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ABSTRACT 

The equations governing the Mean motion of symmetrical, 

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 

class of flow was investigated experimentally t'or a jet and 

two wakes with different values of deficit-to-free-stream 

velocity ratio. The data are presented in the form of non-

dirnensional plots of mean velocity distribution, rate of 

~ of the wakes and the jet, velocity decay rate and 

components of \ne turbulent stress ~eRsor. 
For one wake self-similarity of only the mean flow . 

parameters was achieved. For the other wake and the jet 

self-preservation of aIl flow parameters incIUdi~the 
,)Qti~ ~at oti \ 

stress tensor was achieved. The fiows were e 
,~ 

dimensionai. Comparisons of the experimental resuIt~ ta 

theory show that VogeI's theory _predict~ satisfactorily the 

rate of growth and the shear stress parameters for these 

flows. 
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SOMMAIRE 

Un ~coulement sym~trique à deux dimensions contenant des 

\jets et sillages turbulents fut mis en pr~senc~ de changement 
-, 

de pression gradue,l pour prouver que la turbulence peut s' auto-

pr~server comme indiqu~ par l'~quation de mouvement des fluides. 

Les r~sultats exp~rimentaux d~montrent la distribution 

de vitesse non-dimensionnell~ le taux de croissance des sil-

lages et des jets turbulents, le taux de décroissance de 

vitesse et les compos~ntes du vecteur de contrainte, pour 

deux ca~ dift~rents de déficience moyenne de vitesse en rap-

port avea ïa vitesse moyenne d'~coulement. Toutes ces varia­

bles sont n9n~dimensionnalis~es par la d~ficience moyenne de 

vitesse locale. 

Le fait que l'~co~lement est A deux dimensions fut bien 

d~montr~ (une fois que le taux de changement de pression fut 

êtabli) et les conditions d'auto-pr~servation furent qbtenues 

. pbur les jets et le deuxiême' sillage pour le vecteur de con­

trainte, et pour les pararn~tres moyens de l'~coulement. Le' 

premier sillage dêmontra des similitudes avec les param~tres 

de l'êcoulement moyen mais le vecteur de contràinte n'~tait 

~ Il qu' approximat~veItlent- similaire. ,En comparant la th~orie de 

Voge! avec les r~sultats expêrimentaux l'on peut constater 

qu'elle p~êdit raisonnablement bien le 

les pararn~tres des contraintes 

et s~llages auto-prêservants a deux 

-ii .. 

croissance et 

t pour les jets 
/ 
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NOTATI ON 

Lateral rate of strain, au 
ây 

, ,"- ~ 

au Longitudinal rate of strain, dX 

Slot width for the jet or width of body 
producing two-di~ensional wake 

Scale factor from Ul = Cl (XT~ + XO) 

dLO 
'dx ) Growth parameter for wake or jet 

Function of n for the mean velocity profile 
dL 

(d 0) (Figures 51 and 52) of jet in still 
x àir (G oz co) 

Jet excess or wake deficit ta free'stream 
ve10city ratio Uo 

U1 

Functions of n for components of the turbulence 
stress tensor , 

Shear stress parameter at y 

. ! 
q2~, 

( 0 U 
'0 

Suffix s = jet in still air 

1n2 

(Figure Il) Constant in longitudinal coo1ing law 

Sca1!ng length for the mean-velocity and the 
turbulence: interpreted as the value of y where 
U .. U
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Growth exponent for self-preserving flow 
Ul 0( (XTE ~ xO)m 

/ 
Reference static pressure 

2 2 2 . u +v +w twice the kinetic energy of turbulence 
per unit mass 

Twice kinetic energy of turbulence at y = 0 

Eddy viscosity Reynold's number (UOLo) 

Mean velocity in x-direction 
\1 

Maximum or m±nimum 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 centerli~e at the éxit plane 
of the tunnel 

Free stream velocity in x-direction 

Velocity scale fo~ the mean veloaity at the 
tunnel exit 

Free stream velocity at the tunnel exit 

Fluctuating velo~ity about the mean in x-direction 

Mean velocity in y-direction 

Pluctuating velocity about the mean in y-direction 

Mean velocity in z-direction 

Pluctuating velocity about the mean in 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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(XTE+Xo) Coordinate direction (downstream 
distance measured from virtual o.igin) 

Cross-stream distance ,measured from the axis 
of syrnmetry where v=o 

Coordinate direction 

COMPUTER NOTATION EQUI VALENTS 

RMSU/Ul 

RMSU/UO 

RMSV/UO 

RMSW/UO 

SQorQ2/SUO 

uw/suo 

uv/suo 

MUV 
1 

suo 

',. JeTE 

uv 

x 
b 

Longitudinal turbulent in­
tensity (non-dimensional) 

Longitudinal turbulent in­
tensity (non-dimensional) 

Cross-stream turbulent in­
tensity (non-dimensional) 

Lateral turbulent intensity 
(non-dimensional) 

Twice kinetic energy of 
turbulence (non-dimensional) 

Non-dimensional shear stress 

Non-dimensional shear stress 

\ Non-dimensional cross-stream 
coordinate 

Shear stress calculated from 
momentuml equation 

Scaling velocity squared 

Streamwise distance measured 
,from the tunnel exit plane 

Distance, measured from virtual 
origin to slot width ratio 
("TE+XO) 

b 
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DLX 

REF. 

