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excellent, self-preserving conditions were obtained not only 

for the mean flow parameters, but for the components of the 

stress tensor as weIl, and reliable error limits were placed 
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cases of jet excess to free stream velocity ratios. Several 

theories for jet growth and the value of the shear stress 

parameter are compared with the experimental results. Newman's 

theory is favoured since it is based on three fundamental 

equations, two momentunl and one energy, with experimental input 

required only from a single flow whereas Vogel's theory is 

based only on two momentum equations with experimental input 

required from two measured flows (still air jet and small 
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SUMMARY 

A self-preserving, two-dimensional jet in streaming flow 

with pressure gradient and with the fluid in the jet the same 

as that of the surrounding flow, has been investigated experi­

mentally. The fluid was air moving at effectively incompres­

sible speeds. 

Two-dimensionality was established and assessed as 

excellent, self-preserving conditions were obtained not only 

for the mean flow parameters, but for the components of the 

stress tensor as weIl, and reliable error limits were placed 

on aIl measured quantitiesi appropriate results to this effect 

are presented. 

Results are presented which show the non-dimensional 

velocity distribution, the rate of jet spread, the rate of 

velocity decay and the components of the stress tensor for six 

cases of jet excess to free stream velocity ratios. Several 

theories for jet growth and the value of the shear stress 

parameter are compared with the experimental results. The 

latter fall between the Vogel and the Newman-prandtl theories. 

Between these two no decision could be made due to lack of 

precise information on the jet in still air, from which experi­

mental data is required in these theories. Newman's theory is 

favoured since it is based on three fundamental equations, two 

momentum and one energy, with experimental input required only 
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from a single flow whereas Vogel's theory is based only on two 

momentum equations with experimental input required from two 

measured flows. 

Results of sorne intermittency measurements at the edge 

of the turbulent shear flow are also presented, but the lindts 

of their accuracy are considered to be inadequate. Consequently, 

although the results are compared with two theories, no firm 

decision concerning the accuracy of either can be reached. 
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NOTATION 

Lateral rate of strain 

Longitudinal rate of strain 

Slot width 

Constant in Equation 
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Scale of largest eddies 
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Exponent of x giving the variation of u in 
downstream direction to achieve self-pteserving flow 
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u 2 + v2 + w2 twice kinetic energy of turbulence 
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Eddy viscosity Reynolds number 
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Arithmetic mean absolute temperature 

Ambient absolute temperature 

Absolute temperature of hot wire 

Mean velocity in direction x 

Velocity scale of mean motion 

Free stream velocity 

Fluctuating velocity about the mean in direction x 

Velocity scale of large eddies in turbulent motion 

Free stream turbulence 

Mean velocity in direction y 

Fluctuating velocity about the mean in direction y 

Mean velocity in direction z 

Fluctuating velocity about the mean in direction z 

Measured from tunnel exit plane 

Coordinate direction 

Average position of bounding surface separat~ng 
rotational turbulent fluid from irrotational 
free stream fluid 

Position from the axis of syrnmetry and coordinate 
direction 

Coordinate direction 

Greek notation 

Constants used by Vogel - see Equations (10) and (12) 

Intermittency factor 
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Small change of velocity or space coordinate 

Kinematic viscosity of fluid 

Eddy viscosity due to total turbulent motion 

Mean eddy vil?cosity due to "rest" of turbulent 
motion 

Density of fluid 

Standard deviation of boundary between rotational 
and irrotational fluid from mean position or 
deviation of position of superlayer 

or 

deviation of measurement 

-p uv Reynolds shear stress 

Computer notation eguivalents 

~/U~ q 0 
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üV/u~ 
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RMSW/Uo 

~ ln 2-
Q/u o 

2 

UW/U o 

UV/U: 

Y/LO 

MUV 

SUC 

Longitudinal turbulent intensity 
(non-dim~nsional) 

Cross-stream turbulent intensity 
(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 
momentum equations 

Scaling velocity squared 
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1. INTRODUCTION 

When boundary-layer control problems are considered the 

flow in the vicinity of slotted flaps, blown flaps or jet 

flaps frequently involves either a quasi-two-dimensiona1 jet 

or wake in a pressure gradient, or a wall jet in a pressure 

gradient the outer part of which is very similar to half a 

free jet. 

Considerable theoretical and experimental work has been 

carried out in studying two-dimensional wall jets, free jets 

in still air, uniform streaming flow, and pressure gradients, 

and jets in uniform streaming flow, but on1y theoretical 

attention has been paid to the case of self-preaerving two-

dimensional jets and wakes in pressure gradients. 

The conditions for the existence of this class of flows 

were set out by Townsend (1956), Pate1 and Newman (1961), and 

Newman (1967), and their theories based on integral methods 

were developed by Gartshore (1965), voge1 (1969), Newman (1968) 

and Gartshore and Newman (1969). Unfortunately, no experimental 

data is available to verify these theories. The only relevant 

experiments were carried out by Gartshore (1967), but even the 

two wakes he investigated were on1y approximately se1f-preserv-

ing. Since in the analysis of self-preserving flows fewer 

assumptions have to be made than in the ana1ysis of re1ated 

non-self-preserving flows the former are of fundamental impor­
f 

tance to provide insight for the more complicated flow cases. 
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Hence it is considered very important that the reliability 

of the available theories be ve~ified experimentally. To 

this end the basic objective of this work has been to obtain 

reliable experimental data, in particular for two-dimensional, 

self-preserving jets in pressure gradients. 

Before a detailed objective for the work can be set out 

the. flow, the flow parameters and the axis system are shawn 

in Fig. 1, and Townsend's (1956) criteria for self-preservation 

are given: 

u - U - 1 + Uo f(11) (la) 

u 2 2 
( 11). (lb) = Uo gll 

-
v2 = U 2 

g22 (11) (lc) 
0 

uv = U 2 
g12 (11) (Id) 

0 

where 11 = y/L and 
0 

functions f and gare 

functions of 11 only. 

Newman (1967) showed that, if Ul the free stream velocity, is 

not equal to zero, self-preservation is possible only if: 

Uo constant G (2a ) = = Ul 

U1 
m 

(2b) a x 

where m .f2+ G (2c) = 
3[2 + 2G 
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x constant (2d) 

It can be seen that the flow has to advance into an adverse 

pressure gradient so that the free stream velocity decreases 

in accordance with Equation 2.b. 

A more detailed objective for the work can then be set 
. 

out as follows: to establish a two-dimensional flow; to 

adjust the pressure gradient to obtain a self-preserving flow 

judged by mean-flow parameters; to prove that self-preserva-

tion as set out by Townsend's criteria does in fact exist for 

the stress tensor; to carry out a number of experiments that 

will permit the assessment of the accuracy of the measurements; 

to measure the rate of growth of the jet and the stress tensor 

for a range of excess jet velocity to free stream velocity 

ratios; to review the existing theories, and to discuss them 

and the assumptions on which they are based in the light of 

the experimental results. 
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2. EXPERIMENTAL ARRANGEMENT 

The general layout of the apparatus is shown in Fig. 2 

and Fig. 3.a. It is based on the McGill 17" x 30" Blower 

Wind Tunnel, Wygnanski and Gartshore (1963). Recent modifica-
. * tions to the tunnel include the addition of filters to the 

air intake to reduce dust accumnulation on hot wires; openings 
anq doors cut in the side walls of the contraction section to 

permit mounting of a jet box, and the addition of a 5 HP 

variable speed D.C. motor drive to reduce tunnel turbulence 

at low tunnel air speed. This latter modification was com-

pleted only towards the end of the experimental programme. At 

high air speeds a constant rpm 25 HP A.C. motor drives the fan 

and tunnel speed is controlled by the fan's variable inlet 

vanes. When these are used to reduce the tunnel speed to below 

about 50 ft. per second the turbulence increases to about 0.8% 

and at very loW tunnel speeds the turbulence intensity rises 

to about 1.5%, Patel (1970). 

The jet box is supplied with air by a centrifugaI com-

pressor which is preceded by an air filter and is followed by 

a bleed valve for speed control then a water cooled heat 

exchanger to cool the jet air to tunnel temperature, and by 

two throttling valves in the hoses which duct the air to the 

ends of the jet box. 

* Arnerican Air-Filter, Series 2000 DRI-pak bag type filter units with fibreglass pre-filters. 
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The rnost important component of the apparatus is the jet 

box the suitable construction of which governs the two-dimen­

sionality of the jet. The outside of the jet box was made as 

uniform as possible in cross section along the length of the 

box and putting the box into the contraction section of the 

tunnel as shown in Fig. 8 was expected to give rise to a weIl 

behaved two-dimensional flow in the free stream. Jet box con­

struction details are shawn in Fig. 4, and Fig. 5 shows photo­

graphs of the jet box with the top cover plate removed. Air 

is supplied to the jet box at its two ends, the air streams 

entering the opposite ends of a 1*" high by 4" wide channel, 

the front of which consists of a tW9-dimensional orifice plate. 

This is followed by a deep cell honeycomb, a small settling 

chamber, and the slot plates. If the gap between the slot 

plates is uniforrn and the pressure upstream and along the gap 

is uniform one expects a two-dimensional jet to issue from the 

slot. The orifice plate opening was calculated, first assuming 

that the pressure is constant in the settling chamber and then 

using continuity and Bernoulli's equations. This simple first 

order analysis holds only if the flow makes a sharp 90° turn in 

the orifice plate. This requirement was effectively met by 

adding the aforementioned deep cell honeycomb inurlediately down­

stream of the orifice plate. previous experience, Fekete (1963), 

with two-dimensional jets suggested that lack of two-dimension­

ality is caused mainly by: 

a) the slot lip radius not being uniform along the 

slot causing varying degrees of initial jet 
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spread due to 'Coanda' effect - it is desirable 

to have a uniform zer9 radius, that is a per­

fectly sharp edge, 

b) the surfaces that lead to the slot lip not 

being uniform and not being fIat when they are 

expected to be, resulting in cross flows, and 

c) the non-uniformity of the slot gap width. 

To eliminate difficulties arising from the above causes, the 

slot was made about nine inches long in the flow direction so 

that, having approxirnately quarter inch gap width, one could 

expect the two-dimensional channel flow to be fully developed 

at least as far as the mean flow parameters were concerned, 

see Patel (1968). The plates were stress relieved, ground, 

stress relieved and ground again until they were fIat within 

+ .002 in. over their surfaces; a rather long process. The 

flatness of the plates was checked on a surface plate and 

their parallelity by rubbing the plates together using a dye. 

The lip edges were honed square with a hand stone. To have 

the least possible variation in gap width along the 30 inch 

length of the slot the downstream portions of the slot are not 

supported at the plate ends, the two plates being spaced by 

two by three inch shims between tabs at their upstream ends. 

In addition to the clamping screws jack screws were inserted 

into the tabs so that deflection of the plates when under 

pressure could be counteracted by tightening the jack screws. 

The plate edges at the entry were also kept sharp, for 
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simplicity of construction and to give uniform entry into the 

channel. 

Before the jet box was finally assembled it was clamped 

and the slot width and flow two-dimensionality were checked. 

After appropriate jack screw adjustments the nominal slot 

width was 0.240 inches and the deviation from this dimension 

alo~g the slot length with and without flow is shown in Fig. 6. 

Fig. 6 also shows the same information obtained after the jet 

box's final assembly in place in the tunnel. These measurements 

were made with a dial indicator device. It can be seen that 

the maximum variation of slot gap width over its length was 

.004 in. without flow and .002 in. - that is less than one 

percent - when flow took place. Fig. 7 shows total pressure 

profiles in the slot exit plane at various positions along the 

length of the slot for the clamped slot box. It can be seen 

that the two-dimensionality was exceedingly good, within about 

1% in total pressure. Two-dirnensionality of the jet in stream­

ing flow will be discussed in Section 4. 

