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ABSTRACT

\

The equations governing the mean motion of symmetrical,

N

e N

two dimensional turbulent wakes and jets in streaming flow

indicate that these flows can be self-preserving when sub-

/

jected to appropriately tailored pressure gradients. This

U e

1F Yy

class of flow was investigated.experimentally for a jet and
two wakes witﬁ different values of deficit-to-free-stream i
velocity ratio. The da;a are presented in the form of non-
dimensional plots of mean velocity distribution, rate of /ju \;
growth of the wakes and the jet, velocity decay rate and
components of "he turbulent stress &:erisor.

For one wake self-similarity of only the mean flow
parametefs was achieved . For the other wake and the jet
self-preservation of all flow parameters including the

: ) satisjackesil
stress tensor was achieved. The flows were

dimensional. Comparisons of the experimental results to
theory show that Vogel's theory predicts satisfactorily the

rate of growth and the shear stress parameters for these

DN o RIS A

flows.
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SOMMAIRE

- Un &coulement symétrique 3 deux dimensions contenant des
\jets et sillaées turbulents fut mis en présencg‘de changement
de pression graduel pour prouver que la turbulenceugeut s'auto-
pré&server comme indigué€ par l'é&quation de mouvement des fluides.
Les résultats exp8rimentaux démontrent la distribution
de vitesse non-dimensionnelle le taux de croissance des sil-
laées et des jets tufbulents, le taux de décroissance de
_ Vitesse et les composantes du vecteur de contrainte, pour
deux caé di}férents de déficience moyenne de vitesse en rap-
port avec 'la vitesse moyenne d'é&coulement. Toutes ces varia-
bles sont nandimensionnalisées par la dé&ficience moyenne de
vitesse locale.
. Le fait que 1l'&coudlement est & deux dimensions fuf bien

i

démontré (une fois que le taux de changement de pression fut

e o A e KRl o

8tabli) et les conditions d'auto-préservation furent obtenues

- pour les jets et le deuxi®me sillage pour le vecteur de con- 1

v

trainte, et pour les paramétres moyens de l'&coulement. Le - 1

o

premier sillage d&montra des similitudes avec les paramétres
de l'Scoulement moyen mais le vecteur de contrainte n'était

» qu'approximativement similaire. _[En comparant la th&orie de

Vogel avec les r&sultats expérimentaux l'on peut constater
qu'elle prédit raisonnablement bien le taux de croissance et

les paramdtres des contraintes de cisajillement pour les jets
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NOTATION
. U
Lateral rate of strain, 3y /
. . : ouU .
Longitudinal rate of strain, I
Slot width for the jet or width of body
producing two-dimensional wake
5 m
Scale factor from U, = ¢ (XT§‘+ Xy
dL0
(&i") Growth parameter for wake or jet
Function oftn for the mean velocity profile
dL .
(a—g)(Figures 51 and 52) of jet in still g
X dir (G = oo)
‘o
g

Jet excess or wake deficit to free stream ’
velocity ratio Uy %

[} S ot

-
A
LEx]
e

Functions of n for components of the turbulence
stress tensor ,

Shear stress parameter at y = Ly (n=1)
25 .

%oy,

0

1

Suffix 8 = jet in still air
1n2
(Figure 11) Constant in longitudinal cooling law

Scaling length for the mean-velocity and the
turbulence; interpreted as the value of y where

U = U1 + U0
; /2
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m Growth exponent for self-preserving flow
U1 & Xgg « Xgym -
Pg Reference static pressure
q° 2 2 2, .
u“+v +w  twice the kinetic energy of turbulence
per unit mass
2
99 Twice kinetic energy of turbulence at y = 0

e}d

a o c

OTE

iTE

€

TE

Eddy viscosity Reynold's number (UOLO)
v

Mean velocity in x-direction .

Maximum or minimum velocity see Figure (1)

Velocity scale for the mean velocity and the
turbulence; difference between velocity at

‘centerline of jet or wake and the free stream

velocity
Jet exit velocity at the tunnel exit plane

Wake velocity at centerlime at the eéxit plane
of the tunnel

Free stream velocity in x-direction

Velocity scale for the mean velocity at the
tunnel exit

Free stream velocity at the tunnel exit
Fluctuating §elocity about the mean in x-direction
Mean velocity in y-direction

Fluctuating velocity aB;ut the mean in y-direction
Mean velocity in z-direction

Fluctuating velocity about the mean iﬁ z-direction

Streamwise distance measured from tunnel exit plane

x.position of the virtual origin of the flow from
the tunnel exit plane
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X X : . .
X - {"TE+70) Coordinate direction (downstream =
distance measured from virtual origin)
Y - Cross-stream distance measured from the axis
of symmetry where V=0
2 - Coordinate direction
COMPUTER NOTATION EQUIVALENTS
, !
RMSU/ /uﬁ/ Longitudinal turbulent in-
Ul U , . .
. . 1 tensity (non-dimensional)
/2 , . .
RMSU/UO u /U Longitudinal turbulent in-
0 tensity (non-dimensional)
[2 .
RMSV/UO v /U Cross-stream turbulent in-
0 tensity (non-dimensional)
RMSW/Uo wz/U lLateral turbulent intensity
0 (non-dimensional)
SQorQ2/SUO EI)UZ Twice kinetic energy of
. 0 turbulence (non-dimensional)
U4/ 5u0 “W/Ug Non-dimensional shear stress
W/ guo uv/Ug Non-dimensional shear stress
Y/LO y/L Non-dimensional Eross-stream
0 coordinate
MUV . av Shear stress calculated from
momentum equation
I
suUo Ug Scaling velocity squared
t-  XTE - Streamwise distance measured
. from the tunnel exit plane
x/B g- Distance measured from virtual

| origin to slot width ratio

Xre+%0)
TESQ
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\ REF.
REF.
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uvl Uuv2
UWl Uw2

§
YCL

GREEK LETTERS
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v -
o -
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R 3 -
 pa atg ?f jet or wake growth C0
Reference station number -

Reference hot-wire position measured
in y-axis ;

RMS voltage readings of slanted wire
(u, v~plane)

RMS voltage readings of slanted wire
(u, w-plane) -

Reference centerline of the flow, measured
in y-axis

Constants relating 9 to mean rates of strain
used by Vogel

Figures (51, 52)

Also see Fekete (1970) pages 49-51

Similarity parameter Y/
( "Ly)