REF. 
ORDINATE' 

UVl UV2 

UWl UW2 

dLO ax- Rate of jet or wake growth"- Co 

Reference station number 

Reference hot-wire position rneasured 
in y-axis 

RMS voltage readings of slanted wire 
Cu, V'-plane) 

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

YCL Reference centerlin~ of the flow, measured 
in y-axis 

GREEK LETTERS 

Cl, S 

Tl 

v 

p 

~ 

Constants r~lating 9
0 

to mean rates of strain 
used by Voge1 
Figures (51, 52) 
Alsa see Fekete (1970) pages 49-51 

Similarity parameter (Y/L ) 
o 

Kinematic viscosity of fluid 

Density af fluid 

. .. 

-viii-

• • 

~ 1~ 

:~ 
l' 

". >J 

~ 
:t . ~ 

~ 

1 



-

1. INTRODUCTION 

Self-preserving flows have particular importance 'in the 

study of turbulent shear flows because of their relative sim-

plicity. When a flow i5 self-preserving, the governing e~ua-

tions which de scribe the flow, becorne considerably sirnplified. 

Partial differential equations are replaced by ordinary dif-

ferential equations, aIl properties scale with a single velo-

city and length seale, and the non-dimensional properties of 

the turbulent structure ean be related to the properties of 

the mean f1ow. (Gartshore 1967, Gartshore and Newman 1969). 

The experimental study of self-preserving wakes and jets ls 

of considerable interest sinee they represent a situation in 

whieh 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 Méan flow parameters. By the use 

of·this information modelling of more complicated flows of 

engineering significance becomes feasible. Such flows are of 

practicat interest in the design of jet Rumps, thrust àugmen-. 

tors and in models of combustion chambers. This class of 

flows i8 also similar to the outer part of the flow in a je,t­

augmented boundary layer. 

) 
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Theoretical and experimental work has been carried out 

in the study of two dimensiona1 wall jets by Gartshore (1965), and ~ 

of free jets, jets in uniform streaming flow and adverse pressure 

gradient by Newman (1967). No experimenta1 data are avai1ab1e, 

however, for two dimensiona1 se1f-preserving wakes. 

Two fundamenta1 flow parameters, the rate of spread, dLa 
dx 

and the shear stress parameter, uv ,of self-preserving two 

dimensional jets and wakes, were~r!gicted theoretically by 

Newman (1968) and Voge1 (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, 

themeasured shear stress parameter for the jet and the two 

wakes show better agreement with Vogel's theory, although 

Gartshore,sr~ake measurements show almost 50% higher values 

than those indicated by Voge1' s theory.. It should be noted 

that Gartshore's wakes were onl~approXimatelykSelf-preSerVing. 

The major objective of the pjesent research was to obtain 

reliable shear stress measurements in self-preserving wakes 

and to compare the resu1ts with the existing theories and 

Gartshore's measurements. The detai1ed objectives of this 

work can be set as follows: 

(a) to estab1ish two-dimensiona1 flows 

(b) to adjust the pressure gradient in order te obtain 

.elf-preserving flows, as the mean flow parameters 

indicate, 

-
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(c) to carry out measurements in a two-dimensiona1 se1f-

preserving jet and compare the resu1ts to those mea­

sured by Fekete (1970) in order to gain confiden6e 

in the hot wire techniques in measuring turbulence, 

(d) to measure the mean velocity, the rate of growth and 

the stress tensor for two-dimensiona1 wakes, 

(e) to prove that self-preservation does in fact exist 

for the stress tensor, 

Cf) to,compare the experimenta1 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 s~lf-preservation 

A self-preserving flow is one in which the mean veloeity 

U and aIl other mean quanti ties 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 

length and velocity scales. 

The necessary conditions for the exact self-preservation 

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 rnean f10w mornenturn equation and the tur-

bulence energy equation. 

Considering a syrnrnetrical, two dimensional jet or wake 

(Figure 1), the momenturn equation in the downstream direction 

x, May be written as 

u au + v au + a 
ax ay ai (1) 

where U and V are the mean velocities in the x- and y-directions, 

u and v, are the associated turbulent fluctuations about the mean 

and Ul is the velocity of the external irrotational flow. 

Following Townsend (1956) the following self-preserving 

and similarity forms are assumed: 

• q 
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U Ul f- UOf(n} (2a) 

U2 
gll (0) 

0 
2 (2b) -u 

U2 
g22 (n) 0 

2 -v 
:: (2c) 

U2 
(n) 

0 g12 uv 
(2d) 

where 11 = (yi ), the lj>ars denote time averages, and the func­
LO 

tions f and gare functions of n only. 

The scaling velocity Ua and t~~ length scale LO are 

shown in Figure 1. The scale Uo i~ by definition the maximum 

ve10city deficit in a wake, and the maximum velocity increment 

in a jet. The 1ength scale La 15 the distance from the center­

line of the jet or wake to the point where the velocity increment 

or decrement is half the maximum vàl~. 

The functions f and gare independent of both x and y for 
If 

a given ~lf-preserving flow. It has been found experimentally 
1 2 

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

where k K In2 by the definition of LO and UO' 

The time avera'ge conti nuit y equation for two-dimensional 

f10w is 

!E. + av = 0 -ax 3y 

Substituting equations 2 into equation 3 gives:' 

V,"'-LOtl du} - d 

dx di 
(4) 
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The moment~ equation, Eq. (1) combined with equations 

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

{ 
1 d 

- Ua ë1x 

n 

-{ ~o ~x (~OLO) J[ fj f do ]-{ :~O} ~ (g' 11-g ' 22~ 
+ [~n g12] 

{UOVLJ [flf] 
(5) 

where primes denote differentiation with respect to n. 