Flanges on the jet box fit into the cut-outs in the tunnel 

sides and the box can be mounted into or removed from the 

tunnel quite readily. Small screw jacks embedded in the flanges 

permit the adjustment and alignment of the jet box in the wind 

tunnel. Jet box reference pressure can be measured at two 

static pressure taps one at each end of the box settling chamber. 

The tunnel working section (see Fig. 8) which consists of 

two sides, 'end plates' for the flow, top and bottom adjustable 
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louvres and a perforated plate at its downstream end is 

supported on an angle iron frame and is bolted to the tunnel 

exit plane. The whole section is mounted on castors so that 

it can be simply moved and it is provided with four elevating 

screws for levelling and alignment. The effective end plates 

for the flow consist mainly of six large 'plexiglas' windows, 

three of which are removable giving generous access to the 

working section. 

The traversing gear (see Fig. 9) is based on a lead screw 
having twenty threads per inch. The lead screw carries a 

slider along an aluminum channel which is placed vertically 

into the working section of the tunnel. The bearing blocks 

at the ends of the channel, in addition to supporting the lead 

screw, fit into channels embedded in the top and bottom louvres 

so that the traversing gear can be slid manually from one side 

9f the working section to the other. This provides movement 

in the z coordinate direction. A synchro receiver is mounted 

on one end of the lead screw which projects through a slot 

above the top louvres. The syllchro transmitter, driven by a 

small D.C. motor, is coupled directly to a mechanical counter 

a unit change in the last digit of which corresponds to 0.01 in. 
of vertical travel of the traversing gear. This arrangement 

permits the adjustment of the traversing gear in the y direction 
Il within an accuracy of + .005 and allows flow traverses to be 

made at a satisfactory speed. Probes are supported at the end 

of a long boom made of thin wall steel tubing, the probe lead 

wires being carried back through the tube. The boom is clamped 



- 9 -

to the traversing gear slider in such a manner that it can be 

moved along its axis manually a total distance of 20 inches 

giving motion in the x direction. Furthermore, the boom support 

is such that the boom axis can be tilted in two mutually perpen­

dicular planes so that slanting wires can be aligned with the 

mean flow direction. 

The instrumentation used is shown diagrammatically in 

Fig. 10, it is also shown with the general layout of the 

apparatus in Fig. 3.b. Flow quantities were measured by a 

Disa constant temperature hot wire anemometer. The signal 

was linearized and the rms values of· the turbulence quantities 

were obtained by means of a Hev;lett Packard or a Disa RMS 

meter. Time averaging of the signals was done by using a 

vOltage-to-frequency converter in conjunction with a digital 

counter to which a printer was coupled to reduce fatigue and 

to minimize the occurrence of errors during long experimental 

runs. The hot wires used were mainly standard or modified 

Disa miniature probes although a few measurements were made 

with the new gold-plated, wide-spaced, prong Disa prob€:s when 

they became available. Details of the probes will be discussed 

more extensively in Section 3. 

Jet box reference pressures were measured by a vertical 

water-filled manometeri the wind tunnel and the working 

section reference pressures were checked by inclined alcohol­

filled 'Lambrecht' manometers while tunnel and room tempera­

tures were observed on conventional thermometers. 
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3 . EXPERIMENTAL PROCEDURE 

The general pattern of experimentation and the use of 

equipment and instruments were governed by the fact that the 

wind tunnel was used by two experimenters alternatively for 

approximately six to eight week periods. This meant that the 

working section and the jet box had to be installed and later 

removed, this being done three times during the course of the 

present experiments. Furthermore, while ei~her of the two 

experimenters using the wind tunnel worked during the day a 

third experimenter worked at night using the jet box air 

supply and sorne or aIl of the instrumentation in conjunction 

with a different apparatus. This meant that the working sec­

tion and jet box were aligned three different times, perhaps 

more than usual care was taken to check out and calibrate the 

instruments, and the instrument gain varied at times from test 

to test. In addition anemometers and linearizers failed and 

were replaced by new instruments, and although of lesser 

importance the data acquisition section of the instrumentation 

was replaced due to the fact that initially borrowed instru­

ments were used. This was very tedious at the time, but it 

guaranteed that the experiments were not carried out using 

the same experimental set-up and the same instrumentation through 

aIl the tests. Consequently, if the measurements were repeatable 

and/or consistent under these circumstances one would gain sorne 

confidence concerning their accuracy in addition to their 

repeatability. 
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In order to ascertain that the flow is self-preserving 

not only as assessed by the mean flow components, but also by 

the terms of the stress tensor (Equation 1) a test was run in 

which aIl the flow parameters were measured at several stream-

wise stations. 

There was also a conscious effort made to assess the 

me~surement accuracy. To this end the above-mentioned test 

for which standard Disa wires were used was repeated using 

hot wires of a different material the flow being effectively 

the same for both cases. The standard Disa wires N-2l, s-8, 

0.0002 in. dia. platinum plated tungsten having an aspect 

ratio of 225 are shawn in Fig. lIa and were operated at an 

overheat ratio of 1.8 resulting in the wire to air temperature 

difference, T -T , being equal to 200°C. The wires for the w a 

cornparison check N-3, S-3, 0.0004 in. dia. made of platinum 

-20% iridium, having an aspect ratio of 110 are shown in 

Fig. lIb, and were operated at an overheat ratio of 1.45 which 

gave rise to T -T being 556°c. It can be seen that the trans-w a 

ducer operating parameters were very different for the two runs, 

there being a slight difference in the slanted wires' geometry 

as weIl, as can be seen in Fig. Il, hence one would expect that 

the experimental results obtained with them on effectively 

identical flows would give a fair measure of the accuracy or 

rather the expected inaccuracy of the rneasurements. Details of 

these experimental r~ns will be discussed after other factors 
t..-

have been assessed. 
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It was expected that movement of the flexible hoses 

supplying air to the jet box would alt.er somewhat the two-

dimensionality of the jet. Tests showed that this was so, 

but the effect was not substantial. Nevertheless, 18 in. 

long wooden cradles were clamped to the jet box ends and 

these cradles supported the hoses firmly in the same position 

during aIl of the tests. 

The air supply to the two ends of the jet box was then 

regulated using the two throttling valves in the supply hoses 

until the maximum total pressures in the jet at the slot exit 

were equal at a position of nine inches on either side of the 

centre line. 

The following procedure was followed to set up the self-

preserving flow. First the jet was set to maximum velocity 

then the tunnel speed was adjusted so that the excess to free 

stream velocity ratio, G, was about one half: the louvres on 

the top and bottom of the working section having been pre-set 

in an arbitrary fashion to give an adverse pressure gradient. 

The max.i.rnum jet velocity and the free stream velocity were 

then measured at several streamwise stations using total and 

static probes. After the louvre spacing was re-set a few times 
by trial and error the excess to free stream velocity ratio, G, 

was almost constant. It was noted with interest that the down-

stream variation of G was affected more by the width of the 

gap, about l~ in. left between the tunnel exit and the first 

louvre, the following three slots of order ~ in. width, and 
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also the gap between the la st louvre and the perforated plate 

at the end of the worki~g section, th an by the spacing between 

the louvres, order of ~ in., in the portion of the working 

section where the measurements were taken. Following this, 

hot wire traverses were made at various downstream stations 

and it was found that Townsend's criterion, Equation l.a, and 

Newman's criterion, Equation 2.a, for self-preservation were 

satisfied. Two dimensionality was then checked by the use of 

hot wires and a great number of explora tory measurements were 

made so that detailed experimental procedure could be established 

for the actual test runs. 

A test was run to find the length of time required for 

signal averaging to obtain an acceptable degree of accuracy. 

Table l shows the result's of these tests and it can be se en 

that if we consider a 95% confidence limit an averaging time 

of ten seconds results in the mean velocity being within ± t% 
of its 'real' value. On the other hand the corresponding 

figure for ~ is only + 1.5%, and even if the averaging 

time is increased to fifty seconds the result obtained can 

be expected to be only within + ~ of its 'real' value. 

The preliminary tests showed also that it required nearly 

one hour to take one normal wire profile; mean and rms 

voltages using ten second averaging time intervals. Further­

more, it was noted that in each profile the mean velocity 

measured at the same point at 

the traverse differed usually 

the beginning 

1 
by between 2 

and at the end of 

to 1 percent. 
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When several profiles were taken the first one was repeated 

at the end of the rune Interestingly enough, provided test 

conditions were maintained as constant as possible, the change 

in velocity at the reference point from the start of the run 

to its end was again of the order of one percent. The possible 

reasons for this will be discussed later, for the moment it is 

important only that one has had to contend with a drift of the 

order of one per cent in mean velocity at the best of times. 

The longer a particular run, the greater is the probability 

that the test conditions will not remain cŒ1stant. In the 

light of these conflicting requirements a reasonable and 

practical choice had to be made for the length of time over 

which time averaging of individual measurements was to be 

carried out. A time interval of ten seconds was chosen. This 

made it possible in sorne cases to take aIl measurements for a 

particular flow case during one uninterrupted rune The inter­

val was also sufficient to result in mean velocities of satis­

factory accuracy, and although the accuracy of the individual 

turbulence signaIs was less than desired it was hoped that 

more than one profile per run would be taken in the self-preserv­

ing region of the flaw, giving sufficient data which could then 

be averaged resulting in satisfactory accuracy. 

It was also important to establish the effect of ambient 

temperature change on the hot wire output signal since Collis' 

(1957) law applies to wires of infinite aspect ratio and it is 

known from èxperience that wires having an aspect ratio of an 
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order of 200 do not behave according to it, hence error esti-

mates derived from Collis' relation would have been unreliable. 

The tests carried out were not sufficiently extensive ( ~T of a 

BOF for example) to be definitivebut were sufficient to show 

that the percentage error in the linearized mean voltage was of 

the order of 0.2% for a one degree Fahrenheit change of the 

ambient temperature when the overheat ratio was kept constant, 

and it was of the order of 1% per ~F when the wire operating 

resistance was kept constant for the standard platinum plated 

tungsten wires. (For the platinum iridium wires where the 

difference between the wire operating and ambient ternperature 

is alrnost three times as large as for the standard wires the 

error is negligible for a few degrees change in ambient ternpera-

ture.) This suggests that it is advantageous to carry out the 

measurernents by keeping the overheat ratio constant and then 

even if the amblent ternperature changes by a few degrees during 

the course of an experin,ental run the error in rnean velocity 

will still be within one percent. On the other hand measurernent 

of the cold resistance, effectively arnbient temperature, before 

each measurement would be very time consuming and impractical. 

It was done only at the beginning and at the end of a traverse; 

this means that for a particular traverse the wire operating 

resistance was kept constant. It is required then that the jet 

and free stream temperatures should not differ by more than about 

~oF if one wishes to obtain reasonable accuracy. Furthermore, 

the ambient temperature needs to be maintained within one degree 

while a specifie traverse is being measured if one wishes the 
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mean velocity measurement to be accurate within one percent. 

The sensitivity of the measurements to changes in ambient 

temperature would explain then the previously mentioned half 

to one percent drift in the reference velocity from the 

beginning to the end of measurement of a profile and also 

of a complete run, keeping in mind that the overheat ratio was 

kept constant and the cold resistance was measured at the start 

and at the end of each profile. In fact the records show that 

the cold resistance did often vary sufficiently to give a half 

percent error. In later measurements the results were rejected 

when the difference in wire cold resistance between start and 

end of any profile indicated an ambient tempe rature change 

larger than one half degree F. The results were also rejected 

when the mean voltage varied by more than one percent. To 

maintain the ambient temperature within one degree F in a 

laboratory in which other people were active presented the 

greatest single experimental difficulty, but the requirement 

was met for the runs for which data are presented. 