_Kinematic viscosity of fluid

Density of fluid
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1. INTRODUCTION

) §

Self-preserving flows have particular importance 'in the
study of turbulent shear flows because of‘their felative sim-
plicity. Whgp a flow is self-preserving, the governinguequa-
tions which describe the flow, become considerably simplified.
Partial differential equati&ns are replaced by ordinary dif-
ferential equations, all properties scale with a single velo-
city and length scale, and the non-dimensional properties of
the turbulent structure can be related to the properties of
the mean flow. (Gartshore 1967, Gartshore and Newman 1969).
The experimental study of self-preserving wakes and jets is
of considerablé interest since the; represent a situation in
which one is able to compare the actual and the predicted
relationships of the rates of spread of the flows and the
stress tensor to the local mean flow parameters. By the use
of- this information modelling of more complicated flows of
engineering significance becomes feasible. Such flows are of
Practical interest in the design of jet pumps, thrust augmen-.
tors and in models of combustion chambers. This class of

flows is also similar to the outer part of the flow in a jet-

augmented boundary layer.
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Theoretical and experimental work has been carried out

in the study of two dimensional wall jets by Gartshore (1965}, and

of free jets,jets in uniform streaming flow and adverse pressure
gradient by Newman (1967). No experimental data are available,
hqwever, for two dimensional self-preserving wakeg.

Two fundamental flow parameters, the rate of spread, ffg
and the shear stress parameter, uv L , of self-preserving two
dimensional jets and wakes, wereag;egicted theoretically by
Newman (1968) and Vogel (1969). Measurements of the rate of
spread in jets (Fekete, 1970) and in wakes (Gartshore, 1967)
are in good agreement with Newman's (1968) theory. However,
the measured shear stress parameter for the jet and the two
wakes show petter agreement with Vogel's theory, although
Garﬁshore'sf;ake measurements show almost 50% higher values
than those indicated by Vogel's theory. It should be noted
that Gartshore's wakes were onl approximately‘self—preserving.

The major objective of the pjesent research was to obtain
reliable shear stress measurements in self-preserving wakes
and to compare the results with the existing theories and
Gartshore's measurements. The detailed objectives of this

work can be set as follows:

(a) to establish two-dimensional flows
(b) to adjust the pressure gradient in order to obtain
self-preserving flows, as the mean flow parameters

indicate,

4
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(c)

(d)

(e)

(£)

to carry out measurements in a two-dimensional self-
preserving jet and compare the results to those mea-
sured by Fekete (1970) in order to gain confidence

in the hot wire techniques in measuring turbulence,

to measure the mean velocity, the rate of growth and
the stress tensor for two-dimensional wakes,

to prove that self-preservation does in fact exist

for the stress tensor,

to, compare the experimental results with Newman's
(1968) and Vogel's (1969) theories and with Gartshore's

(1967) and Fekete's (1970) measurements.
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2. THEORY

2.1 Conditions for self-preservation

A self-preserving flow is one in which the mean velocity
U and all other mean quantities such as the Reynolds stresses .
have the same profiles at every value of the downstream coor-

dinate x, when they are made non-dimensional by using suitable

N “9‘3““"‘, e

length and velocity scales.

The necessary conditions for the exact self-preservation

et e

of turbulent jets and wakes, based on Townsend's approach,
have been given by Patel and Newman (1961) and by Newman (1967).
The conditions for self-preservation in two-~dimensional flows
are obtained from the mean flow momentum equation and the tur-
bulence energy equation.

Considering a symmetrical, two dimensional jet or wake
(Figure 1), the momentum equation in the downstream direction

x, may be written as

U3U +V 3U+ 3 (;2_ ;2) + 3 (uv) = U, du, + 2%y (1)
X 3y X 3y ‘E; ay2

where U and V ére the mean velocities in the x- and y-directions,
u and v, are the associated turbulent fluctuations about the mean
and Uy is the velocity of the external irrotational flow.

. Following Townsend (1956) the following self-preserving

‘and similarity forins are assumed:
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U = U1 + Uof(n) ‘ (2a)

2 _ 2
2 2 :
v = Y92 (2¢)
— = U (24)
uv 99,
where n = (y/L ), the bars denote time averages, and the func-

tions f and g are functions of n only.

The scaling velocity U

and the length scale L, are

0 0
shown in Figure 1. The scale U, is by definition the maximum
velocity deficit in a wake, and the maximum velocity increment
in a jet. The length scale L0 is the distance from the center-
line of the jet or wake to the point where the velocity increment
or decrement is half the maximum valde.

The functions f and g are independent of both x and y for
a given aplf-preserving flow. It has been found experimentally

that the function f can be adeguately expressed by exp(-knz),

" where K = 1n2 by the definition of Ly and UO'
The time average continuity equation for two-dimensional
flow is 7
U + 3V _ (3)
X 3y 0 ¢
éubstituting equations 2 into equation 3 gives:
, n ﬂ
V.=-Lgn dy; - d (LOUG)OJ ( £dn)+ U, ALy (n) £ (4)

dx dx dx 4
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The momentum eguation, Eq. (1) combined with equations

(2), (3) and (4) leads to Newman (1967)

(5 Pl {2
— = | 1 £%42(g,,-9,,) 0 4 (u,u,) [f]
UO dx 11 22 {—.?-d 10}

0
1 4 ,
“{ U, a% (ByLg) }[f £ d“] {

-d g
' [a‘a 121

m{”o\;‘o} [f] | (5)

-

} E“g'u’g'zz’]

where primes denote differentiation with respect to p.

The terms in the square brackets are fuggtions of n only
and the terms in the curly brackets are funceions of x only.
At large Reynold's numbers UOLO based on the length

scale and velocity deficit or increment, the term on the
right-hand side of equation (5) approaches zero;and may be ne-

glected.

ﬁollowing Newman (1968) self-preservation is possible

L4

only if the terms

o g_ oa F1Y%) La C1to) , 3 a  (Yeloy,

&1

| U0 dx 0 X U0

0 ' (Edt-)(visqouS‘term can be neglected)

dx 0”0

are constant.

.
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All the above terms are constant if:

dL U L 4du
9 ' 9 , and 0 0
dx Ul U0 dx

are constant.

