 0-004%8 |0 | l0-87x \oa %28 |102 .
52 0- 00515 12:3%10 | 28 |02
¥ g 0-006 885x10° | 42 | 7.6
g o 60 | 020 | 000820 |07 | 920xi8 | 33 |99
0-00542 1038-18 | 4.8 | 69
BRADSHAW ® GEE. - 10-040 - = 0-80 - 54 | 52
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VARIATION OF (Up/U,)with(x/0)
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FIG. 5.1
NON-DIMENSIONAL MEAN VELOCITY PROFILES

EXCLUDING INNER BOUNDARY LAYER IN A
TAILORED PRESSURE GRADIENT..
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NON-DIMENSIONAL MEAN VELOCITY PROFILES
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—_ 3 Uy ' ‘
b = 0.20in. (__1 ) = 3.0 (UMyM/E
Uis’/ ~ ¢ Y] )
e x/b = 32.5 3,48x]_04
0 x/b = 47.5 4,11,x10ﬁ
x x/b = 62.5 4,38x10
! o x/b = T7.5 5,06xlOi
S &6 x/b = 92.5 5¢.66x.104
© x/b = 107.5 5.95x10
£ Y
[ &
M.
28 |
% 2 \ R
By 0 5
.3\\ 3 )il = JECH. 1. 0-58 .‘-'- ll
_A P A Wit Wi ¥
2 \
20 A ” 2
* \\ - " \-:'-"-'z T - ZL( ";‘ws‘ ™N\
\ amws M = &
N3 40 '
SO R i
NN ) I
e DL LA 1
™Y \\‘ N
\:‘\ Rt
N \‘\
T+
o
R
x N
PN
)
A
X 2 o4 o o8 $0-f NEY )
Al Uty
4 oﬁ“%
g0i-s*ig
o (o]
v
OB




NON-DIMENSIONAL MEAN VELOCITY PROFILEE“‘E:’ LG
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FIG. 37
NON-DIMENSIONAL MEAN VELOCITY PROFILES
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