The foregoing indicated the possible errors in mean voltage 

hence mean velocity due ta ambient temperature changes. The 

effect of ambient tempe rature change on the slope of the wire 

calibration curve was also established by the tests, showing 

again that the error was considerably less when the overheat 

ratio was maintained constant than when the wire operating 

temperature was constant. (See Table II.) 
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Having information concerning the scatter of data which 

depends on the length of, signal .tirr.e averaging and the effect 

of ambient temperature changes on the output signal, it was 

possible to carry out an error analysis for aIl the quantities 

which were to be measured, to give an indication of the order 

of magnitude of the errors one might expect. The analysis was 

based on ten second averaging time with 20 confidence limit, 

assuming that the data for the longitudinal turbulence was 

representative for aIl turbulence componentsi and on operation 

with a particular constant overheat ratio during wire calibration 

and the overall test run, which means in effect that during the 

measurement of any one profile the wire resistance was constant, 

and for this condition a probable ambient temperature variation 

of plus or minus ~oF was considered. An allowance of tempera­

ture difference of 2~oF was also made between calibrating and 

flow air temperatures. The results are shawn in Table III. It 

can be seen that one of the most important parameters, the non-

dimensional shear stress parameter, could be expected to be 

within an accuracy of plus or minus seven percent. This order 

of accuracy is satisfactory for this measurement provided it 

can actually be achieved experimentally. 

It needs to be mentioned that no cross wires were used 

during this work, Jerome et al. (1969), only normal and single 

slanted ones, and that the preliminary measurements indicated 

that the turbulence intensities could be expected to be less 

than 15%, - this was confirmed during aIl the test runs - hence 
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there was at least no need to worry about high intensity 

turbulence corrections, .see Guit.ton (1968). Further output 

signaIs were not smoothed, aIl data points were calculated 

using the actual output signal values for any one point. 

There is only one test run which is an exception to th~s, and 

the reason for data smoothing and its effect on the results 

will be discussed in Section 4. Champagne's (1965) longitu­

dinal cooling corrections were applied to aIl slanted wire 

results. 

One may mention also sorne of the difficulties encountered 

which gave rise to rejection of data for individual profiles 

or for complete runs, such as bursting of air supply hoses, 

failure of a hot wire or passage of a cold front in the middle 

of a run the latter completely upsetting test conditions, but 

one failure is particularly noteworthy because it took sorne 

time to find its cause. It was found during one run that the 

wire cold resistance changed arbitrarily over a narrow range 

although there was no measurable change in the test conditions. 

At first the anemometer control unit then the hot wire to probe 

support connection was suspected to cause the trouble. After 

these were disproven it was found that most wires of the probe 

cable strand were broken at their joint with the 'BMC' connector, 

changing the wire resistance with slight movement of the 

connector. Since this connector was located within and supported 

by the probe support boom it was a most unexpected failure and 

difficult to trace. It is suspected, however, that the wires 
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were nearly broken during previous experiments or accidentaI 

mishandling and the ,vibration of the support boom, although 

slight, was sufficient to sever those wires or additional wires 

in the strand to cause failure. 

It was also found during the preliminary measurements 

that hot wire calibration in the calibrating drum was not con­

venient although it could be done satisfactorily. It was 

difficult and time-consuming to obtain and maintain appropriate 

calibrating air temperature, to align slanting wires with the 

flow and, since the calibrating drum was supplied with air from 

the jet box compressor, after calibration was completed and air 

supply reconnected to the jet box one had to wait about one 

hour until the tunnel carne up to working temperature before 

measurements could be made. This was extremely time-consuming 

and the wires were calibrated for most runs in the free stream 

of the wind tunnel, except for the self-preservation and 

accuracy assessment runs for which the above lengthy procedure 

had to be followed for the following reason. Although it was 

possible to adjust both the jet box and tunnel wind speeds the 

adjustment was very coarse and since the jet box, tunnel and 

working section reference pressures fluctuated considerably it 

was not possible to reproduce the same flow conditions once the 

tunnel or jet-box flow-controls were changed. But in order to 

calibrate wires in the wind tunnel the tunnel speed had to be 

changed. So for the self-preservation and accuracy assessment 

runs and also for preliminary measurements the tunnel controls 

were not touched once the particular flow was set up, only the 
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drive motors were started or stopped and the calibration was 

carried out in the drurn J controlling the calibrating air speed 

by moving a sluice valve near the drum. 

The particular procedure used for the accuracy assessment 

runs can then be summarized. A particular self-preserving flow 

having been set up previously it was assumed that it could be 

reproduced since neither tunnel nor jet box speed settings had 

been changed. Using a normal wire the flow centre line was 

found at a particular downstream station. The slanted wire 

to be used was positioned at the flow centre line and it was 

aligned with the mean flow direction. Adjustments were made 

until mean voltage output was within about ~ per cent when the 

wire was rotated over 360 0 several times in 90 0 increments. 

Hot wire instrumentation was checked out, zeros, set points, 

gain, etc., adjusted and normal wire N-3 was calibrated in 

the drum. Tunnel and jet were started, windows were opened 

appropriately - room was used as constant temperature plenum 

chamber - until constant room and flow temperatures were 

achieved. At the same time the flow was traversed with the 

hot wire and its cold resistance, i.e. flow temperature, was 

measured in the jet and the free stream, the heat exchanger 

water supply being altered until no difference could be detected 

between jet and free stream temperature. The first measurement 

was made at the centre line, the flow was then traversed from 

bottom to top, and the last measurement was made at the centre 

line again. Both the mean and the rms voltages were recorded 
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the averaging time for both signaIs being ten seconds. wire 

cold resistance was mea~ured before the first and last centre 

line reading. This procedure was repeated for subsequent 

profiles at other streamwise locations, always maintaining 

the same hot wire overheat ratio and making adjustments to 

the window openings as the need arose to maintain room tempera­

ture variation within one degree F. Finally the first profile 

was repeated. After this the wire was calibrated again. On 

another day slanted wire (8-3) profiles were taken at the same 

downstr~am positions. The procedure was essentially the same 

as for the normal wire measurements except that four traverses 

were made at each streamwise station the wires being rotated 

90 0 between traverses, and mean voltage readings were taken 

only at the centre line reference positions, at other points 

in the flow only rms values being recorded. 

Readings were taken at two downstream stations XTE = 51.8 

and 59.8 for the evaluation of intermittency, the turbulence 

signal being differentiated, amplified and recorded on light 

sensitive paper using a galvanometer with a frequency response 

of up to 3000 cps at a paper speed of 12 inches per second. 

The length of the recordings per point was about six seconds. 

The same procedure was repeated later using hot wires 

N-2l and 8-8 except that no interrnittency readings were taken. 

This was the more significant run since standard Disa wires 

were used, and the results of this run were to be used to see 

if the flow was self-preserving in its turbulence as weIl as 
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mean properties. 

It appears clear from the foregoing that the runs designed 

for the assessrnent of self-preservation and of measurement 

inaccuracy, although eminently suitable to check self-preser­

vation, were likely to accentuate the inaccuracy, and that it 

was possible to devise procedures to obtain irnproved results 

when no comparison of results obtained using different wires 

was required for a particular flow case. The changes in pro­

cedure adopted to this end follow. Both normal and slanted 

wires were calibrated in the wind tunnel in the free stream 

of the flow at the start of a run by appropriately adjusting 

the tunnel speed. The excess velocity to free stream ratio 

was then set followed by normal wire traverses at several 

stations, slanted wire traverses at one, the furthest down­

stream station, and the recording for ten seconds per wire 

position on magnetic tape of the differentiated turbulence 

signal for the later evaluation of intermittency - aIl taken 

during one uninterrupted rune Sorne of the runs were unfortun­

ately interrupted by sorne calamity, which usually involved a 

sudden ternperature change, resulting in fewer measured 

profiles for sorne runs than intended, and no intermittency 

recordings. These latter experiments were carried out during 

the surnrner, third apparatus setup, when the room ternperature 

coùld not be as readily ITtoderated as during the winter tirne. 

The evaluation of the intermittency records was done by 

looking at the charts and rnaking a judgement as to which 
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portions represent rotational, which represent irrotational 

flow and obtaining by scaling the proportion of turbulent to 

total interval, the intermittency~. No electronic circuitry 

was constructed based on the conclusions of Gartshore (1965). 

In the two cases where direct recording on light sensi­

tive paper was made 12 inches of record represented one second 

"recording time. When the signal was recorded on magnetic tape 

the recording was done at a rate o"f 60 inches of tape per 

second and the play-back at 1.5 inches per second. A Sanborn 

recorder was used to produce a permanent record which could 

then be evaluated by several people without the danger of the 

record fading away. This recorder was operated at a paper 

speed of 20 mm. per second gi ving an approxima te chart length 

of 16 inches per each second of original signal. A paper speed 

of 100 mm. per second was also tried .• but this did not improve 

resolution or readability over the record obtained at 20 mm. 

per second, consequently the latter was used for aIl the records 

taken. In addition the signal was processed through a band 

width filter having a low eut-off at 2000 cps. and a high cut­

off at 5000 cps. in order to eliminate high frequency noise 

and low frequency fluctuations which made the record difficult 

to read. This is certainly a somewhat arbitrary procedure but 

it was used only after considerable experirnentation of changing 

the band width and observing the readability of the records 

obtained. The argument is that since evaluation of the record 

is a matter 'of judgement and a difficult one at that, one wants 

to make a record which is as little ambiguous as possible; and 
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as long as the conditions under which the record was made are 

clearly stated the merit of the method can be judged. Further-

more, the original signal is preserved on the tape and can be 

processed again in any desired manner. This method involves 

also the reasonable fundamental assumption that if turbulence 

exists at any one time it will have components which lie 

between 2000 and 5000 cycles per second. 

Gartshore (1965) states that the individual intermittency 

values are unlikely to be within + ~ of their real value. 

During the present work the effect of sample length on an 

individual intermittency value was assessed and it was found 

that ~ varied by about + 5% as additional chart increments 

were evaluated when the total sample length was ten seconds. 

This value was reached in an asymptotic manner the correspond-

ing error at 5 second total sample length being ± 8%. It 

should be noted that this error includes sorne effect of judge-

ment as to what is laminar or turbulent on the chart, although 

a particular individual is likely to be reasonably consistent 

in this respect. This suggests that no appreciable gain in 

accuracy can be expected with this method if sample lengths 

are increased to over ten seconds. 
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4. !lXPERlMENTAL RESULTS 

4.1 Two-dimensionality 

The two-dimensionality check of the jet total pressure 

Fig. 7 has already been mentioned in Section 2. The two-

dimensionality of the whole flow'is shown in Figs. 12, 13 and 

14 over eighteen inches of the central span of the working 

section at a downstream position where final measurements were 

later made for the first, second and third tunnel set-ups 

respectively. It can be seen that the flow.is two-dimensional, 

the mean velocities being within ± 1%. Perhaps a better 

measure of the existence of two-dimensionality is shown when 

the measured shear stress compares favourably with the shear 

stress calcu1ated using the integrated momentum equations, 

with the spread of the jet and the excess to free stream 

velocity ratio as experimental inputs. This is a very stringent 

criterion for the evaluation of two-dimensionality because the 

existence of even a limited degree of three-dimensionality in 

a flow will cause momentum imbalance and noticeable disagreement 

between the calculated and measured shear stress values. Guitton 

(1970) in fact shows that for a small flow divergence of the 

order of 2°, the discrepancy between the calculated and the 

measured shear stress may be of the order of 20%. It can be 

seen from Figs. 15.8 to 22.8 that there is remarkably good 

agreement between the calculated and the measured shear stress 

• distributions up to a value of y/Lo ~ 1.2 for aIl flow cases 

which were investigated, indicating excellent two-dimensionality. 
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• At values larger than y/Lo ~ 1.2 the flow is intermittent, 

that is, the flow is not turbulent aIl the time, hence the 
- 2 measured values of vu/uo are smaller than those calculated 

from the equations which assume that the flow is at aIl times 

fully turbulent throughout. 

4.2 Self-Preservation 

The results for the test run, Ref. No. 279-297, G = 0.59, 
designed to test self-preservation are shawn in Figs. 15. 