It follows directly that:

Eg = constant = G -ve for wakes (6)
U
1
Ly o« (X105 + X0) (6a)
m
X
U, o (“rE + xo) (6b)
U X x &
1% Xpg 4 8) (6c)
2.2 Vogel ~

Vogel (1968) developed a closed form solution for the
rate of growth and the shear stress parameter of symmetric,
sélf-preserving wakes and jets in streaming flow. ‘

The growth parameter obtained as:

c. = %Ly . 0.0738lGl(2G+4.242) )

0
| dx (1.424G%+5.01G+4.401) .

is plotted in Fﬂgure 51 for two values of a andp .

The growth exponent obtained for self-preserving flow is:

m= -~ (/2+G) l
§§7§t26) (8)

and the shear stress parameter

-

9—-‘5—- = 0.6738(o.4osc?+1.493c;+1.414) (sign G)
U~ |n =1 (1.424G2+5.015G+4.401) (9)

iq presented in Figure 52.

eim, S w o . .
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9 3. EXPERIMENTAL ARRANGEMENT

3.1 The wind tunnel, the jet, and ake forming bodies.

The wake and jet measurements described herein were
carried out in the McGill University open-ci it, blower-
type wind tunnel, which has been described ;:CE;;;;R§k4~
and Gartshore (1963). The general layout of the apparatus
is shown in Figure 2. A 25 HP, constant speed AC motor
drivés the centrifugal fan which has variable inlet vanes
for speed control. At the exit from the tunnel, Welocities
between 6 and 40 meters/sec may be maintained, wit maximum
spatial variation in velocity of 1.2%, outside the boundary
layer. The turbulence level is reduced by a honeycomb and
three screens in the settling chamber, upstream of the 6:1
area ratio contraction section. The tunnel air is filtered
using American Air Filter bag type filters and fiberglass
prefilters. Turbulence intensity on the ceq}re-line of tﬂe
tunnel varries from a maximum of 1.3% at low velocities to
approximately 0.3% at high velocities. In order to reduce
theQZurbulent intensity well below 1% at low velocities,
(Patel 1970), a 5HP variable speed D.C. motor drive has’been
added.

The working section (Figure 3) is 76 cm. wide by 43 cm.

high and 2.3 m. long. The side wall boundary layers are bled

r £hrough 6 mm. wide vertical slots at 30, 108, and 186 cm.

¢ , ’
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down%tream of the tunnel exit plane on both sides of the
section. For the present experiments a perforated plate
witQDa 40% open area raﬁio was fagfeped over the downstream
end to build up the pressure in the working section.

The pressure ?radient was tailored using adjustable louvres
in the top and the bottom of the working section as shown in

Figures 4a and 4b.

3.1.1 The jet box

The jet box (Figure 5b) used for the self-preserving
jet measurements, was described in detail by Fekete (1970).

The air for the jet was supplied by a centrifugal compressor.

The air passed through a water cooled heat exchanger (Figure 8b)

and the air temperature could be adjusted to equal that of the
wind tunnel. The jet velécity was controlled by means of ;
throttle valve in the ducting which carried the air to the two
ends of the jet box (Figures 5c and d). The air streams
entered the opposite ends of a 4.4 cm. high by 10.2 cm. wide
channel, the front of which consisted of a two-dimensional
orifice plate, designgd to give uniform flow along the slot.
The outside of the jet box was made as unifprmly as possible
in cross section along the length of the box. The j;;bwas
installed in the contraction section of the tunnel/in order

to give fise to a well behaved‘tdo—dimensiénal flow in the
free stream. Jet box fefefencg préssures were measured at two

static-pressure taps, one at each end of the settling chamber

of the jet box.

-
&




3.1.2 Wake forming'bodies

In the process of setting up the wakes seveﬁal wake

producing bodies were tried. The jet blowing against the

oncoming stream and a 2 cm. diameter rod were investigated.

Thecgégzzﬁg’to produce as étrong a wake as possiRle. The

jet set-up was unsatisfactory, the 2 cm. rod was better.

W el o e e

n ‘je‘i,, .

It appears that the strong eddies behing a bluff body are

-

very effective‘at distributing momentum across the flow, and
makg for a wide, Qhallow wake. A 1.9 cm. squaré rod was also
tried and proved satisfactory. The square rod (Figure 6a) .
was a%tached with one flat f%ce normal to the oncoming stream I
to the mid points of the sides of the wind tunnel. A wake
deficit to free stream velocity ratio of G = -0.181l was reached,
but the flow as will be discussed later, was. not self-preserving.
To further try and reduce the component of separated flow in

the wake, and thus possibly obtaining a deeper wake, a (3)

shape channel as shown in (Figure 6b) was used and a self-pre-

serving wake of G =-0.193 was produced.

v

i \

3.2 lThe traversing gear

|

The traversing gear (Figyre 7) was basically the same
one designed and used by Fekete (1970). It consisted of a
lead-screw driven py a synchro-receiver (Figure 3) wired to
a synchro-transmitter which was driven by a small D.C. motor.

The transmitter was coupled directly to a mechanical counter .
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which indicated the position of the hot wire probes. The
traversing gear was checked for accurancy and was found to
be accurate within 0.03 mm. over a range of 10 cm. of vertical
travel. Hot-wire probes were supported at the end of a long
boom made of thin walled steel tubing, the probe lead wires
being carried back through the tube (Figure 3). The boom was
clamped to the traversing gear slide in such a manner that it
could be moved manually a total distance of 50 cm. along the
x-axis. Screws located at the back of the slider made possible
the alignment of the boom and hence the alignment of the
wires with the mean flow direction. The traversing gear could s
also be slid manually from one side of the'working section to

the other. This permitted the checking of the two-dimensionality

of the flow.

3.3 Instrumentation

The hot wire equiﬁﬂéég;used for measuring mean velocities,
normal and turbulent shear séresses consisted of standard DISA
units; five gold plated (55F12) slanting wires, three Pt-Plated
tungsten (55A22) and two (55F11l) normal wires (ref. DISA manual)
were used. A schgmatic diagram of the instrumentation is shown
in Figure 9 and the general lajyout in Figure 8a. A constant
temperature DISA-55 DOl anemometer unit, two 55D10 linearizers
and a 55D35, R.M.S5. unit were used. One of the linearizers

was calibrated for the use Qf the normal wires'only, while the

other one was calibrated for the use of the slanting ones as
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" different gain settings were needed to optimize sensitivity.