The terms in the square brackets are fu~çtions of n only 
~'i! 

and the terms in the curly brackets are functionS of x only. 

At large Reyno1d's numbers UOLO based on the length 
\1 

scale and ve10city deficit or increment, the term on the 
:. 

right-hand side of equation(5)approaches zero and may be ne-

g1ected. 

~ollowing Newman (1968) self-preservation is possible 

only if the terms· 

are constant. 

, 
(~) (visc.ous'term can be neg1ected) 

o 0 

_ 4 
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AlI the above terms are constant if: 

and 

are constant. 

It follôws directly that: 

2.2 

ua = constant = G 
Ul 

La 0( (XTE + Xo) 
m 

UA oc: (XTE + Xo) 

U1 0( (XTE + Xo) 

Vogel 

-ve for w<tkes 

... 

Vogel (1968) developed a closed forro solution for the 

rate of growth and the shear stress parameter of symmetric, 

self-preserving wakes and jets in strea~ing flow. 

The growth, parameter obt~ined as: 

II: dLO '" O.073StGI (2G+4.242) 

ax- (1.424G2+S.01G+4.401) 

is plotted in F~gure 51 for two values, of Cl andfl 

'\ 

(6) 

(6a) 

(6b) 

(6e) 

(7 ) 

The growth exponent obtained for se1f-preserving flow ls: 

m II: - (I2+G) 
U/2-t2G) (8) 

and the shear stress parameter 

-1 u v 

~ '1. 1 
- O.6738(O.405G~+1.493G+l.4l4) (sign G) 

(1.424G2~5.015G+4.401) 

1~ presented in Figure 52. 
, , 

(9) 

',1. 

.' ~ 
1 
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3. EXPERIMENTAL ARRANGEMENT 

3.1 The wind tunnel, the ·et, and the ake formin bodies. 

The wake and jet measurements descr·bed herein were 

carried out in the McGill University open-ci 

type wind tunnel, which has been described by 

and Gartshore (1963). The general layout of the apparatus 

is shown in Figure 2. A 25 HP, constant speed AC motor 

drives the centrifug .. l fan w hich has variable inlet vanes 

for speed control. At the exit from the tunnel, \velocities 

between 6 an? 40 metersjsec may be maintained, wi~ 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 ori the centre-line of the 

tunnel varries from a maximum of 1.3% at low velocities to 
\ 

approximately 0.3% at high velocities. In order ta reduce 
~ 

the turbu,lent intapsity weIl below 1% at low velocities, 

(Pate1 1970), a SHP variable speed D.~. motor drive ~hS>"b~en 

added. 

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

high and 2.3 m. long. The side wall ~oundary layera are bled 

through 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 

with a 40% open are a ratio was fas~ned over the downstream 

end to build up the pressure in the working section. 

The pressure gradient was tailored using adjustable louvres 

in the top and the bottom of the working section ,s shown in 

Figures 4a and 4b. 

3.1.1 The jet box 

The jet box (Figure Sb) used for the self-preserving 

jet measurements, was described in detail by Fekete (1970). 

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

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

and the air temperature could be adjusted to equal that of the 

wind tunnel. The jet velocity was controlled by means of a 

throttle valve in the ductinq which carried the air to the two 

ends of the jet box (Figures Sc and dl. The air strea~s 

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, designed to give ~niform flow along the slot • . ' 
The outside of the jet box was made as uniform1y as possible 

in cross section along the length of the box. Th~ petdwas 

installed in the contraction section of the tunne~in order 

to give rise to a weIl behaved tJo-dimensional flow in the 

free stream. Jet box reference pressures were measured at two 

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

of the jet, box. 

_ c 
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3.1.2 Wake forrning bodies 

In the process of setting up the wakes several wake 
1 

producing bodies were ttied. The jet blewing against the 

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

The~'to produce as strong a wake as possiqle. Tpe 

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

It appears that the strong eddies behing a bluff body are 

very effective at distributing momentum across the flow, and 

make for a wide, shallow wake. A 1.9 cm. squarê' rod was also 

tried an~ proved satisfactory. The square rod (Figure 6a) 

was attached with one fIat face normal to the oncoming stream 
1 

to the mid points of the sides of the wind tunnel. A wake 

deficit te free stream velocity ratio of G -0.181 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 {J} 

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

serving wake of G &-0.193 was produced. 

3.2 IIThe traversing gear 

The traversing gear (Figure 7) was basica1ly the sarne 

one designed and used by Fekete (1970). It consisted of a 

lead-screw driven by a synchro-receiver (Figure 3) wired to 

a synchro-transmitter which was driven by a small D.C. motor. 