Measurements of mean quantities and the longitudinal component 
of turbulence were carried out at nine streamwise stations and 

for the rest of the turbulence quantities at five stations, 

aIl quantities having been measured at the furthest downstream 
station twice, at the beginning and at the end of the rune 

Fig. l5.a shows the excess to free stream velocity ratio to be 

constant the experimental scatter being within ± l~ of the 

mean value. Fig. l5.b shows the rate of the spread of the jet 

to be constant and Fig. l5.c shows that the maximum, free stream, 
and excess jet velocities decay as predicted by Equation 2.b. 

It can be seen that Newman's criteria for self-preservation, 

Equations 2, are met satisfactorily the experimental scatter 

being small. The non-dimensiona1 excess velocity profiles are 

given in Fig. 15.1 and their independence of the dawnstream 

coordinate is even better than one wou1d normally expect. The 
experimenta1 points fit the usua1 exponential function rather 

weIl over most parts of the flow. Fig. 15.2 giVesJu
2/u as a 

function of the non-dimensiona1 cross stream coordinate ~, 
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ju
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is shawn in Fig. 15.3, jv
2/uo in Fig. 15.4, Jw2/Oo in 

Fig. 15.5, q2/Oo2 in Fig.' 15.6, uw/Uo
2 in Fig. 15.7, and uv/U

o
2 

in Fig. 15.8.' Careful examination of the results shows that 

if one excludes sorne of the upstream stations, i.e. XTE < 42.8, 

not only is the scatter of the data within the error estima tes 

given in Table III, but most of the data points lie within the 

bounds defined by the measurements taken at XTE = 51.8 at the 

beginning and at the end of the test rune This leads one to 

conclude that self-preservation does in fact exist in the 

turbulence components of the flow as weIl as in its mean com-

ponents. 

4.3 Expected Accuracy of Measurements 

As was mentioned in Section 3 two test runs were carried 

out using transducers of very different operating character-

istics for the two runs, the flow being nominally the same in 

both cases. In the light of the results of the self-preserva-

tion tests only results that are far downstream are presented, 

XTE > 45.8 in., for the two test runs Ref. 279-297 and 193-207, 

for comparison in Figs. 16. TQble IV shows the experimental 

error obtained from the combined flow plots compared to.the 

results of the error analysis. The experimental errorscompare 

favourably with those of the error analysis, in fact they are 

almost identical except for the quantity Ju2/u where one expects 

an error of + 1.5% and experiences ± 4.5% experimentally. This, 

is a large discrepancy and it is disturbing at first sight, in 

particular since this is one measurement where calibration and 

temperature errors cancel out almost entirely, the rms and mean 
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signaIs having been taken one after.the other without moving 

the probe. Two reasons suggest themselves for the discrepancy. 

First the frequency response of the two wires is not the same, 

that of the platinum - 20% iridium wire being lower than that 

of the standard platinum plated tungsten wires. The effect of 

this, however, would be felt at the highest frequencies, 

typically larger than order of 10 Kh, and it is known from 

spectral measurements that at those high frequencies there is 

only a very small contribution to the turbulence intensities. 

One is led to consider the second reason for the discrepancy, 

that the two flows although expected to be identical are in 

fact not. Immediate evidence for this assumption ls supplied 

in Fig. 16.2 which shows the plot of ju2 /u versus~. One can 

see that one of the flows is not entirely symmetrical although 

the discrepancy is slight. Also, if one remembers that the 

two flows were considered identical mainly due to the fa ct 

that aIl tunnel and jet box con troIs were untouched while the 

measurements were carried out over a period of several days, 

one would be surprised if the two flows were truly identical. 

This could suggest that these tests are of little value, but 

on the contrary the whole point of carrying out the tests in 

this manner was to simulate or rather obtain and evaluate the 

effect on measurement accuracy of aIl the possible factors 

which may still be present wh en one believes that aIl reasonable 

precautions have been taken to get reliable measurements. As 

a consequence one can be very confident that the measurements 

presented have an accuracy falling within the limits shown in 
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Table IV. It may be a matter of opinion whether these limits 

are sufficiently tight, ~ut the ~uthor feels that, when there 

is evidence, as was shown, that these limits are not estimates, 

but values based on analysis and experiment, they are very 

satisfactory. 

4.4 Results for Various Excess to Free stream Velocity Ratios 

In the following tests aIl measurements for a particular 

Uo/U
l = G ratio were taken during one uninterrupted run the 

wires having been calibrated in the wind tunnel. 

Figs. 17 show the results for G = 0.265, Figs. 18 for 

G = 0.44, Figs. 19 for G = 0.68, Figs. 20 for G = 0.74, Figs. 

21 for G = 0.79, and F:i.gs. 22 for G = 0.95. 

points of interest are that the measured shear stresses 

agree weIl with those calculated from the momentum equations, 

that the data in Figs. 21 are presented both as calculated 

from individual (standard procedure) and also from smoothed 

voltages, that the data presented in Figs. 19 and Figs. 20 
were obtained by using the new wide prong Disa wires, and that 

the run for which results are shown in Figs. 20 was carried 

out by using the ne," D.C. motor wind tunnel drive to obtain low 
free stream turbulence. 

It can be seen from Figs. 21 that, as expected, voltage 

smoothing reduces the scatter and this can be significant in 

particular for the shear stress data especially in the region 
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of ~ = 1 which is usually the region of greatest interest. 

This indicates that one should smooth the voltages before they 

are processed further to obtain improved results, but except 

for this example for which the smoothed voltage plots are 

given in Figs. 21.9 to 21.14, this was avoided on purpose 

in this paper to eliminate factors of judgement which would 

then necessarily influence the final results. The basic data 

and the calculated results are available in nurnerical form 

and could be requested by those interested in processing them 

in any manner. Figs. 23 show examples of the numerical infor-

mation. The basic hot wire and voltage information is given 

* in Fig. 23.a , dimensional calculated results without longi-

tudinal cooling in Fig. 23.b, and non-din.ensional results 

including the effects of longitudinal cooling in Fig. 23.c. 

The use of the DC tunnel drive was disappointing in that 

the free stream turbulence ju2/u, was not reduced remaining 

about 0.8% as was the case for aIl the other runs. The reason 

for this is most likely that the free stream part of the flow 

is not very extensive. This latter fact is responsible also 

for limiting the excess to free stream velocity ratio G .to a 

maximum value of one. That the upper value of G obtainable 

would be limited was expected even before the experimentation 

* Scale factor other than zero means that the given voltage 
value has to be divided by JIO. The standard Disa platinum 
plated tungsten wire is designated by 'l' under the heading 
of wire màterial, while the platinum -20% iridium wire is 
designated by the number '2'. 
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was started because of the 17 in. height of the tunnel working 

section. However, limit~ng the G values within a certain 

range is not as great a disadvantage as it may seem because 

the greatest variation between theoretically predicted shear 

stress and growth values occurs approximately in the Grange 

to which the present experiments were restricted, namely 

o < G < 1. And, although it would be desirable to have results 

for a greater range of G values, one of the fundamental purposes 

of the investigation, i.e. to show which of the many available 

theories is most likely to be correct, can be satisfied within 

the possible range of excess to free stream velocity ratios. 

Figs. 19 and Figs. 20 which show the results obtained 

using the wide pronged Disa wires cannot give an indication 

of any shift in trend of the results as compared to those 

measured by standard Disa wires. In order to see if there is 

an effect due to these probes results are plotted for aIl of 

the test runs as follows. The values for the rate of jet 

growth dLo/dx are plotted against G in Fig. 24 together with 

several curves of theoretical predictions. Theories will be 

discussed in Section 5, for the moment it is significant only 

that the experimental points follow a theoretical trend, the 

small deviations from a smooth line representing an experimental 

scatter rather than any pronounced effect which could be attri­

buted to the different transducers. Similarly the experimental 

values of the non-dimensional shear stress at D = 1 are plotted 

in Fig. 25. Although the scatter appears to be large it is 
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still within the expected ± 7% lirnit of the rnean value and 

certainly does not show ~ny dependence on the transducer 

rnaterial or configuration. 

This is a fair enough conclusion, but if we wish to use 

the experirnental data to check the accuracy of the theoretical 

predictions we must select the data points which are likely 

to be the more accurate ones. Then the two runs designed to 

assess inaccuracy should perhaps be rejected for this purpose 

because ironically, although they give a good measure of 

rneasurement inaccuracy, by their very nature they are likely 

to be less accurate than the latter, main tesi;s in each of 

which aIl measurements were carried out during an uninterrupted 

rune One can possibly expect then, an accuracy for the non-

dimensional shear stress to be ,.,ithin + 5%. This course of 

action is suggested when one examiries Fig. 25. 

One interesting feature of these flows was that within 

the limited range of excess to free stream velocity ratios 

investigated there was no need to re-adjust the louvre settings 

for the flows to remain self-preserving. It was mentioned 

previously that when the first self-preserving flow was set 

• l up with G = - the variation of G with x appeared to be in-• 2' 

fluenced more by the large upstream gap than by the detailed 

setting of the louvres in the section where measurements were 

finally made. Now it rnay be just fortuitous that due to the 

fact that the Grange was srnall, the working section along 
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which measurements were made was relatively short, 20 in. 

max., and the manner in which the flow rates varied resulted 

in appropriate streamwise pressure gradients of sufficient 

accuracy that aIl flows measured were self-preserving. On 

the other hand, one may see at least as a partial reason for 

this state of affairs a tendency of the flow to self-preserva­
tion once the initial adverse pressure gradient starts the 

flow in a certain direction. The pressure gradient that 

follows is not very different from that which it should 

theoretically be in order to keep the flow self-preserving. 

Newman and Gartshore (1969) have shown that wakes and jets 

that are nearly self-preserving tend to revert to a self­

preserving condition. The present observations lend support 

to their contention. 

4.5 Intermittency 

Intermittency results are plotted in Fig. 26 for the flow 

case with G = .95. It should be noted that the same record­

ings for this case were evaluated independently by three 

different people. It can be seen that when least square fit 

probability integral curves are fitted to the three sets of 

results one obtains a large variation, of the order of ± 10%, 
in the valup of cr/Lo. When one looks at the graph one may 

think, especially in the light of the comments made in Section 

3 concerning the accuracy of each individual point, that one 

sees only an experimental scatter. However, the evaluation 
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by the three individuals also results in a variation of Y/L o 

due to which sorne of the scatter is hidden in Fig. 26. If we 

consider that one is not even certain to what degree the 

charts, from which these differing results were obtained, 

represent the intermittency one is bound to question whether 

measuring intermittency using present techniques is a worth-

while proposition. The outlook becomes more optiffiistic, 

however, when data presented in Figs. 27 and 28 for G = .74 

and .79 respectively are examined where the evaluation of the 

individual points was done in a random manner by the same 

three people. The a/L values for the flows appear more con­o 

sistent. Fig. 29 shows the intermittency results for G = .57, 

which are the ones obtained by the author from recordings made 

directly on light sensitive paper (the results of Figs. 26, 27 

and 28 having been from processed signaIs and charts as des­

cribed in Section 3). Two streamwise stations in the same 

flow are evaluated to see if a/L is independent of x, remem-o 

bering that Townsend (1956) found a substantial variation in 

the case of his small deficit wake with increasing downstream 

distance. In the present case a/Lo = .305 at XTE = 51.8 and 

it has a value of .315 at XTE = 59.8 which in the context of 

the accuracy of evaluation can be considered a constant alLo= 

.31. It is perhaps worth noting that during the preliminary 

measurements a value of a/L = 0.33 was obtained for effectively o 

the same flow, but using a different recorder which was operated 

at a paper speed of 24 inches per second. When one looks at 

Fig. 32 where aIl the O/Lo values are plotted against G one 
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sees reasonable consistency in the results and considering 

aIl the factors one rnay put a probable accuracy lirnit of + 

10% for the o/Lo results. 
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5. REVIEW OF THEORIES AND COMPARISON WITH EXPERIMENTAL RESULTS 

5.1 General 

From a theoretical standpoint two avenues of attack have 

been taken to obtain solutions not only for the two-dimensional 
turbulent jets considered here, but also for the related flows 

such as wakes, wall jets, etc. Of the two, the field methods, 
i.e. the use of digital computers to solve the differential 

equations by using finite difference techniques after an appro-

priate grid system has been chosen (spalding and patankar, 1967), 
appear to offer great promise for the future. Unfortunately, 

substantial empirical information is needed initially, and so 

far the methods are not readily usable. Furthermore, since 

the field methods involve to a very large extent computer 

methodology, they are outside the scope of this investigation. 
Hence no solution of the present problem will be attempted 

using these methods, the task being left to those whose main 

interest lies in that field. It is hoped, however, that the 

data obtained during the present experiments will be useful in 

perfecting such methods. 