T

For the DISA probes (Figure 10) and control units the linea-
rizer exponent used lay between 2.3 and 2.4, the precise
setting value depending on the probe.

During the experiments the linearizers were adjusted
to the right setting and the probe was then aligned in the
centerline of the flow by adjusting the yaw angle until the
linearizer output, averaged over a minute, was effectively

. unchanged when the probe was rotated in its holder through
180°. Root mean square voltages were measured using the |
circuit in the DISA 55D35 R.M.S. meter. This meter has a
low frequency cut off of 5Hz. An HP—)éi?A voltage to frequen- ;
cy converter was used in conjunction.with an HP-5216A digital ; %
counter to record both the mean flow and turbulence data.
Integration times for mean voltages were 10 seconds and the
RM.S. circuit was set to a 3 second time constant, the output
being sampled ten times at about 1 second intervals and then
averaged. A small range HP oscillator was also connected to
the HP digital counter to provide a time gate in excess of 10
seconds when this was required for signal averaging of the

slanting wire measurements. R.M.S. and mean voltages measure-

ments were read directly from the Hewlett Packard\2212A VF

converter/5216A electronic counter combinations. The results

were recorded by hand and fed later into the compuéer program,

Figures 53a, b, ¢, and 4 in data form.
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The jet box reference temperature, working section re-
ference pressure and the reference temperature of the working
section were monitored visually at frequent intervals to as-
certain constancy of flow conditions throughout each test run.
The pressures were measured by a vertical water filled manometer
and an inclined alcohol filled "Lambrecht" manometer respecti-
vely, wh%le abconventional mercury thermometer was used to

indicate the working section temperature.

3.4 Shear stress measurements in fully developed pipe flow

To check the experimental procedure and data reduction,
an experiment was performed in fully developed pipe flow in a
7.62 cm. diameter 11 m. long smooth brass pipe at a Reynolds

number of Re, = 3.76 x 105. The wall shear stress was measured

D
via the pressure drop along the pipe and compared with that
measured by the hot wire. The shear stress agrees well with
those predicted (Figure 11) and is in very close agreement with

those of Patel (1968) and Irwin (1972).

3.5 Hot wire calibration N

Platinum plated tungsten DISA 55A22 and 55F11 normal and
DISA 55Fl2 slanting hot wires with gold plated inactive ends
were used for all the measurements (Figures 10a and 10b). The
hot wires were operated at an overheat ratio of 1.8 resulting

in wire operating temperatures which were about 200% above

Bt st S s 0
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the ambient temperature. The angle of yaw (y) between the
wire and the axis of rotation of each slanting wire probe
was measured with a NIKON profile projector with magnification
of 50, The wires were examined under a microscope before and
after each test to check for any accumulation of dust and wire
distortiont

A round nozzle mounted on top of a 45 gallon cil drum
which acted as a settling chamﬁer, was used for hot wire cali-
bration (Figure 8b). A sketch is given in (Figure 12). The
drum was connected to the jet air supply and the air flow rate
to the drum was controlled by means of a slide valve. The
velocity range whiesh could be obtained with this arrangement
was 0.1-100m/sec. A mechanism mounted on top of the drumg
allowed the probe axis to be positioned accurately parallel
to the nozzle axis. One normal and one slanting wire was cali-
brated at the beginning of each run. At least 10 point§ were
taken and to these a "least-Squares" straight line was fitted
(Figure 13). Each wire (ie normal atfd slanting) had its own
linearizer unit and was normalized to an output of 8 volté at
a free stream velocity of 25m/sec. for the jet experiment and
to an output of 5 volts_at 15/m sec. free stream velocity for
the wake measurements. Correct aligmment of the slanting
wire probe with the calibration drum flow centerline; was as— -~
sumed when the mean voltage reading was independent of the

rotation of the wire.

[¢]
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 { 4,  EXPERIMENTAL PROCEDURE

4.1 Pressure gradient

All self-preserving jets and wakes of pratical interest,
except the small deficit wakes, require an.adverse pressure
gradient; consequently the working section of the wind tunnel
must provide for an adjustable decrease in velocity along the
working section. The roof and the floor of the tunnel
working section consisted of louvres which could be adjusted
to bleed air from the tunnel. This, in conjunctioniﬁith a
40% open area perforated plate fastened over the downstream
énd of the section, did create the required adverse pressure
gradient. The following procedure was followed to set up the
self-preserving flow.

The louvres on the top and bottom of the working section
were-preset following Fekete (1970) and Vogel (1974) to give
an adverse pressure gradient (Figures 4 and 14).

For a particular value of UOTE at the tunnel exit plane,
- UlTE
the value of m was calculated from equation (8). A suitable

hal

free stream velocity at the tunnel exit Ul E was then chosen.
T

etg’\
”~

b

Using equations
U]. = (xTE + xo\“‘ and
Uire = Ko)™
m

P_l___."(l“;_{E), i .(10)

1TE 0

!
i
i
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s ‘t It was then possible to calculate the free stream velocity
Ul at varioeus stations XTE . The value of X, was determined

0
X
approximately by extrapo?ating Fekete's results. Using the

approximate values of U1 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 and bottom louvres. Assuming that the

ey e P, d P

louvre profiles were sufficiently streamlined to ensure that
Fhe flow left smoothly and without a vena contracta, it was
possible by iteration (Vogel 1970) to determine the louvre
s setting to give the required pressure gradient (Figure 55).
For similar profiles,(;%) is constant and in order to

o check that the pressure gradient was producing similar pro-
files, pitot-static tubes were used to measure U0 and U1 at
different downstream distances'in the working section. The
positions of these pitot-static tubes were staggered on either
side of the tunnel centre line so as to reduce the wake
interference of one tube upon another.