The transmitter waB co~led directly to a mechanical counter 

\. ~, 
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which indicate~ the position of the hot wire probes. The 

traversing gear was checked for accurancy an9 was found to 

be accurate within 0.03 mm. over a range of 10 cm. of vertical 

travelo Hot-wire probes w~re 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 

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 equipmlnt:~sed for measuring mean velocities, 
j~., . 

normal and turbuient shear stresses consisted of standard DISA 

unitsi five gold plated (55FI2) slanting wires, three Pt-Plated 

tungsten (55A22) and two (55FII) nocm~1 wires (ref. DISA manual) 

were used. A sch~matic diagram of the instrumentation is shown 

in Figure 9 and the general layout in Figure Ba. A constant 

temperature DISA-55 001 anemometer unit, two 55010 linearizers 

and a 55D35, R.M.S. unit, were used. One of the linearizers 

was calibrated for the use Qf the normal wires'only, while the 1 _ 

othe~ one was èalibrated for the use of the slanting ones as 

- c 
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different gain settings were needed to optimize sensitivity. 

For the DISA probes (Figuré 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 55035 R.M.S. meter. This meter has a 

low frequency cut off of 5Hz. An HP-2212A 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 

R~.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 srnall range HP oscillator was also connected to 

the HP digital counter to provide a tim~ gate in excess of 10 

seconds when this was required for signal averaging of the 

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

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

converter/5216A electronic counter cornbinations. The results 

were recorded by hand and fed later into t~e computer prograrn, 

Figures 53a, b , C, and d in data forme 

u a 
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The jet box reference ternperature, 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 rune 

The pressures were rneasured by a vertical water filled manometer 

and an inclined alcohol filled "Larnbrecht" manometer respecti-

vely, wh~le a conventional mercury thermometeF was used to 

indicate the working section ternp~rature. 

3.4 Shear stress measurements in fully develope~ pipe flow 

To check the experirnental procedure and data reduction, 

an experiment was performed in fu1ly developed pipe flow in a 

7.,62 cm. diameter il m. long smooth brass pipe at a Reynolds 

5 number of ReD = 3.76 x 10. The wall shear stress was measured 

via the pressure drop along the pipe and compared with that 

rneasured by the hot wire. The shear stress agrees weIl with 

those predicted (Figure Il) and is in very close agreement with 

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

3.5 Hot wire calibration 

P1atinum plated tungsten DISA 55A22 and 55Fll normal and 

DISA 55F12 slanting hot wires with gold plated inactive ends 

were used for aIl tQe measurements (F.l~s 10a and lOb). The 

hot wires were operated at an overheat ratio of 1.8 resulting 

in wire operating temperatures which were about 200°c above 

_ c 
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the ambient temperature. The angle of yaw (l/J) between the 

wire and the axis of rotation of each slanting wire probe 

was measured with a NIKON profile pro]ector with magnification 

of 50. The wires were exarnined under a mlcroscope before and 

after each test to check for any accumulation of dust and wire 

distortion. 

A round nozzle mounted on top of a 45 gallon oil drurn 

which acte~ as a settling chamber, was used for hot wire cali-

bration (Figure ab). A sketch is given in (Figure 12). The 

drurn was connected to the jet air supp1y and the air flow rate 

to the drurn was controlled by means of a slide valve. The 

velocity range whi~ cou Id be obtained with tnis arrangement 

was O.l-lOOrnjsec. A mechanism rnounted on top of the drurn 
IP 

a1lowed 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 rune At least la points were 

taken and to these a "Least-Squares" straight line was fitted 

(Figure 13). Each wire (ie normal and slanting) had its own 

Iinearizer unit and was normalized to an output of 8 volts at 

a free stream velocity of 25mjsec. for the jet experiment and 

to an output of 5 volts at lSjm sec. free stream velocity for 

the wake measurements. Correct alignrnent of the slanting 

wire probe with the calibration drurn flow centerline, was as- ~; 

sumed when the me an voltage reading was independent of the 

rotation of the wire. 

LU Q 
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4. EXPERIMENTAL PROCEDURE 

4.1 Pressure gradient 

AlI self-preserving jets and wakes of pratical interest, 

except the smalt deficlt wakes, require an adverse pressure 

gradienti 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 
j. 

to bleed air from the tunnel. This, in conjunction with a 

40% open area perforated plate fastened over the downstrearn 

end of the section, did create the required adverse pressure 

gradient. The fo11owing procedure was followed to set up the 

self-preserving flow. 

The louvr~s on the top and bottom of the working section 

were-preset fo11owing Fekete (1970) and Vogel (1974) to give 

an adverse pressutte gradient (Figures 4 and 14). 

'For a particular value of UOTE at the tunnel exit plane, 
UITE 

ilhe value of m was caleulated from equation (8). A suitable ... 
'", 

free stream veloei ty at the tunnel exit U was then chosen. 
ITE 

using equations 

(10) 
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It was then possible to calculate the free stream velocity 

U1 at variQus stations XTE . The value of Xo was determined 
X-

approximately by extrapo2ating Fekete's results. Using the 

approximate values of Ul and assuming that the flow at any 

section was one dimensional the mass flow at each section 

was calculated to establlsh the amount of excess air to be 

bled from the top and bottom louvres. Assurning that the 

louvr~ profiles were sufficiently streamllned to ensure that 

the flow left smoothly and without a vena contracta, it was 

possible by'iteration (Vogel 1970) to determine the louvre 

setting to give the reguired pressure gradient (Figure 55). 
Uo For similar profiles, (0-) is constant and in order to 

l 
check that the pressure gradlent was producing sirnilar pro-

U U files, pitot-static tubes were used to measure 0 pnd l at 

different downstream distances in the working section. The • 
positions of the se pitot-static tubes were staggered on either 

side of the tunnel centre 1ine so as ta reduc.e the wake 

interference of one tube upon another. 