The second approach is based on an integral concept; that 

is, the parameters which govern the flow, the rate of growth 

and the shear stress parameter are established by considering 

the overall flow and integrating the boundary-Iayer form of the 

equations of motion across the particular flow. Since the number 
of equations is insufficient to solve the problem, additional 
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equations can be obtained by carrying out the integration 

between various limits and by using empirical or semi-empirical 

auxiliary equations. The methods in this category differ from 

each other mainly in their choice of the limits of integration 

and of the auxiliary equations, and the inclusion or exclusion 

of the energy equation in the primary equations. Of particular 

* interest are the work of Gartshore (1965), Vogel (1968), (1969), 

and'Newman (1968) and the relevant ideas of Townsend (1956, 

1966,1969). 

Fundamental to aIl three .investigations is the use of the 

boundary-layer form of the momentum equation as the basic 

equation. For a turbulent flow and with the assumption that 

the streamwise change of the difference of normal stresses 

" 2' 2 ? (u - v ) is negligible compared to the other terms, this 
oX 

equation reduces to 

dU dU d(üV) 
U bX + V dY + dy 

dU
l 

= U1 dx 

the mean continuity equation is used 

* 

(4) 

Bradbury (1965) presented independently an approach which is 
essentially similar to Gartshore's. Since both are based on 
Townsend's hypotheses the method should strictly be called 
the Gartshore-Bradbury formulation of Townsend's hypothesis. 
For simplicity, however, it will be identified in this paper 
with Gartshore. 
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also the mean velocity profile which is found to be valid 

experimentally as 

(5) 

where k = ln 2 and ~ = y/Lo if one considers the notation as 

defined in Fig. 1. It is interesting to note that Equation 

(5)"also holds very closely for non-self-preserving flows and 

even for the outer regions of wall-jets provided ~ is defined 

appropriately, (Forstall and Shapiro (1950), Bradshaw and Gee 

(1960), Patel and Newman (1961». 

It is not the intention here to go into the details of 

the work of the quoted investigators, but to summarize the 

methods they used and in particular to list the assumptions 

they made and the means whereby the validity of the assumptions 

may be checked. It will then be possible to discuss the merits 

of the assumptions and the various methods in the light of the 

present experiments. 

It should be noted that in general when wakes and jets are 

studied the purpose is to predict the development of the mean 

flow parameters. 

5.2 Gartshore 

Gartshore (1965) followed Squire and Trouncer (1944) in 

integrating the momentum equation, Equation (3), twice: first 
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between the limits of y = 0 and y = 00 and then between the 

limits of y = 0 and y = L to obtain additional information. o 

He then proceeded to find the shear stress which has now to 

be known as y = L , by showing that the shear stress could be o 

related to the scale of the largest eddies, ~, in the flow, 

by considering Townsend's (1956) large eddy equilibrium hypo-

thesis which postulated that the large eddies gain energy from 

the mean motion at the same rate as they are losing energy to 

the remaining turbulent motion throughout a significant part 

of their lives. Thus 

(6) 

The scale of the largest eddies, (~), was predicted by con­

sidering the effect of the mean rates of strain culey = A 

and ôu!dx = B on the vorticity of a large eddy. The instan-

taneous vorticity equations were simplified by considering 

Grantls (1958) conclusion that simple large eddies as postu-

lated by Gartshore can exist only if they do not possess v-

component of velocity. F~~ther the diffusion terms were neg-

lected and solutions were obtained for the average vorticity 

over a period of time T for two flows, one having both lateral 

and longitudinal mean rates of strain (A and B) and the other 

with longitudinal rate of strain (B) only. It was also assumed 

that both of the above flows started with the same circulation 

thus the average eddy size was defined. Following Townsend's 
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(1956) suggestion, the life time of the eddy was made inversely 

proportional to the lateral rate of strain 

T ex: 

Then noting that VTM the mean eddy viscosity due to the IIrest" 

of the turbulent motion is proportional to VT , the eddy vis­

cosity due to total turbulent motion, since a universal eddy 

structure was assumed, and absorbing the various constants of 

proportionality into the new ones 

= VT j 
U L 

o 0 A only 

B 
sinh f3 TAT 

B 
f3 lAI 

(8) 

or a more convenient effectively equivalent linear expression 

where R.r 
o 

= 1 
a (9) 

Newman (1967) obtained the same results by considering 

the turbulent vorticity equation, his approach being more 

general than that of Gartshore. 

Gartshore calculated the two experimental constants by 

considering the small deficit wake to obtain a, and the jet 

in still air which has a finite value of B/A to get 13. Thus 

three coupled differential equations were obtained which 

Gartshore solved numerically. To obtain a solution the initial 
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values of aIl variables must be known for each particular 

flow. 

With one notable exception, the majority of the assump-

tions made cannot be directly tested and Gartshore had to 

rely on an agreement between theory and experiment to assess 

the validity of the assumptions. The large eddy equilibrium 

hyp9thesis is the exception, the validity of which can be 

directly tested experimentally. This is based on the additional 

assumption that the standard deviation, 0, of the boundary 

between the rotational and irrotational fluid from its mean 

position is proportional to the scale of the large eddies 

present in the flow. Then 
Lo 2 

UoLo 
from Equation (6) plotted vT 

versus (--) should give a straight line. Gartshore (1966) 
cr U L 

showed that when -2-Q is calculated for five flows at y = Lo' vT 
the ordinate of principal interest, a straight line is obtained 

within an acceptable scatter of the experimental points. 

5.3 Vogel 

vogel (1968) followed Gartshore and invoked Equations (2) 

and (5) to show that a closed form solution is possible and 

for self-preserving flows he obtained the growth parameter 

= 
(.405G2 + 1.494G + 1.414) 

+ aj3 (~k-l)G2 + (6k J2 - 2 -F)G - 2 J2 ] 
(10) 

as a function only of the excess to free stream velocity ratio 
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G. The mean rate of strain ratio becomes 

dL 

1 (4k-l)G2 + (6k~ - 2 ~G ---2. 

BI -
dx 

A y=Lo 2k 1 G \ (3 V + 2G) 

and the shear stress parameter is from Equation 

E­
U 2 

o y=L o 

= a (1 - f3 !) 

- 2 G 

(9) 

the constants a = .0533 and f3 = 9.1 were established in 

Gartshore's manner using the small deficit wake in zero 

(11) 

(12) 

pressure gradient and the jet in still air. The above equations 

will be identified as the Gartshore-vogel equations on the plots. 

Furthermore, Vogel showed that if, instead of Equation (9), the 

correct single-term, even-order expansion of the hyperbolic 

function is used, namely 

(13) 

the results are not substantially changed. The calculated 
. 

results do show, however, a peculiar behaviour. In particular, 

those for axisymmetric jet~for which Vogel also found the 

appropriate expressions predict a maximum rate of growth for 
U J 

values of UO around 5 instead of 00 as would be expectedi a 
1 

most unlikely behaviour. Vogel examined the manner in which 

the rates of strain behave and found that if B is calculated 

in the cartesian coordinate system as shown in Fig. l, B becomes 
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zero for the two-dimensional case when G = .746. Then B/A is 

not even approximately constant and this contradicts the 

original postulate on which the derivation of Equation (9) or 

(13) is based: that an eddy travels in a mean flow which has 

constant homogeneous rates of strain. Of course, the rates of 

strain in jets and wakes are not homogeneous, but Vogel argued 

that the most reasonable approach is to evaluate the longi-

tudinal rate of strain in a direction along which the strain 

ratio remains constant for self-preserving flows, namely along 

a line of constant y/Loo Starting from the definition of the 

velocity component in the x-direction he found the velocity 

components in the. now appropriate cylindrical polar coordi­

nates, then assuming that dLo/dx is small (the normal boundary 

layer approximation) so that G/(dLo/dx) is large for the regions 

of interest he obtained 

.-dL o 
= di m 

kG 
(14) 

Using Equation (9), the two constants are calculated again using 

the small deficit wake in zero pressure gradient and the jet in 

still air obtaining a = .0533 and ~ = 16.2. The growth parameter 

becomes 

dLo 
dx = 2k 1 G 1 (3.G + 2 G) a 

+ 2 

(15) 
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and the shear stress parameter is obtained explicitly as a 

function of G by the use of Equa~ions (2), (15) and (14) 

with either Equation (9) or (13). Vogel found the behaviour 

of the calculated growth parameter more reasonable for jets, 

but for large deficit wakes seeing the rapid rise of the 

growth parameter he naturally questioned the validity of the 

small growth parameter approximation he made and even the 

validity of the boundary layer approximation. The sole experi-

mental values available being those of Gartshore's (1967) near 

self-preserving wakes, and in their region of G there is 

practically no difference between any of the theories, Vogel 

looked to future experiffiental data on self-preserving jets and 

self-preserving large deficit wakes for verification of his 

work. 

It should be noted that he obtained almost identical 

results when he used either the linear Equation (9) or the 

quadratic approximation Equation (13) for the growth parameter. 

5.4 Newman 

Newman (1968), in addition to integrating the momentum 

equation twice between the same limits as Gartshore and Vogel, 

integrated the sum of the mean and the turbulence energy 

equations from y = ° to 'y = 00 and thus obtained three funda­

mental equations. The dissipation integral terms [ €dy is 
2 3/2 y 2 

expressed as (qo) L on dimensional grounds where qo = u 2 

+ v 2 + w2 at y = 0, y is the average position of the bounding 

surface which separates the rotational turbulent fluid from the 
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irrotational free stream fluid and L is the average dissipa-

tion length scale of the turbulent motion. He then first 

invoked Townsend 1 s (1966.) a~sumption that the turbulence is 

geometrically similar to find the expression for the shear 

stress, namely 

uV\Y=Lo 

q 2 
o 

= constant = (16) 

LO 
As a consequence of the same assumption ~ is also constant, 

say = c
2

. The three basic equations for the half-momenturn, 

full rnomentum, and the full mean and turbulence energy equa-

tion become respectively 

F (.3g9 + .275) + E (l.~27 + .955) = 

1 3. F (G + .707) + E (G + 1.414) = 0 

(F + 3E) 
[

1.063 
G2 

+ c4c2 H 3 = 

dLo Lo 
where F , E = dx = 

Uo 

0 

dUo 
2 1/2 

(qo ) 
dx H = , 

U 2 
0 

(17) 

(18) 

(19) 

c4 L = , 
Lo 

. 

Or as an alternative Newman turned to prandtl's expression 
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to express the shearing stress. Then the shear stress para-

meter becomes 

q 2 
1/2 

uv 
C3 

L 
u 2 

= (~) Lo 
0 y=L 

U 2 
0 

0 

(20) 

and the first equation in the above set of three equations 

is modified to 

F c-à09 -/- .275) + E (1.~27 + .955) = (17a ) 

It is then assumed that cl' C
2

' C
3 

and C4 are universal con­

stants for aIl self-preserving flows, that a reasonable value 

or range of values can be taken from existing experimental 

data for Cl' C4 and H and that a reliable value for F is 

available from the jet in still surroundings then C
2 

and C
3 

can be evaluated from the equations. With aIl the constants 

so established the problem is solved. It should be noted that 

it is possible to obtain aIl the empirical information required 

from a single flow, the jet in still air. Newman used values 

of Townsend's (1956) small deficit wake, Gartshore's (1967) 

nearly self-preserving wakes, Bradbury's (1965) and Heskestad's 

(1965) jets with little or no surrounding flow to obtain a 

range of plausible values for Cl and calculated the growth and 

shear stress parameters for a range of G from Equations (17) 
1 1 

to (19) for two values of Cl' 3 and b' to cover the range of 

uncertainty. 
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Newman took Bradbury's jet value for C4 and used for H~ 

a range of .10 to .16 (guided by Bradbury's and Heskestad's 

measurements) to calculate the growth and shear stress para­

meters from Equations (17.a) to (19). He found that the results 

were only slightly affected by the variation of H~. 