From these readings the value Eg was determined and the

U
louvres were finally adjusted so that1

3
¢
Iy
i
:

this ratio was constant
down the working section. The constancy of the excess to free
stream velocity ratic down the tunnel was then checked by hot

wire measurement. It was found that Newman's criterion, equation %,
(6), for self-preservation was satisfied (Figure 16). To gene-

rate the appropriate pressure gradient for the two wakes a
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.o

. , similar procedure was followed. The two wakes investigated :%
_.;Zj

required a different louvre space setting. It was found im-

°

possible to succeed in building-up an adverse pressure gradient
in order to maintain a constant wake deficit to free stream
“velocity ratio higher than 0.2. The aim was to produce as
s%rong a wake as possible, but although several wake producing
bodies in combination with different louver settings were tried, N
unsatisfactory results were obtained, as the wakes produced

were broad and very shallow. For a wake more adverse pressure ////
gradient than required for self-preservation increases the

Eg and slows down the wake more than the .
Yy

free stream. Thus a moré and more negative value of G is pro-

magnitude of the ratio

4

duced and the value of m calculated from equation (8) gets K

smaller and smaller. This means that deviation from self-pre- .
serving conditions tends to produce a flow that is even farther vi
from self-preservation making the flow "unstable”. It is not -

implied that the wake is impossible to set up In practice,
because‘changes of shear stress will occur téxcounteract the
changes of G. The present argument, however, helps to explain
why the wake was a more difficult flow to stabilize. It is

interesting to note, however, that Townsend (1970) predicts‘

T,

from a study of the mechanism of entrainment in shear flow

b
3
Y

that the small deficit wake can never become self-preserving

in zero pressure gradient.

)

S

%
3.
é

i
&
=




[T RSN

z
L
£
A
A
=

-18-

4.2 Measurements and accurancy

Symmetry in the flow was ensured in a number of ways.
First of all considerable care was taken to provide symmetry
in the geometry of the apparatus. The jet or the wake produ-
cing apparatus having no support struts was carefully centered
in the tunnel and the spacing of the top and bottom louvres
was symmetrical.

In practice, the primary decision on whether or not a
satisfactory flow had been achieved was based on G becoming
nearly constant for a significant length of flow. Having
LO varying linearly with x was also important but this was
not always satisfactory although G was almost constant (Fi-
gures 16, 27 and 38).

Each test run was carried out in the following manner.
The hot-wire instrumentation shown in Figure 9 was checked
out, zeros, set points and gain settings were adjusted.
Constant room and tunnel air flow temperatures were achieved
as fellows. The - flow was traversed with the hot wire, and its
cold resistance was measured at various stations in the jet
and free stream regions, while the heat exchanger water supply
was altered until no difference could be detected in the cold
resistance measurements.

For any given traverse the first measurement was made
at the center line, the flow was traversed from bottom to
top and a fanal reading was taken at the centre line. For

normal wire traverses both the mean and the R.M.S. voltages

Y
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3

’ were recorded and the averaging time for both signals was E%
10 seconds. The cold resistance of the wire was measured ';
before the first and last center line reading always maintai- %
ning the same overheat ratio at the different -streamwise loca- i
tions. After the last measurement the wire was calibrated ‘é
again and its cold resistance was cémpared with the cold :i
resistance measured in the flow. Following this, slanted wire é

By

profiles were taken at the same downstream stations. The proce-

“

dure followed was the same as the normal wire measurements,

except that four traverses were made at each streamwise station, o

fa
X
z

.

the wire being rotated 90° between traverses. Correct alignment
of the slanted wire probe with the working section flow center
line, was assumed when the mean voltage reading was independent
of the rotation of the wire,
o — 2 2

The hot wire results for uv, v, w , were corrected for
longitudinal cooling using Champagne's (1965) correction.
Preliminary measurements indicated that the turbulence inten-

w
sities were less than 15%. Hence there was no need to worry

about high intensity turbulence corrections Guitton, 1968).
) Thg recorded data was feg 1ater into the computer and
all mean flow quantities, turbélence intensities and shear
stresses werevcalculated and thﬁ results were printed and
plated out. b

The basic data and the calculated results are available

in numerical tables, and Figures 54a, b, and ¢ show examples -

of the numerical information. Figuré 54a shows basic information

<
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‘. about the hot wire and voltages, Figure 54b presents dimen-

sional calculated results without the longitudinal cooling
correction and Figure 54c¢ shows the non-dimensional results

including the effects of the loﬁgitudinal cooling.
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5.  EXPERIMENTAL RESULTS AND DISCUSSIONS

»

5.1 Two-dimensionality and self-preservation of the flows

Figures 15 anc! 37 show the two-dimensionality investi-
gation of the jet and the second wake, G = -0.193 respectively.
Velocity profiles were taken at different positions across ‘
the flow, at a downstream di3tance of 1.3 m. Within 15 cm. of
the center line the profiles ar& almost identical across the
flow and indicate only + 0.90 per cent variation in maximum
velocity. Another, perhaps better measure of the existence
of the two-dimensionality is shown in the comparison between
the measured shear stress and that calculated from the inte-
gral momentum equations. This is a very severe criterion for
the evaluation of the two-dimensionality because the existence
of even a limited degree of three-dimensicnality in a flow will
. cause momentum inbalance and noticeable digagreement between
the‘calculated and measured sﬁear stress values. The work
of Bradshaw (1963) and Patel (1964) also points this out. Based
on the measurements, the flow was considered to be effectively
two-dimens;onal for the range of measurements which are presen-
ted here.

The theory predictﬁ that if Ulc‘(xTE + XO\m then G = cons-
tant’down the:flow, 90 varies linearly with x, and the non-
| dimensionalized veloclty profiles are the same at all stations.

These conditions seem to be met satisfactorily for two of the
ha
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flows measured, the jet G = 0.79 and the wake G = -0.193
{Figures 17, 18 and 39, 40 respectively).
The non-dimensionalized profiles of all the terms in
the Reynolds stress tensor should also be invariant down the
flow when the flow is self-preserving. The longitudinal
turbulence intensity (/E;U‘x was taken as a measure of the
self—preservation.. For thg two flows, the jet and the wake
of G = -0.193, the turbulence intensity reached a self-preser-
ving form,Figures 21 and 43 respectively. For the three flows
the other two normal stress terms were also measured at more
than one station, and here the similarity of the profiles at
the different stations is not as good, especially for the two
wakes. Figures (33-34) and (44-45). |
For the same flows the shear stress measuréments were
made at a number of stations, and the fact that the measure-
ments collapse onto one curve can be taken as another indica-
tion that the flows are self-preserving in the stress tensor

term.

5.2 Results for the self-preserving jet and the two wakes in
séreg%sng flow with an adverse pressure gradient

N
"

P AT S TPV

4 N
% The data for the jet and the two wake;flpds are presented
in one table and eleven figures each. ® Table I and Figures (15

to 2%) for the jet, table II and Figures (27 to 36) and table

BT T AT P

III and Figures (37 to 48) for the two wakes respectively.