From the se readings the value Uo was determined and the 
U 

louvres were fina1ly adjusted 50 that1 this ratio was constant 

down the working section. The constancy of the excess to free 

stream velocity ratio down the tunnel was then checked by hot 

wire measurement. It was found that Newman's criterion, eguation 

(6), for self-preservation was satisfied (Figure 16). To gene-

" rate the appropr~ate pressure gradient for the two wakes a 

u 4 
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similar procedure was followed. The two wakes investigated 

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 h~gher than 0.2. The aim was to produce as 

strong a wake as possible, but although several wake producing 

bodies in combination with different louver settings were tried, 

unsatisfactory results were obtained, as the wakes produced 

were broad and very shallow. For a wake more adverse pressure 

gradient than required for self-prese~vation increases the 

magnitude of the ratio Uo and slows down the wake more than the 

free stream. 
Ul Thus a more and more negative ~alue of G is pro-

duced and the Value of m calculated from equation (S) gets 

smaller and smaller. This means that deviation from self-pre-

serving conditions tends to produce a flow that is even farther 

from self-preservation making the flow "unstable". It is not 

implied that the, wake is impossible to set up ~n practice, 
- 1 

because changes of shear stress will oceur to counteract the 

changes o~G. The present argument, howevet, helps to explain 

why the wake was a more diffieult flow to stabilize. It ls 

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

froID a study of the mechanism of entrainmept in shear flow 

that the small deficit wake can never beedme self-preserving 

in z~ro pressure gradient. 

& a 

,~, 

/ 



, 

~-~-~--~--------..... --------.... q 

-18-

4.2 Measurements and accurancl 

Syrnmetry in the flow was ensured in a number of ways. 

First of aIl 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 follows. The·flow was traversed with the hot wire, and its ... 
col~ resistance was measured at various stations in the jet 

and free stream regions, while the heat ~er 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 bot tom to 
Q 

top and a final reading was taken at the centre line. Fbr 

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

, ~ 
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were recorded and the averaging tirne for both signaIs was 

10 seconds. .The cold resistanc~ of the wire was rneasured 

before the first and last center line reading always maintai-

ning the sarne overheat ratio at the different -streamwise loca-

tions. After the last measurement the wire was calibrated 

again and its co Id resistance was compared with the cold 

resistance measured in the flow. Following this, slanted wire 

profiles were taken at the sarne downstrearn stations. The p~oce-

dure followed was the same as the normal wire rneasurements, 

except that four traverses were made at each streamwise station, 

o the wire being rotated 90 between traverses. Correct alignrnent 

of the slanted wire probe with the working section flow center 

line, was assumed when the rnean voltage reading was independent 

of the rotation of the wire. 

22 The hot wire results for uv, v , w , were corrected for 

longitudinal cooling using Champagne's (1965) correction. 

Preliminary me~urements indicated that the turbulence inten­

sities were les than 15%. Henc: there was no need to worry 

about high inte sity turbulence corrections Guitton, 1968). 

The recorded data was fed later into the computer and 
\ 

aIl mean flow quantities, turb~lence intensities and shear 
\ 

stresses were calculated and the results were printed and 
\ 

pldted out. 

The basic data and the çalculated results are available 

in numeridal tables, and Figures 54a, h, and c showexamples, . 
of the numerical information. Figure 54a shows basic information 

- c 
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about the hot wire and voltages, Figure 54b presents dirnen-

sional calculated results withoùt the longitudinal cooling 

correction and Figure 54c shows the non-dimensional results 

including the effects of the longitudinal cooling. , 
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5. EXPERIMENTAL RESULTS AND DISCUSSIONS 

5.1 Two-dimensiona1ity and self-preservation of the flows 

Figures 15 an! 37 show the two-dimensionality investi-

gation of the jet and the second wake, G = -0.193 respectively. 

Velocity profiles were taken at ditferent positions across 

the flow, at a downstream d~nce of 1.3 m. Within 15 cm. of 

the centér line the profile~_ar, a1most identica1 across the 

f10w 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 1imited degree of three-dimensianality in a f10w will 

cause momenturn inbalance and noticeab1e digagreement between 

thelcalculated and measured shear stress values. The work 

of Bradshaw (1963) and Patel (1964) also points this out.\ Based 

on the measurements,the f10w was considered to he effectively 

two-dimensional for the range of measurements which are presen-

ted here. 

The theory predict~ that if U1 OC(XTE + XO)m then G il: cons­

tant down the'flaw, ~O v~ries linearly with ~, and the non­

dimensiona~izea velocity profiles are the same at aIl stations. 

These conditions se~ to be met satisfactorily for two of the 
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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-dirnensionalized profiles of aIl the terms in 

the Reynolds stress tensor should also be invariant down the 

flow when the flow is self-preserving. The longitudinal 

turbulence intensity (~/ ) was taken as a rneasure of the 
. Uo 

self-preservation. For thé 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 aiso rneasured at more 

than one station, and here the sirnilarity of the profiles at 

the different stations i5 not as good, especially for the two 

wakes. Figures (33-34) and (44-45). 