Newman calculated al 50 the variation of a/Lo with G based 

on Townsend's prediction that the standard deviation a of the 

bounding surface of the rotational flow regime from its mean 

position Y is proportional to L/H3. Hence 

-3 H 

and C5 is established from measured intermittency values for 

a jet in still air. 

5.5 Summary 

Gartshore and Vogel used the "double integral method" 

(21) 

with the shear stress parameter expressed as a function of the 

lateral and longitudinal rates ?f strain to obtain the rate of 

growth and the shear stress parame ter as a function of the 

excess to free stream velocity ratio for jets and wakes. 

Several assumptions were required of which only Townsend's 

large eddy hypothesis could be verified directly, after an 

additional assumption was made. The effects of aIl assumptions 

were amalgamated into the constants of Equation (9), hence 

agreement or.disagreement between final prediction and experi-

ment could unfortunately not shed much light on the validity 
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of individual assumptions. 

Vogel's work was more advanced than Gartshore's be~ause 

he obtained a closed form solution for the shear stress and 

growth parameters and also used a more realistic coordinate 

system to evaluate the rate of strain ratio than Gartshore. 

In order to evaluate the constants which are required to 

predict aIl self-preserving flows experimental data is required 

from two flows which have extreme values of excess to free 

stream velocity ratios. 

Newman added an integral energy equation to the two 

integral momentum equations to predict the same pararneters as 

Gartshore and vogel. As a consequence more assumptions are 

made to evaluate aIl the terms of the equations, but most of 

the assumptions result in universal constants sorne of which 

can be directly verified by experiment, and although the 

validity of the whole can again be checked only by the final 

results, having three fundamental equations instead of two 

gives a more secure basis for the analysis. Furthermore, it 

ls possible now to obtain aIl the required constants from 

experimental values of only a single flow, the jet in still 

air. 

The constants used by Gartshore, Vogel and Newman are 

summarized in Table V. 

5.6 Comparison with Experiment 

Examination of Figs. 24 and 25, which present the calculated 
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values for the growth and shear stress parameters respectively 

with the values of the present and Gartshore's (1967) experi­

ments, shows that as expected by vogel Gartshore's theory gives 

unrealistic results, that Newman's theory using Townsend's 

assumption for the shearing stress is also unsatisfactory and 

that the results of the present experiment do lie between the 

predictions of vogel's and Newman's theories, the latter using 

the Prandtl assumption for the shearing stress. Hence the 

latter two theories merit a closer examination together with 

considerations concerning the accuracy of the measurements. 

It was shown in Section 4 that the accuracy of the measured 

shear stress parame ter is expected to be within ± 5% and when 

the growth parameter was calculated from the expcrirnental data 

its accuracy was found to be, within two cr limits, of the order 

of ± 5%. The experimental values are therefore re-plotted in 

~igs. 30 and 31 for the growth and shear stress parameters 

respectively showing the limits of the uncertainty of the 

measurernents. It seems natural then to question the accuracy 

of the experimental constants which were used to calculate the 

theoretical curves of Vogel and Newman, and rather than _plot a 

single curve for each, calculate the limits of their range and 

plot thern accordingly. 

Since the values for the shear stress parameters for the small 

deficit wake and the jet in still air and the value for B/A 

for the jet in still air used by vogel could possibly be in 

error by ± 5% it is appropriate to re-calculate vogel's theo-
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retical curves using a = .056 and .051 and ~ = 17.3 and 15.1. 

Newman already showed that a large variation of H~ (.10 

to .16) has little effect on the calculated results and since 

Bradbury (1965), Heskestad (1965) and Patel (1970) find values 

2 
for H

S 
as .13, .149, .122 respectively it is reasonable to use 

values of H2 = .12 and .14 in the calculations. Patel finds S 

that for a jet in still air C4 = 1.68, Bradbury's jet value is 

1.7 hence Newman's choice of C4 = 1'.7 seems appropriate; none­

theless values of 1.6 and 1.8 will be tried to see if the 

results are sensitive to this parameter. In reference (Newman, 

1967) the available results for the growth parameter for a jet 

in still air have been tabulated. By neglecting sorne unlikely 

values on the basis of the conditions under which the tests 
dLo 

were carried out Newman found an average value for dx of .104 

with ±2% variation. In the light of the measurements of 

R~ichardt (1951), Heskestad (1965), Gartshore (1965) and 

Smith (1970) and of the present experiments only two percent 

variation appears to be somewhat'optimistic. optimistic or not 

the purpose at present is to fi:!d probable bounds for the values 

and to this end a maximum value of .108 and a minimum value of 

.100 will be used as experimental inputs for the calculations. 

The bands of growth and shear stress parame ter values 

calculated in this way are also plotted in Figs. 30 and 31. 

It can be seen that for jets having an excess to free stream 

velocity ratio G in excess of 2 the twb bands overlap con-

siderably. When G is less than two the two bands diverge 
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slightly for jets and considerably for wakes. The experimental 

results for the growth parameter, see Fig. 30, span principally 

the Newman bounds, but intrude also into the lower part of the 

vogel bounds. The results for the shear stress parameter, see 

Fig. 31, lie more in the vogel bounds, and furthermore, if one 

considers the Gartshore wake results, although not agreeing with 

either Vogel's or Newman's theories, favour the trend of vogel's 

theory. However, before one cornes to any conclusion it has to 

be kept in mind that Gartshore's wakes were only approximately 

self-preservingi they were only 140 diameters downstream of the 

wake producing body hence the eddy structure and the shear stress 

were not fully independent of the large eddies produced by the 

wake body (Townsend, 1956), and that due to the approximations 
dL 

made by Vogel that dx° is small and G/(dLo/dx) is large his 

theory is somewhat tenuous at least in the wake region. 

The values for a/L with a probable uncertainty of + 10% o -
are plotted in Fig. 32 together with the values calculated 

from Equation (21), a/L = .38 and .42 having been used to o 
calculate C

5 
for a jet in still air. It can be seen that al-

though Townsend's small deficit wake measurements appear. to ~e 

predicted by this theory neither Gartshore's nor the present 

measurements support it. Alternatively ,a/Le may be calculated 

using the original argument of Townsend, Gartshore and Newman 

concerning the balance of energy for the large eddies of the 

motion, an argument of which Townsend (1969) himself was later 

highly critical. According to this theory 
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(L) 
2 

Lo 

2 
(E...) 
Lo 

predicting that 

= 

ex: (-a~) --L 
U UoLo 

ôy 

ex: 
uv .3. U -
u2 = H c

2 0 

cr/Lo is approximately 

(c ~ 1/2 
6 c H) 

2 

constant. 

(22) 

and the constants are evaluated as in the case of Equation 

(21). The results calculated from Equation(22) are also 

plotted in Fig. 32. It can be seen that there is fair agree-

ment now between theory and experiment. This somewhat 

surprisingly reinforces the usefulness of Townsend's large 

eddy energy equilibrium hypothesis. The next step is then to 

see how the present data fit with Gartshore's check of this 

hypothesis. To this end Gartshore's (1966) Figure 3 is 

reproduced in Fig. 33 and the results of the present experi­

ments are added together with a value that Patel (1970) 

obtained recently for a jet in still air. Despite the possi­

bility that the (Lo/cr)2 values may be in error by as much as 

20% Gartshore's proof of the validity of Townsend's large 

eddy equilibrium hypothesis is not convincing although the 

apparent linear trend predicted by Gartshore is discernible. 
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5.7 Discussion 

The apparent inaccuracy of the intermittency measurements 

is unfortunate because it leaves the question of the validity 

of the Townsendian large eddy hypothesis in suspense. The 

measurements show that the hypothesis may hOld, but they 

certainly do not supply definite proof that it does (see Fig. 

33). 

When the predicted variation of a/Lo versus G (Fig. 32) 

is examined the the ory based on the large eddy hypothesis does 

appear to give reasonable agreement with measurements, but 

since this is effectively only a different plot as compared 

to Fig. 33 with o/Lo not squared, one can only conclude that 

if the proof of the large eddy hypothesis as stipulated by 

Gartshore (Fig. 33) is suspect so'is the prediction of a/Lo 

in Fig. 32. 

The outcome of aIl this is that although one is uncertain 

the val~dity of the large eddy equilibrium hypothesis can not 

be rejected, and secondly if one wishes to pur sue this subject 

any further a considerably simplified, more accurate and 

reliable method has te be found for the evaluation of inter­

mittency. The only hepefully useful result of the inter­

mittency measurements is that in spite of "ill the other diffi­

culties the mean position of the superlayel y/Lo has been 

established within a band of ± 8% in value and the mean value 

itself is not likely to be in great error. 
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Turning to the reliable results, the variation of the 

growth parameter and the shear s~ress parameter with G (Figs. 

30, 31), one is again uncertain whether theories based on the 

Newman-prandtlian assumptions are likely to be more valide 

There is fortunately recourse to checks of sorne of the universal 

constants used in the Newman formulation and of H2 , the varia-

tion of which with G can also be calculated. The universal 

constant C4 obtained from the intermittency measurements (and 

this is the reasonably useful information obtained from these 

measurements) is shown in Table VI which also shows the ratios 

of C3
/C2 ' neither of which alone can be obtained directly from 

the measurementsi but their ratio is readily obtainable. It 

can be seen that weIl within the accuracy of the measurements 

these can be considered constants. Examination of Fig. 34 

which shows the predicted and experimental values of H2 versus 

G also lends support to the Newman-prandtl theory. The only 

difficulty is that neither the theoretical growth nor the shear 

stress parameters agrees with the experimental results within 

the accuracy limits. (Figs. 30, 31.) 

When one examines the experimental inputs, namely the 

growth parameter, H2 and y/L for a jet in still air, that are 
o 

required to predict the flows and the effect of their variation 

on the theoretical predictions, one finds as Newman did that a 

large variation in H~ causes little change in the predicted 

values. Furthermore, calculations have shown that variations 

in Y/Lo for a jet in still air result in effectively no change 

in the predicted values of the growth and shear stress para-



- 55 -

meters. Hence the sole experimental input value which signi-

ficantly affects the ab ove parameters is dLo/dx for a jet in 

still air. Newman's value of .104 for this has already been 

questioned in section 5.6 and limits of .100 and .108 have been 

adopted for it in the subsequent calculations. 

Now it is not the author's intention here to match his 

experimental results with any theory, but it is clear from 

Figs. 30 and 31 that this can be done provided an appropriate 

value for dL /dx for a jet in still air is chosen. However, o 

to do this would be an entirely unsatisfactory approach. 

Instead one must ask what is a jet in still air? Newman in 

effect appears to give vent to his dissatisfaction with what 

he calls a jet in still air by labelling it 'jet in virtually 

still surroundings'. This does not appear to be satisfactory, 

howeveri one either has a jet in still air or one has a jet 

in uncontrolled slowly moving surroundings with consequent 

different growth rates. It is postulated here that a two-

dimensional jet in still air issues from a slot in a wall, 

the streamlines being similar to those shown on page 609 of 

Schlichting (1960), and reproduced in Fig. 35.a. In Fig. 35.b 

approximate streamlines are shawn for a jet in virtually still 

surroundingsi it is clear that the two are quite different. 

One may also consult sorne experimental results. In addition 

to Reichardt's (1951) value for dLo/dx = .115 quoted by Newman 

(1967) one finds that Heskestad (1965) obtained .112, Gartshore 

(1967) .115, and Smith (1970) found recently a value of .113. 