’ The first three figures for each flow show ‘the development

of the mean flow. The first of ‘each group of figqures shows

PRCSF PR

the value of G and the second presents the value of Lo as a 3

function of downstream distance X. Lines are drawn to give

the averége value of G, the slope of the L, line and Xo(the

0

virtual origin of the flows). The deviation of G in each case 3

is no more than a few per cent from the average value and that

Feis : '%_‘J‘:W ’ﬁj‘ 2~ &;

of the Lofrom the line L0’= Co( XTE + XO) is 1 per cent for

the jet and 1.6 per cent for the self-preserving wake, G = -0.193.

-~ avadee g

The virtual origin X,.is upstream of the outlet of the jet

0

box and the leading edge of the wake forming body. Close to

the jet outlet the jet grows at a larger rate, gradually redu-

cing to the lower rate for the particular value of G for that

flow. This would produce the observed effect on position of

the virtual origin relative to the jet outlet. For the wake

case, G = -0.193 the virtual origin defined by the wvalues of

U0 is very close to that defined by LO' For the jet}(o is

quite dependent on the internal boundary layers in the slot.

However,‘if the flows eventually reach constant-momentum-increment

or constant-momentum-deficit:conditions at some déwnstream

location, then this is a neéessary condition that the velocity

and the, length scale must both have the same,xo.
Experimental values of log(ul) , log (Uo) and log (Uh)

plotted against log (XTE + xo)lare presented in the third figu-

re of eich group. Best lines are drawn through the -experimen-

. tal points and the slope is indicated. Since Ul = (XTE + xo)m
\ H ) '

|
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these points should lie on a straight line and the slope be

equal to the value of m predicted by equation (8). Generally

the fit to the log (U1) log (Um) and log (Uo) points is very good.

The next figure in each set presents the normalized
mean velocity profiles. It is seen that for each flow they
all collapse satisfactorily onto one curve, and, as was assumed
in the theoritical development, the curves are identical for
each flow. The assumed Gaussian profile used in thg theory is
also plotted on each of these figures. It is seen ;o be in
close agreement&bver most of the width of the flow, but over-
estimates the amplitude in the outer part. The next figure
presents the longitudinal turbulent intensity non-dimensiona-
lized with Y1 and the next six figures present the measured
Reynolds stress profiles of each flow non-dimensionalized
with 0.

The curves of the shear stress profiles calculated from
the integrated momentum eguation, the measured growth rates
and the experimentally obtained excess or deficit to free
stream velocity ratios of the flows, .are drawn on the figures
showing the noh-dimensional shear stress k%iz) experimen;al
data. The curves were calculated assdming gelf—preservation and
Gaussian velocity profiles, and the experimental values of G

. 4L

g
and 0 were used for each case.

For the flows with G = 0.79 and -0.193 the agreement

between the data points rnd this profile line (Figures 26 and 48)
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. respectively is good out to the value of n at which the
measured mean velocity and the Gaussian profile starts to differ.

{Figures 19 and 41). The other two normal stress terms

(/55 and /65 ) were also measured. (Figures 22, 23 and 44,
U U
.0
"45). There 1is coHsiderably more scatter in the data than for
the /ﬁa values, Figures 21 and 43.
4]

© /
Figures 24 and 46 show the three normal stresses collec- ﬂ

ted together and plotted as twice the turbulent kinetic energy
2 .

(q ).
/UO2

From symmetry considerations these measured values should be

Profiles of uw/ are plotted in Figures 25 and 47. [

UOZ
’ zero, and this seems to be the case for the measured jet and
the wake with G = -0.193.
As expected in the first non self-preserving wake
G = =0.181, the agreement between predicted and measured shear

stress is not as good, the measured values being higher and

vary from the average by * 8.1% to 25% at n = Lo andx/B = 76 ;
* to 91 stations. This assymetry of the flow is also apparent
in Figures 32 to 36. Investigation showed that the wake for-

ming body was set at a slight angle to the oncoming flow and

it was not centered properly, probably causing the rather
large assymetry.

For the two wakes of G = -0.181 and G = -0.193, the
ﬁégnold's numbers are approximately 2,0 and 4.0 x 103 respec-

tively, based on model dimensions b. These Reynold's anbers




are high enough that the obvious characteristics of the

vortex street which develops close to the body are lost

within 10 or 20 body widths. (Tewnsend 1956). No evidence of a
periodic wake was observed, probably because the investiga-

tion was limited to XTE > 20.
5

v g
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6.  DISCUSSION

The main objective of this research work was to obtain
experimental results for deep, self-preserving, two-dimensional
wakes. °However, in order to prove tRe instrumentation and
experimental techniques, a self-preserving, two-dimensional |
jet flow was first investigated as there existed experimental 8
data for comparison (Fekete, 1970).

The experimental results for the jet flow are presented
in Fiqures 15 to 26. It can be seen that the flow was two-
dimensional and self-preserving even in the components of the
stress tensor sufficiently far downstream of the jet slot,.
When one compares the data of Figures 16 to 26 to the corres-

¢
ponding figqures of Fekete (1970), one finds them to be in
reaspnable agreement. This is not entirely surprising as the
exceEs to free stream velocity ratio G was 0.79 for both cases
(Figu?e 49). The rate of growth dLO of the jet was found to

X
be 0.5308 as compared to Fekete's result of 0.0333, Figure 49.

§
1y

A
The linearity of the curves, rate of growth and velocity decay,
Figureés 49 and 50 respectively, indicate preservation of mo-

mentym, as was expected. Thefe is a discrepancy in the measured

—

non+dimensional shear stress parameter,q = L » the value of
0 UOZ L0

th'!present measurements being 0.0187, (Figure 26), as compared

to \Fekete's value of 0.02]12.
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The v@@ocity decay comparison, Figure 50, indicates that
although the two tests had almost identical U0 ratio's of 0.79

U
the scaling velocities were slightly differen%. The discrepancy

between the two tests in the shear stress term v L is
U02 y =L0
abqut 10 per cent. This discrepancy is most likely due to errors

which resulted from imperfect alignment of the slanting wire
with the mean flow direction in the present measurements. 1In
spite of this discrepancy the results are in general consistent
and give, therefore, c;ﬁfidence in the soundness of the experi-
mental procedures and techniques.
The first wake investigated, G=-0.181, was produced by a
1.9 cm. square rod attached with one flat face normal to the
oncoming stream to the mid-points of the sides of the tunnel.
The normalized mean velocity profiles are given in Figure 30.
They all collapse satisfactorily onto one curve. The curve
(Ek“% is also plotted in Figure 30 and agrees well with the

Yy
measured values for ( /LO) less than about 1.5. For wvalues

(y/L ) greater than 1.5, Figures 19 and 41, also show that the
expogential curve slightly overestimates the actual mean
velocity; this is the usual mode of departure. Thus mean velo-
city measurements all indicate that this wake (G = -0.181) has
a tendency towards self-preservation.