FOr the sarne flows the shear stress rneasurernents were 

made at a nurnber of stations, and the fact that the rneasure-

ments collapse onto one curve can be taken as another indica-

tion that the flows ar~ self-preserving in the stress tensor 

terme 

S.2 Results for the self-preserving jet and the two wakes in 

; 
) 

'" streaming flow with an adverse pressure gradient • l, 
The data for the jet and the two wake ,flo~s are presented 

1 

in one ta.ble and eleven figures each. D Table l and Figures (15 

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

III and Figures (37'to 48) for the two wakes respectively. 
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The first three figures for each flow sho~he'development 

of the mean flow. The first of 'each group of fagures shows 

the value of G and the second presents the value of LO as a 

function of downstream distance X. Lines are drawn ta give 

the average value of G, the slope of the La line and Xo (the 

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

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

of the La from the line La .= Co ( XTE + X 0) is l per cent for 

the jet ~nd 1.6 per cent for the self-preserving wake, G : -0.193. 

The virtual origin XOis upstream of the out let of the jet 

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

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

cing ta 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 ta the jet outlet. FOr the wake 

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

Uo is very close to that defined by La' FOr the jet X 0 is 

quite dependent on the internaI boundary layers in the slot. 

However, if the flows eventually reach constant-momentum-increment , , 
or constant-momentum-deficit'conditions at sorne downstream 

location', then this is a necessary condition that the velocity 

and the\ length scale must bot4 have the sarne.x O' 

Experimental values of 109 (U1) , log (Ua) 

plotted against log (XTE + Xo) lare presented in 

and log (U ) 
m 

the third figu-

re of .e~ch group. Best Unes are drawn through th&·--experimen­

ta1 points a.nd the slope is indicated. Since U1 cc (XTE + Xo)rn 

c 
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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 (UÙ log (Dm) 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 

aIl 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 t~~ theory i5 
1 

also plotted'on each of these figures. It i5 seen to be in 

close agreement~ver most of the width of the flow, but over-

estirnates the amplitude in the outer part. The next figure 

presents the longitudinal turbulent intensity non-dimensiona­

lized with Ul and the next six figures present the mèasured 

Reynolds stress profiles of each flow non-dimensionalized 

with UO. 

The curves of the shear stress profiles calculated from 

the integrated momentum equation, the rneasured growth rates 

and the experirnentally obtained ~xcess or deficit to free 

stream velocity ratios of the ~lows, ,are drawn on th~ figures 

showing the non-dimensional shear stress (~ ) experimental U02 

data. The cùrves were calculated assuming self-preservation and 

Gâussian velocity profiles, and the experimental values of G 
dL d and' 0 were used for each case. 
ax 

FOr the flows withG - 0.79 and -0.193 the agreement 

between the data points ind this profile line (Figures 26 and 48) 

\ ~ 
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respectively is good out to the value of n at which the 

rneasured ruean velocity and the Gaussian profile starts to differ. 

~~,Figures 19 and 41). The other two normal stress terrns 

"'R; and ~ ) were also rneasured. JFigures 22, 23 and 44, 
. Uo Uo 

45). There is coBsiderably more scat ter in the data than for 

the /{j values, Figures 21 and 43. 
lu 

o 

Figures 24 and 46 show the three normal stresses collec-

ted together and plotted as twice the turbulent kinetic energy 
2 

(q 1 2)· 
Uo 

l' 

Profiles of uw/U 2 are plotted in Figures 25 and 47. 
o 

From symmetry considerations these rneasured values should be 

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 
1 

X vary from the 'average by ± 8.1% to 25% at n ;; LO and lB ~ 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 ~roperly, probably causing the rather 

large assymetry. 

For the rtwo wakes of G .. -0.181 and G c -0.193, the 

Rèynold's numbers are approximately 2.0 and 4.0 x 103 respec-, 

~V~lY, based on model dimensions b. These Reynold's n~ers 

li 
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are high enough that the obvious characteristics of the 

vortex street which develops close to the body are lost 

within 10 or 20 body widt~$. (Townsend 1956). No evidence of a 

periodic wake was observed, probably beèause the investiga­

tion was lirnited to XTE > 20. 
""b 
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6. DISCUSSION 

The main objective of this research work was to obtain 

experimental results for deep,r "Self-preserving r two-dimensional 
"" 

wakes. 'However, in order ta prove tBe instrumentation and 

experimental techniques, a self-preserving, two-dimensional 

jet flow was first inve~tigated as there existed experimental 

data for comparison (Fekete, 1970). 

The experimental results for the jet flow are presented 

in Figures 15 to 26. It can be seen that the flow was two-

dimensional and self-preserving even in the cOrnponents of the 

stress tensor sufficiently far downstrearn of the jet slot. 

When one compares the data of Figures 16 ta 26 to the corres-

po~ding fi~ures of Fekete (1970), ane finds them ta be in 

reasonab1e agreement. This is not entirely surprising as the 

exce$s to free stream velocity ratio G was 0.79 for both cases 

(Figute 49). 

be O.b308 as 
\ 
\ 

dL The rate of growth 0 of the jet was found to 
ax 

compared to Fekete's resu1t of 0.0333, Figure 49. 