In aIl of the above cases measurements were carried out to a 
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non-dimensional downstreanl distance of x/b from 100 to 240 

and except for Gartshore's measurements there was a vertical 

wall from which the jet issued. 

One could clearly re-evaluate the growth rates of a jet 

in still air based on the above data, but due to the importance 

of this matter no such step will be taken. Neither is it 

feasible to make sorne quick measurements to decide the issue; 

it is necessary to approach this problem with a systematic 

full scale investigation of the jet in still air. 

It would also be of great value to obtain information 

concerning the degree to which the growth and the shear stress 

parameters are affected by the level of the free-stream 

turbulence. It was assumed in this work that the levels of 

free stream turbulence encountered did not have a noticeable 

effect on the above parameters. However, if this assumption 

should be incorrect an additional complication would be intro­

duced even if reliable experimental parameters were to be 

established for the jet in still air. 

Further, to gain full confidence in the value of the 

theories, extensive measurements will have to be made of self­

preserving wakes with a G of the order of -.5 to -.75. 

From a pragmatic point of view, for the moment, either 

the Vogel polar theory based on Townsend's large eddy equili­

brium hypothesis or the Newman-Prandtl theory will give 

reasonable results. 
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From a theoretical point of view the Newman the ory is 

superior, being based on three fundamental equations and 

requiring experimental input from only one measured flow, the 

jet in still air. One can compare this to Vogel's theory 

based on two momentum equations, and the somewhat tenuous large 

eddy equilibrium hypothesis requiring in addition two flows 

from which experimental information needs to be fed into the 

theory. 

It may also be noted that, somewhat contradicting the 

statement made in the introduction, owing to the complexities 

of turbulent flows and the uncertainties involved, integral 

methods for solving turbulent flow problems are likely to be 

extremely valuable for a long time to come due to their 

satisfactory performance and relative simplicity. 
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6. CONCLUSIONS 

Experimental apparatus was designed and constructed which 

permitted the setting up of self-preserving, two-dimensional 

jets in streaming flow with excess to free stream velocity 

ratios between zero and one. The working fluid was air, and aIl 

the flows were effectively incompressible. Extensive measure­

ments were made of mean flow parameters, the stress tensor and 

intermittency. Two-dimensionality was found to be excellent, 

self-preserving conditions were obtained and reliable error 

limits were placed on aIl measured quantities. This is the first 

time that such measurements have been made. 

Comparison with various proposed theories resulted in re­

jecting aIl except two. Between these two no decision could be 

made due to lack of reliable information on the jet in still air 

from which experimental information is required in the theorieA. 

Nevertheless, sufficiently accurate information is available to 

satisfy the immediate needs of the researcher. 

Uncertainties in intermittcncy measurements suggest that a 

study be undertaken to evolve a simple and- reliable method for 

measuring intermittency. 

Uncertainties concerning the jet in still air make it im­

perative that a careful, thorough experimental study be under­

taken to obtain reliable results for this most important funda­

mental flow. 
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TABLE l 

INTEGRATION TI.ME REQUIREMENTS 

XTE = 51.8 in Wire N-1 G = 0.57 

Confidence Limit 

Integration 68% 95% 99.7% 
Time, 0 20 30 

Seconds 
E + % E + % € + % 

1 0.64 1.3 2.0 

Mean 
5 0.22 0.44 0.7 Ve10city 

10 0.12 0.25 0.4 

1 2.6 5.2 8.0 

P 
5 1.0 2.0 3.0 

10 0.75 1.5 2.3 

50 0.34 0.7 1.0 



TABLE II 

EFFECT OF AMBrENT TEMPERATURE CHANGE ON 

HOT WIRE OUTPUT 

.6EL b,(dEL/dU) 

EL (dEL/dU) 

Wire overheat 
ratio, 
1L = CONST 0.002 .6Ta 0.001 b,Ta Ra 

Wire Tempera.., 
ture 
R = CONST O.Ol.6Ta 0.005.6Ta 



TABLE III 

RESULTS OF ERROR ANALYSIS 

Quantity Error Ana1ysis Experiment Ref. No. 279-297 

~ E = + 1.5% € = + 1.5% U 

V e: = ±2.5% € = 1- 2% U -
0 

B ~2 
€ = + 60b € = + 6% Uo 

, Uo 
/ 

- -uv uw + 7% + 6% 2 € = € = , 2 -Uo Uo 



Quantity 

~ 
U 

~ 
U 

0 

B , Jw2 
-- --

Uo Uo 

uv uw --,-
U 2 U 2 

o 0 

TABLE IV 

RESULTS OF ERROR ANALYSIS 

Error Ana1ysis 

€ = + 1.5% 

E = + 2.5% 

E = + 6% -

€ = + 7% 

Experiment Ref. Nos. 279-297 
and 193-207 combined 

E = + 4.5% 

E = + 2% 

€ = + 6% 

E = + 6% 



TABLE V 

SUMMARY OF CONSTANTS USED BY GARTSHORE, 

VOGEL AND NEWMAN 

1 Gartshore Voge1 Newman 

Cl 0.083 0.0533 -
f3 10.15 16.2 -

1 1 
Cl - - - and b 3 

c 4 - - 1.7 

H2 - - .10 and .16 S 

FS - - 0.104 



TABLE VI 

TABULATED UNIVERSAL CONSTANTS 

G C4 = Y/L C3/C2 0 

.265 - .065 

.44 - .064 

.68 - .064 

.59 - .060 

.57 11.84 XTE 51.8 -Present 
1.84 XTE 59.8 -Experiments 

.74 1.74 .064 

.79 1.62 .063 

"1.73 s.u. 

.95 - 1.70 M.O. .064 

.)..63 D.N. 

Bradbury's Not 
1.7 -

Jet Constant 

Patel 00 1.68 -
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Fig. 3.a Photograph of the general apparatus 
layout 

Fig. 3.b Photograph of instrument layout 

Fig. 3. 



Fig. 3.a Photograph of the general apparatus 
layout 

Fig. 3.b Photograph of instrument layout 

Fig. 3. 
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Fig. 5 (a). Photograph of jet box with top 
cover plate removed. 

Fig. 5 (b). . Photograph of jet box with top 
cover plate removed. 

Fig. 5. 



Fig. 5 (a). 

Fig. 5 (b). 

Photograph of jet box with top 
cover plate rernoved. 

Photograph of jet box with top 
cover plate rernoved. 

Fig. 5. 
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Fig. 9. 

Fig. 9 Photographs of traversing gear 
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Fig. 9 Photographs of traversing gear 
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Fig. Il. 

SKETCijSS OF HOT WlRES 

N-2l s-8 

Fig. Il (a). The .0002 dia. p1atinum p1ated tungsten wires 

N-3 S-3 

Fig. Il (b). The .0004 dia. p1atinum-20% iridium wires. 



, 

.'. i 
1 •. 

.. ,- --6 
~. . ," . 

, -
i 

1 

-9 

238 
10 2 30 

1 
·i. 

r-
-,-

40 

;. "·~·:'·:r " 
-i· 1-\:1--<--:-: 

..... 1: 
. ; 

i. 
i· 

·,r 
-"1 ., 

i 

50 

t·.··· 

. , .. 1 
.. ~! .. r· 
--::--t-' 

'.t 
, i 
.- -- -'0; ---, •• . , 

1 1.. 

60 

1 ·r: 

70 

:u 

80 

::::) 

i 

Ft./S 

.l , , 

90 



.t'~g. l.j 

, 

r t 
i 

1 1 
.. r 1 

.1 
i 

JO 30 tn 50 la ~o 
1.
1.° Il 



e, 

... 

1
;:-·:0' 

,l" 
• 'l'" 
~: ': :,. 
~-_ ..... -. 
, •. 1. 

1
·' .... . . 

1 ~:-1. 

1

:: :, . 
, .' 

',- !-

, ' 
l, , ,', r-2 

. '1. 1 .. _~;~.~J __ . _ ... ' • ___ . __ ...:. i. ___ ~_l._ ___ :. ___ :.1..-_ ... 

Fig. ~q. 

. 
l 

1 
! ~ : : : I. 
"-"-r 1 

1 
'. 1 

1 

7Q. ,', ,8q U Ft./S 
.. _:~_j.; ...... · .. L.~:... j. __ L:.J .. ~.:.~.: ._: L .~, ~_ .. ,i: __ .. .J 

o 



r--1•5 
; 

\-G 
r r--

! .-
;--------

L 
,-\;0-
1 

l. 

~--­
i 
1-

L __ _ 
1 
j 

r -- ----
1--: 
i . 
1 
~-O~5 
i 
! 
[~:---
, 
l , r.:---
j;: -
: 
~--
j-

t- ::--

t·_~ : , 
r -

;..:--6 
i 
L __ 

e 
r 
.... 
1 -r 

;:-:-:-.. ---~ 
-:::1· : ! ~: 

e 

i-

tzj ... 
~ 

.... 
U"I . 
SlI 



::·i 'j:. 
,i,. 

) _~-..: ~~.~ i.:,· ... :. 
'! ". 

" :':1 

i 
_ ... _ ... _:~ .. _ . 

. i, 

.. " ,1 " -1·· .. · - l' ,. '1 ".i -'1' ',1 .. ". l' .. ·· .!" , .-
1 .. . 1 . " 1 " 1 

: ... ~ . 

., ., 

.!-,. 
-' 
1 

•••• p . • 1 

1 . , .! 
._ ..•. "'_' ... _ 0._. 
,., '1 

. ! 
·· .. .-~i -.' , .. 

,'.t 
0:1 

. oc:t '.; 

..... 1. 
, .. --- -_ .... -.------
',' .1::: ' 
," 1 

:: 
• l , , .. ", -:-:r- :-.... ; 

':'! 

,. , 

......... " l' : . , , :.' 1 l" ,. 1 : :.' i.' 
....... 1 ,. 0' ' ., ,.1 .. , ., .... , , •.•. , l, .. ;. 0 . , ~ , • . 0 't ., 0 ' 'b l ' 
.'.' "" ; ! . 1 .: f' ~ ;.'. 1 : j, "i .~,~ l", .~::; .~.. '!: "", .'.' 'f . ,i . ~_L_. __ L_._~_ ,;1 . ___ . __ ..... __ . ___ ~ __ .. ________ . _ ...... __ 1. __ ._.1:.. __ .. .:.:.1 __ .... _ _._1. _____ .~ ...... -........... ,--.- .---" 



100 

90 

80 

70 

.60 

40 

30 

20 

10 

Fig. 15.c 

VELOCITY DECAY 

'!~~t~t~±ml~:~I\r~I~JtB~f~~~1~~~~2~ + ',' ~=r "tr-frl" T _ .. ~.,~,.1i.j ..•.. ,+,f:f$t~r .. ~.tt-" ,.: :,:ïitIT l ,,~rti; ::~,.I·.· .... , .... ~.:...:=-~ 1: 1 m:-"/ i' : : : j :!,~~~i:jJ';':':ï' .+~ :"~:":":"tiW: 1:: ':~. i;:-F ~:::'fu+;:,~'L:j":' ,:~Y:, -~.: .. '1- ·-··f r ; .,·1 1. 1'1 t -n
r
"I ' . l' ·.J·I"··_'-~·I "~j]"'" ... ,,' ··'rT ~~H lTIT G , .... "11-·· ...... . _, "1- - -': +-7-1- '1-;- 1 [ , 1 -t-r.-+-'+Ni -'- ~~ : ' , ' .L~-T +t~r.-t~. 1:. "f-. h7r~"- l'~-. ·'·-T···· .. -t6' . 1 ..... , .. , ·I·,·L.I, 11-1'1' '1···'1/····'· '1"11 1 '1)"1'" Il'; '1' '·::1 ...... ' .. -: '7",-'- -7- ~ .' .. ,.:.. ~_:T"~ :t-i-~1--8----;--j, :fq' , -'-' . ..:, *' :1 ' ~-;.!.. ri -'-': ,'-:~~-;-h-7ït'-r-- .-_ .. ;. - /, r' , .1. "f '. 1 !-rn·· '1'1' ,. I··,..·t·, r' 1 . _ ....... , '., .. l'Ir H1J 1.,' ..... ,1 1', ..• , .. , ..... . ~~-r-rL...f-t--;- , -~t·:'1'·_· ·!r,-'T"r· ·_'-,-+'~+rr-· -, ...;....;: . .!...:_;.- .. _-' ·.!..r ~T~ :.~_.;-.: ' ':L)-7l-