However, when the turbulence measurements, Figures 32
to 35 are examined, the evidence contradicts this assumption.

The values of the turbulence intensities do not reach a self-

preserving form and do not even seem to be tending towards a
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. ¢ stable value. Clearly, then, this flow is not self-preserving.
This obsarvation is also substantiated by the growth rate of
the wake shown in Figure 28. 1In addigion to noting that this
wake does not exhibit self-preservation it can also be observed
that the flow is not symmetrical. It may be worth noting,
however, that the normalized stress tensor and shear stress
values change with downstream distance in a consistent manner
(Figures 32 to 34). The measurements could not be carried out
further downstream than 91 wake producing body widths due to
the limitations imposed by the tunnel length.

The second wake, G = -0.193, was produced by a smaller (J)
shaped channel which was concave upstream as it is shown in
Figure 6b. The ratio of maximum velocity deficit to free stream
velocity is almost constant, Figure38, and Figure 39 indicates
that the experimental wake growth of L0 varies approximately
‘linear with downstream distance xTE.

Although the mean velocity profiles in a wake may appear
self-preserving, it is usual to find that the distribution of
turbulent velocities is not self-preserving until some further
distance downstream, (Townsend 1956).

Figure 43 shows distribution of véi? at a number of
U
stream-wise locations, 189 < % <225, andoconfirms the slow

approach of the turbulent velocity components towards self-

preservation.

The turbulent shear stress distribution was measured and

‘. the results are shown in Fiqure 48. 1In plotting these results
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it has been assumed that the centre of the wake is at the point
of zero shear. By means of the momentum integral equation, a
calculation has been made of the shear stress distributions at
the stations whére the shear stress was measured. The experi-

dL0 and of Eg were used iJﬁ

dx U
culation, as was the assumption that lthe velocity profile was

mental distributions of this cal~

given by the exponential equation of the form

2
(Ul - UO) = U0 exp‘[1n2[¥%J 1 . (1)
0

Since integration for the calculating curve was always started
from lower 1limit y = 0, any departures in velocity profile from
the assumed distribution of equation (11) have a cumulative
effect, and are most apparent for large Y. The measured and
calculated values of shear stress. therefore depart more and
more from one another as y increases ; ( Figures 48 and.28 for
the wake and the jet respectively)

However, it is evident from Figures 38 to 48 that the
wake, G = -0.193, was symmetrical, two-dimensional and valso
fully self-preserving, the measurements have been carried out
to 225 wake producing body widths, downstream. -The results
represent therefore useful information.

The bands of growth and shear stress parameter values
ofrVogel's theory (1968) are plotted in Figufes 51 and 52.
lNewman's predicted values for the growth parameter, tﬁe value
of c0 for the jet measured by Fekete (1970), the-results of the

present measurements and the values of co for the two wakes

measured by Gartshore (1970) are also plotted in Figure 51. o
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Examination of Figure 51 shows only a slight variation
between Newman's and Vogel's theories for the growth parameter
for selflpreserving two—-dimensional jets and wakes. The ex-
perimental growth results fit both Newman's and Vogel's theories
fairly well, Vogel's theory predicts the measured growth
parameter within about 15%.

A comparison of the predicted and the experimentally

measured values of the shear stress parameterg0 =(%!2)at y = LO
0
arxe plotted in Figure 52. The results indicate that Fekete's

»experimental data straddle the curve presented by Vogel's

theory (1968). The result of the present jet,shear measurements
lies in Newman's bounds. The wake result, however, favours the N
trend of Vogel's theory.

The discrepancy between Vogel's theory and the experimen-
tally measured values is less than 15% for the wake (G =—0.l9;)
and 18% for the jet results, ”

It would also be important to note here that, it was
assumed in this work that the levels of free stream turbulence
encontered did not have a noticeable effect on the above
parameter;.

One may conclude, therefore, that from a pragmatic point
of view Vogel's theory based on Townsend's large eddy equili-
brium hypothesis will give reasonable results.

To be more certain one would have liked to have measured

several wakes instead of only one. Indeed several attempts

-,
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'r were made, using a vgriety of wake bodies, to produce deep
wakes with large velocity deficit, but without any success.
It is implied, therefore, that it was much more difficult to
set up a deep wake flow than the jet. Part of this may be
due to the fact that there was no easy, independent way of

adjusting wake strength as there is for the jet.
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7. CONCLUSIONS
:
The pr;ncipal objectives of the investigation have been §
achieved. A two-dimensional jet and one wake have been set i
3
up according to the constrai%? of the mean momentum and tur- %
bulence energy equations for self-similar flow.' §
§
The measurements indicated that the two flows, the jet §

and the wake with G = -0.193 were satisfactorily self-preserving

FRIE

*
£

in both meap velocity and longjitudinal turbulence.
7
The yake with G = -0.183 was lacking self-preservation
‘ :
and the results were not satisfactory.

The results obtained for the self-preserving two-dimen-

uh
4
i
x
%
&
§
LY
§
|

sional jet were in substantial agreement with Fekete's (1970)
measurements providing a measure of confidence in experimental
procedures and the turbulence measurements.

Measured distributions of shear stress across the wake
and the jet compare favorably wiih distributions calculated
from the momentum equation and the known flow development.

The experimentally measured values of the self-preserving

wake were compared to Gartshore's results, Newman's and Vogel's

s

theories. The rate of growth and the measured shearing stresses

were in reasonable agreement with Gartshore's measurements.