The linearity of the curves, rate of growth and velocity decay, 

Fi9urts 49 and 50 respectively, indicate preservation of mo­

ment~, as was expected. There is a discrepancy in the Measured 

nOnjdimensional shear ~tress parameter,go = ~v21L ' the value of 
1 00 

th1 pres~nt measurements being O.OlS7, (Figure 26), as compared 

tO)Fekete's value of 0.0212 • 
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The ~city decay comparison, Figure 50, indicates that 

although the two tests 

the scaling velocities 

had almost identical UA 
U 

were slight1y different. 

ratiols of 0.79 

The discrepancy 

between the two tests in the shear stress term ~v 21 = La is 
Cl y 

abqut 10 per cent. This discrepancy is most 1ike1y due to errors 

which resu1ted from imperfect alignment of the slanting wire 

with the mean flow direction in the present measurements. In 

spite of this discrepancy the results are in general consistent 
"-

and give, therefore, cortfidence in the soundness of the experi-

mental procedures and techniques. 

The first wake invest1gated, G=-O.181, was produced by a 

1.9 cm. square rad attached with one fIat face normal to the 

oncoming stream to the mid-points of the sides of the tunnel. 

The normalized mean ve10city profiles are given in Figure 30. 

They aIl collapse satisfactorily onto one curve. The curve 
2 

(ëkn ) is also plotted in Figure 30 and agrees weIl with the 

measured values for (Y/La) less than about 1.5. For values 

(Y/
L

) greater than 1.5, Fig~res 19 and 41, a1so show that the 
o 

exponential curve slightly overestimates the actual mean 

velocity; this is the usual mode of departure. Thus mean ve1o-

city measurements aIl indicate that this wake ~ = -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 forro and do not even seem to be tending towards a 

_____ 1 
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, stable value. Clearly, then, this flow is not self-preserving. 

This observation is also substantiated by the growth rate of 

the wake shown in Figure 28. In addition to noting that this 

wake does not exhiblt self-preservation it can aiso 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 downstrearn than 91 wake producing body widths due to 

the llmltatlons irnposed by the tunnel length. 

The second wake, G -0.193, was produced by a srnaller (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, Figure3B, and Figure 39 indicates 

that the experimental wake growth of LO varies approxirnately 

\ linear wi th downstream distance X TE. 

Although the rnean 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 sorne further 

distance downstrearn, (Townsend 1956). 

Figure 43 shows distribution of ~ at a number of 
U 

$tream-wise locations, 189 < ~ <225, andOconfirms the slow 

approach of the turbulent velocity cornponents towards self-

preservation. 

The turbulent shear stress distribution was measured and 

the results are shown in Figure 48. In plotting these results 

L_---

- Q 

;, 

!f' 

l'~ .. 

.,. 
" 

J 
,~. 

J 



'. !,: c 
- 30-

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 distribution~ at 

the stations whère the shear stress was measured. Tpe experi­

mental distributions of dLO and of Uo were used in~this cal-
dx Ul culation, as was the assumption that the velocity profile was 

given by the exponential equation of the form 

2 
(VI - Uo) = Ùo exp- [ln2 fçJ l (ll ) 

Since integration for the calculating curve was always started 

from lower limit y ~ 0, any depattures in velocity profile from 

the assumed distribution of equation (li) have a cumulative 

effect, and are most apparent for large Y. The measured and 
, 

calculated values of shear stress, therefore dep,art 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 a -0.193, was symmetrica1, two-dirnensional andualso 

fully self-preserving, the measurements have been carried out 

to 225 wake proqucing body widths, downstream. ~The results 

represent therefore useful information. 

The bands of growth and shear stress parame ter values 

ofpVogel'~ theory (1968) are plotted in Figutes 51 and 52. 
v 

Ne'WIl\an' s p'redicted values for the growth parameter, the value 

of Co for the jet measured by Fekete (1970), the'results of the 

C present measurements and the values of 0 for the two wakes 
" v 

meAsured by Gartshore 0.970) are also plotted in Figure 5I. 
; 
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Examination of Figure 51 shows only a slight variation 

between N~an's and Vogel's theories for- the growth parameter 

for seIf-preserv~ng two-dimensional jets and wakes. The ex-

perimental growth results fit both Newman's and Vogel's theories 

fairly weIl, Vogel's theory predicts the measured growth 

parameter within about 15%. 

A comparison of the predicted and the experimentally 

uv ) L measured values of the shear stress parametergo ~{U02 at y e 0 

a~e plotted in Figure 52. The results indicate that Fekete's 

vexperimental 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 resu1t, however, favours the 

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 =-0.193) 

and 18% for the jet results. 

It would also be important ta note here that, it was • ~ 

assumed in this work that the levels of free stream turbulence 

encountered did not have a noticeable effect on the above 

parameters. 

One may conclude, therefore, that from a pragrnatic point 

of view Vogel 1 s the ory based on Townsend 1 s large eddy equili­

brium hypothesis will give reasonable results. 

To he more certain, one would have liked to have measured 

several wakes instead of only one. Indeed several attempts 
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were made, using a variety of wake bodies, ta 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 principal objectives of the investigation have been 

achieved. A twa-dimensional jet and one wake have been set 
. t 

up accarding ta the constra~ns of the mean momentum and tur-
1.. , 

bulence energy equations for self-simi1ar f1ow. 

The measurements indicated that the two flows, the jet 

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

in bath meap velocity and long~tudinal turbulence. 
1 , 

The fake with G = -0.183 was lac king self-preservation 
\ 

and the results were not satisfactory. 

The results abtained for the self-preserving twa-dimen-

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 acrass the wake 

and the jet compare favorably with 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 

theories. The rate of growth and the measured shearing stresses 
, 

were in reasonable agreement with Gartshore's measurements. 