!
!
j

The experimental results favour Vogel's theory which
predicts reasonably well the rate of growth and the shear
stress parameter for two-dimensional self-preserving jets

‘} and wakes.




pro— w5

e ~

T g . Sppren s no

ORI S b ma g

- 34-

/
Large deficit two-dimensional self-preserving wakes

A

could not be established.
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TABLE I
GROWTH I!WFORMATION FOR SELF~-PRESERVING JET, G = 0.790 -
T width'of jet outlet (b) = (0.25 in. or 0.635 cm. 2
Jet\press (at jet inlet) = 47.8 cm watex '
a X4 {virtual origin) = 24.87 in. or 63.0 cm.
m -
m (best fit to Ulu(xTE+xo) ) ==0.379 . .
m -
. m (best fit to Uje(Xn +X,)") =-0.379
m (calculated for G = 0.790) =-0.379
P &3 Colly = CoXpptXy) ) = 0.030
VALUES AT MEASURED STATIONS
+X, + : ‘
Kog (om | Xou#Xo | Xop+Xo Un Uy s | Lo Re (UgL, ) | XTE(in)
STATION G 0_0/v .
{cm) b (m/sec) | (m/sec) | (m/sec) (cm) (x 10-3) Station
101.6 | 165.1 259, 22.0 12.2 9.8 0.799 5,105 0.353 40
109.2 1?2.7 271. 21.6 12.0 9.7 0.808 5.384 0.368 43
114.3 177.8 279. 1 21.4 11.9 9.5 0.804 5.486 0.368 45
119.4 182.8 {. 287. 21.0 l1.8 9.3 0.786 5.638 0.370 47
124.5 187.9 295, 20.9 1.7 9.2 0.780 5.842 0.379 49
134.7 [ 198.1 311. 20.4 11.4 9.0 0.784 | 6.146 0.390 53
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- . TABLE II
* GROWTH INFORMATION FOR SELF-PRESERVING WAKE, G =-0.181

n

1.80 cm.,

3.5 cm.alch. (incl,"Lambrecht” manometer)

width of wake forming body (b)

Pressure difference Pg
(Ps working section - Pg tunnel)

]

H

0.872 m. -

~0.317
-0.317
0.034 ////

VALUES AT MEASURED STATIONS

]

Xg - (virtual origin)

\ m
m - (best fit to Uloc(XTE+XO) )
m - (calculated for G =~0.181)

(]

_ = 4
! XTE (cm)
Station (XTE+XO) Um Ul , Uy G Lg Re(UbLo/V) XTE (in)
__ b (m/sec) (m/sec) | (m/sec) (cm) (x 107°) | statio
. 40.6 67.2 13.80 17.09 3.18 -0.18 4.41 0.098 16
45.7 70.0 13.72 16.75 3.04 -0.181{ 4.34 0.093 18
50.8 72.5 13.57 l16.55 2.98 ~-0.180 ] 4.42 0.093 20 -
58.4 76.0 13.40 16.32 2.93 -0.1801} 5.10 0.105 - 23
63.5 79.2 13.33 16.28 2.95 -0.181 | 5.48 ’ 0.114 25
73.7 84.0 »12.99 15.83 2.83 -0.179 | 5.63 0.112 29

- -
i - - <., . . . A
aﬁ‘!:, b KN oo "&7..5&%;1'@" na i S
& 33




: . TABLE III
GROWTH INFORMATION FOR SELF-PRESERVING WAKE, G =-0.193

Width of wake forming body (b) = 1.27 cm.
Pressure difference P = 3.50 cm.alch. (incl. 'Lambrecht’
— (PS working section- Ps tunnel) manometer)
_ X, {(virtual origin) = 1,51 m.
: m (best fit to Uloc(XTE+XO)m) =-0.3166
m (calculated for G ==0.193) =-0.3166
Co (L0 = CO(xTE+x0)) = 0.0218
VALUES AT MEASURED STATIONS
X ~ligy
TE { cm (x,m +x0) um Uy Uys G L, Re(UOLo/‘V) XTE(in)
Station | —5—— | (n/sec) | (m/sec)| (m/sec) (cm) (x 107°) | Station
e o 88.9 189.0 12.80 15.91 3.11 0.195 | 5.029 0.110 ' 35
. » . 96.5 195.0 12.78 15.82 | 3.04 | 0.192 | 5.480 0.121 38
104.2 201.0 12.53 15.54 3.00 0.193 { 5.740 0.121 41
, > 1i1.8 207.0 12.20 15.16 2.95 0.195 | 5.638 0.117 44
119.4 213.0 12.07 14.93 2.85 0.191 | 5.92 0.115 47
129.6 221.0 11.96 14.86 2.90 0.195 | 6.190 0.126 51
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LEAVES 53 AND 54 OMITTED IN PAGE NUMBERING:

o




MAIN Program

READ MN

READ YREF

DO L=1M

READ ID,N,RR(10)

CALL NORMAL

Fig.53a

[F(ID) 2,33

CALL SLANT

CALL PRINT

CONTINUE

END

R L R L

Paoe




. Subroutine NORMAL

' READ ref No,date

READ VRM)V, scale factor

DO I=1,N

*

.
%
.

IF(scale factor) 23,24,23 scf =0 3162

scale factor:=1

2f 22 a2
Calculate U, Y5Y .:ﬁa’E!!

Calculate U, x, £

CALL FiT(gives Yo g, Lo)

Caiculate Ug

>
. DO 1,N

I

Caliculate (%%")G‘],y, ;'h’_(-u—ggl), :um_m K

CONTINUE - Calcu!late Up: 1 RETURN

g
—_ s

N

[



A

Subroutine SLANT

Read Ref No. ;etc.

Read RMV,

scfl1)

Read RM.V,

scf(2) ‘

p .

FigS3c

1£(1D) 102,102,103

Read R\MVscf(3)

Read R.MVscf(4)

4

DO 1:1,N

Calculate a,TGa,TG%, m

IF(scf}

scf =0 3162

scf:

1.0

Calculate

2
€

IF(sct) (2

. scf =0 3162

scfs:

1.0

~

Calculate €} uv, V2,22 2, v

¥
U U

&k

IF(ID) 1,-1,0

RETURN

r

I

next pa

o Y ey o TR T T P

*

s L%

- haCia

"o Fige n



) o oSy ) * x4
Fig.53d <
Subroutine SLANT (con’t) 7
D ay
2 2 .
Calculate a,TGa,m
— \" +
DO 1=1,N
If scf 3 scf=0 3162 e
o’ '
N S
scf=1.0
Calculate e2
{ 3 N
- P .
\ //‘ '
it scf 4 scf=03162
| scf=1.0 -

Calculate &,Tw, W2 %"oz' lﬁ, %
Q

RETURN
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