The experimental results favour Vogel' s theory which 

predicts reasonably weIl the rate of growth and the shear 

stress parame ter for two-dimensional self-preserving jets 

and wakes. 
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Large deficit two-dirnensional self-preserving wakes 

could not be established. 
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-x.n: ( cm) x.r.+XO 
STATION (cm) 

101.6 165.1 

109.2 172.7. . 
114.3 177.8 

119.4 182.8 , 

124.5 187.9 

134.7 198.1 

TABLE l 

GROWTH INFORMATION FOR SELF--PRESERVING JET, G = 0.790 

jet outlet (h) 

(at jet inlet) 

Xo (virtual origin) 
m m (best fit to Ul~{XTE+XO) ) 

m (best fit to UO~{XTE+xO)m) 
m (calculated for G = 0.790) 

CO(L O - CO(~E+xO) ) 

= 0.25 in. or 0.635 cm. 

= 47.8 cm water 

= 24.87 in. or 63.0 cm. 

=-0.379 

=-0.379 

=-0.379 
= 0.0:30 

VALUES AT MEASURED STATIONS 

A" 

. 
lC.rE+XO Um U1 Uo LO Re WOL O/ v ) G 

(x 10-5-) b (rn/sec) (rn/sec) (rn/sec) (cm) 

259. 22.0 12.2 9.8 0.799 5.&105 0.353 
27l. 21.6 12.0 9.7 0.808 5.384 0.368 

279. 1'--- 21. 4 11.9 9.5 0.804 5.486 0.368 
287. 21.0 Il.8 9.3 O.78~ 5.638 0.370 
295. 20.9 Il.7 9.2 0.780 5.842 0.379 

311. 20.4 11. 4 9.0 0.784 6.146 0.390 

,.......... ., 

J 
, 
1 , 
4 
~ 

11 

~ 
.:t. ~ 

"" , 

, 

XTE (in) 
Station 

40 

43 i , 
45 

47 
'" 49 

53 
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f }[TE (cm) 
Station 

40.6 

45.7 

50.8 

58.4 

63.5 

73.7 

~, 

• 
TABLE II 

• GROW'l'H INFORMATION FOR SELF-PRESERVING WAKE, G =-0.181 

Width of wake forrning body (b) = 1.90 cm. 

Pressure difference P s = 3.5 cm.alch. (inc1."Lambrecht-" manometer) 
(P working section - P s tunnel) s -

-xo - (virtual origin) 

m - (best fit to u1 0( <JC.rE+XO}m) 

m - (calcu1ated for G =·0.181) 

Co - (Lo = CO(XTE~XO) } 

= 0.812 

=-0.317 

=-0.317 

= 0.034 

VALUES AT MEASURED STAT,J0NS 
) 

&:" 

(~E+XO) Um U1 1 Do . 
b (rn/sec) (rn/sec) (rn/sec) 

67.2 13.80 17.09 3.18 

70.0 13.72 16.75 3.04 

72.5 13.57 16.55 2.98 

76.0 13.40 16.32 2.93 

79.2 13.33 1>6.28 2.95 

84.0 -12.99 15.83 2.83 
_. - _ .. 

1 ..... '~~lf;"W;lJ;;d'" - ~,:-

G 

-ü.l~ 

-0.181 

-0.180 

-0.180 

-o.un 
-0.179 

,­,',,,'t'" 

m. // 
/ 

La Re WoLo/V} XTE (in) 1 
1 

(cm) (x 10-5 ) Statl.on 

4.41 0.098 16 

4.34 0.093 18 

4.42 0.093 20 
'" 

5.10 0.105 . 23 . 
5.48 0.114 25 
5.63 0.112 29 

,_ ",,0;>!ll.>~;:;"·M ""-", ~''''<'i.;~-r:~.;J ~~ 

" 
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TABLE III 

GROWTH INFORMATION FOR SELF-PRESERVING WARE, G =-0.193 

-..-
XTE (eut 

Station 

88.9 

96.5 

104.2 

111.8 

119.4 

129.6 

width of wake forming body Cb) 

Pressure difference P s 
(Ps working ~ection- Ps tunnel) 

Xo (virtua1 origin) 

m (best fit ta U1 0( (XTE+X
o

) m) 

m (calculated for G =-0.193) 

Co {Lo = Co(~+XO» 

= 1.27 cm. 

= 3.50 cm.a1ch.(inc1.'Lambrecht' 
manometer) 

= 1.51 m. 

=-0.3166 

=-0.3166 

= 0.0218 

VALUES AT MEASURED STATIONS 

<J<.n: +xo> °m °1 Uo G LO Re (Ua Lo fv) XTE (in) 

b (rn/sec) (rn/sec) (rn/sec) (cm) (X 10-5 ) Station 

189.0 12.80 15.91 3.11 0.195 5.029 0.110 35 

19"5.0 12.78 15.82 3.04 0.192 5.480 0.121 38 

201.0 12.53 15.54 3.00 0.193 5.740 0.121 41 

207.0 12.20 15.16 2.95 0.195 5.638 0.117 44 

213.0 12.07 14.93 2.85 0.191 5.92 0.115 47 

221.0 11.96 14.86 2.90 0.195 6.190 0.126 51 
- - -_._-~_._------~L- --_. --- _ ... _ ----~ .. --_ -----
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