I
-'-,-. l' j' 'ï ' . '(;i ·:,lr )'i' •.. " .(1,.; .. :: Il r' ~ 'II! Il:: li!"' i'll "';'," 1,1·" ... , 1 

.~f- 1~ II I·J 1 l'] , l ' 1 J ~., l ' 1 l ' . " , 'lit . iD'" "'J'" ,!. 1 
l' . 4 • 'j' '1""- '" ....• ,- •.. ,' 1 • .. ·T- ,., . "'11' l ''''1 'l' '" .. 'T" ..... -rr: : . .:.. ~-H'-I ,(-;-l'';'''',-Tkr~ -:-~_'.. :; '-:'--~~: "':"~-r--;-:-I TI~ '-:-+1 ,+i-i-i.: ;_!~ j';y,--··-i····j . 1 1 J •• ,.,IU

O 
1'1 ._., , ,_1.., .. ,. '1--" '1 1 ··1·, , .. , ".1 ""j' ,.,.', _ .. '1 ~ . l ' ..,.-H-"':"' •. '.' " h -1-1-1-' ".' . _.: .• L.!. ' ", l.~!J ... ~ ... ~.!...;.:- .. -"'-

~
! Il.I'j.,-I ;]' l, 'lmlT

" 
.)' .. i. 1:,l . .1!'., 1'··,; :;~ ;'I·::!~l,j',!:I!!!': 'j":' l 

j \ ' t ll ' III : ,,," 1 l" . 11111 Il 1." l'l,'II 1 ~ --,"-"7 ~- T" 1 j 1 J 1 -rn 1 1 l ,f ;~'I~:-'-r:~ -Ti--,1t T:-r1-Tt1î -:, ii '7"ïj -;7P ... - ._;---'. "~m' ..... ' 1'" :1:" ,.,' 1·'1" ---TT" ., .. ; , .... 'I·l.ill
l 

.... 'l''j'''' "'1'; .. 
1 1 l " 1 l " ~ ,Ir r 1 1 l, r 1 L: ' 1 1 1 1 1 : r \ ,,1 II·" l, ' 

-f.-'- .- -i-f'-'-- ~ -~ :r ''t' .. -'J-l-~"'- -_ .. -- ... ,._-- -,--- -1-_ - ._. --, '''---'' .. -.-!- !.·_1 Il !,! j!!: 'i' '1:"-'- ".1.:,1.:. 1'·!...1.;..:!!·:·: .:' Lu: '1'!:IJj'I!.!!.I!' ':.j::: ..... :. 1 1 1 1 l ' • , r 1 J: ,1 , ,1 ; r j l '1 ~ 1 1 1 l ' 1 1 1 lit : 1 l ' 1 1 1 r 1 1 1 i '1' : :,Ii i l'\i ' ,T'Iii. : ' il l'. i, Il'!1 iil) :""III!111 'ii\ illl :i;'I""'" 'j" -,-':"J'L -:._~~ ~. rj- +H + -f·[:' ~~·!.~I!~I }IU~i+ i': ,4-~~: : i I-~~' ,~ ... H+W-, :H!~tw.lJ! hll·~t~F~;: :.j~I~~~: .~::::. _L,"~~Mf' ~·l-+ J.ll+ TI ~=~~+I+ :. '!: . .i _illL1'I,T; -H~i ~+:-rl+i~~+.:-;'1 ! :~ 4H '11'i l!.: ~~I::,I.~:.; .:i:'::;I:·.;l~:.: .. ' .: ..... : .... 'j-'+ 1 J' j Iii 1 j, il'l :1 j'!-lTllï ;Ti Î ;::ï i;;' ;;;r; .iii [,lii""j'i: -rT ._- ti-TOT TT T'î rtl" i T1Tr---n-1-, -1' 'f"TIï1ï"ii1 ïTïi :-iTT -:IT: ~i!i '~ï;":; i;;~l:':' -_.: .. j'I t~+: i ili i j i • ; ! i 1 iT! l'i'ii iï i:lii:! ;:n ;in ;::1 :;'1 iifi,;" ;-;;1::::';' ~r-rrllH ir~nTTTTiTllm TTTT-TITjT:llTqTf'~;'~T [ili fflillD !lnF:'; TV':--:;'" _.. .. 
1 1 1 

20 30 40. 50 60 70 80 90 100 
X in. 



3.0 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 
0.00 

1 
0.25 

1 
0.50 

G =.593 

OLX=.02S3 

1 1 
0.75 1.00 

(u- U,l / Uo 

FIG .15.1 

REF. XTE. X/B 
(!) 279 51.8 320 
A 281 48.8 308 
+ 283 45.8 296 
x 285 42.8 284 

" 
287 39.8 272 

... 297 51.8 320 
li( 295 49.8 312 
x 293 47.8 304 
"* 291 43.8 288 
x 289 41.8 280 

1. 25 1. 50 



3.0 
~ FIG.15.2 
1 

Y/LO ~iIr REF. XTE. X/S 
+ G =.593 l (!) 279 51.8 320 

2.5 ~ __ 281 48.8 308 
~ 
+ OLX=.0253 283 45.8 296 
~ + 

~ x 285 42.8 284 

~~ ~ 287 39.8 272 

2.0 ,. 297 51. 8 320 
lk ~ lIE 295 49.8 312 

:&!t.. 293 47.8 304 , x 

1)(1, 
iIr 291 43.8 288 

1.5 ~ ~ 289 41.8 280 
~ 

~ 
1.0 ( 

cf 
-- -;: . 

~ 
. .;:-
' . .-: 

0.5 vi 

t> 

0.0 1 
\ 

-0.5 fg~ 

\ 
~ 

-1.0 

J 
-1.5 ~ 

lt-
+ 

il 
-f>~ 

+ 
-2.0 xf/!) 

~ 

~ 
;; 

-2.5 
+rt. 

0.00 0.05 O. la 0.15 0.20 0.25 0.30 
RMSU/U 



3.0 
~ 1 

FIG.15.3 , 
je 

Y/LO ~* REF. XTE. X/B + 
G =.593 ~ (!) 279 51.8 320 _ 2.5- ~ 

281 48.8 308 x* ... 
+ OLX=.0253 283 45.8 296 ~ + 

(!)'!X 
x 285 42.8 284 x * 

287 39.8 272 + 
~ 

2.0- x ... ~ 4' 
+ 297 51.8 320 -

~ 
*+ 295 49.8 312 li( x ... JI( 

293 47.8 304 !!J'~ x 
'k * 291 43.8 288 

1.5 - 'x ~ ... ~ 289 41.8 280 -
~ 

X< t.* 
~~ 
x~ 

:Ir 
1. 0- ~.,~ -

~.r~ 
w 

~ 

~ 
-0.5-

~~ 

~~~ 

~ 
0.0- +~ -e\ 

~ 
ig -0.5- -'d<* ;; 
~~ 
x.~ 

-1.0 -
~~ -

(!)++ 

f~ 
+ t 

-1.5- ft* -
x A .~ 

+ 
J 

If- ~ .x 
+ 

-2.0- x 1I\Oo(!) -
~ .. :RlI( 

1flJ+ 
x. 

Y1' 
~2_5 

'R"'"-
1 1 1 1 1 1 0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 

RMSU/Uo 



3.0 v , , 
1 , 

+~ FIG.15.4 A 

Y/LO a-
REF. XTE. x/s + 

G =.593 .. ~ 
(!) 279 51.8 320 -2.5- "f!) 

x .. 281 L!8.8 308 
+ OLX=.0253 283 45.8 296 "'~ + 

"'(!) 
X 285 42.8 284 x 

+ 
~ 287 39.8 272 .. 

2.0- ~'" (!) 

'" 
297 51.8 320 -

x 
+ .. 

(!) 1 
x 

+ 
'" 1. 5- "'(!) -

~ 

j-x '" ~ 
+~ ~ 

L 0- ~ x~ -
"'~x ~ 

1!) • x 

~ 
.!(!) -ttX 

-0.5-
.(1) ___ : 

"''''~.p 
~x~ 
(!)11\ ~ 

-0.0- +, 

• +~(!) 
+ (!lX ~ ,,'" 

+ x~ 

(!)b'" 

-0.5- ~ -
.'" (!) 

~ 

'" 
+ 

-t<!l x ~ 

",<!t" 
"'~ 

-1.0- ~ + -. ~ 
"'+(!) 
.6X 

+~ ~ 

x" 
+~ 

-1. 5 - (!)"': 
A 

+ 
~ 

.6~ 

+ 
-2.0- ~'" -

.~ 

~+ 
x 

~.,.. 

-2.5 AI- , , , , 
O'.2S 0'.30 0.00 0.05 O. 10 O. 15 0.20 

RM5V /Uo 



3.0 -~ 1 1 1 -\ 1 1 
+~ 

FIG.15.5 b 

e Y/La ('): 

REF. XTE. X/S + 
G =.593 .~ 

(!) 279 51.8 320 2.5- ote!> -X • 281 48.8 308 
+ OlX=.0253 283 45.8 296 ~ + 

1'(!) 

x 285 42.8 284 x 
+ 

~ 287 39.8 272 • 2.0- ~~ 
l' 297 51.8 320 -

x 
+ • l' (!) 

0 

X 
.+ 

-1. 5- .f> 
0 

.x + 
(!) 1'~ 

lot-
(!)~1' 

1. 0- \... ~ -
~(!) ~ 
~ 

~ 
~ X+ l' 

0.5-
(!) """'1- 0 

-

CJ.~ 

CJ.* ~ 

0.0- 6t- + ~ 
~. -
~ t' 

• 1ï..~ +x ~ 
(!)1'. 

-0.5- +p -~ 

+~ ~ 
• 

• I!>f"~ 
-1.0- (1) +1' -

"'~ 
ct 

x. 
(!) + l' ~ 

X '" 
~+ 

-1.5- a<~ l' -• 
+ 

x " " + 
-2. a - x.f> -

~ 

(!) 1'+ 
X 

1'" 
-2.5 • 

1 -1 1 1 1 

0'.30 0.00 0.05 o. 10 0.15 0.20 0.25 
RMSW/Uo 



i 3.0 , r 1 1 1 1 

! FIG.15.6 i 
! IL 
! 
i Y/LO ~ REF. XTE. X/B 
le ~ G =.593 (!) 279 51.8 320 
j 2.5-~ 281 48.8 308 -
1 

II. 

+ OLX=.0253 283 45.8 296 l ~ + , 

1 
41 x 285 42.8 284 
x 

i + ~ 287 39.8 272 
• II. 
1 2.0- ~ 297 51.8 320 -, .,. 
1 
i x 

+ 
i .. , 
1 I!!P'~ l 
.1 

x+ "' 1 • 1. 5-
II. -

'Î • 
l & 

ï x . *(!) .,.~ 

J ~ .. 
j (!)~ 
1 , 

1. 0- ~ 
-, 

~ 

(!If»< 

~ 
~~ 

0.5- -
~ 

~ 

'tc~ 

~~ 

0.0- &ix & -
<!>t. .. \~ 
:~ ~ 

+ x ~ 
t!>;t 

-0.5- +~ 
-

~ 
II. 

~ ~ 
II. 

.. ~x~ 
-1. 0 - (!) ..... -

II. x~ 
~ 

K 
4!>+ ~ 

x'" 
+~ 

-1. 5 - ~ .. 
+ 

x. 
~ 

+ 
-2.0- xfJ 

$ 

ri 
x 
t 

-2.5 • 
1 l 1 

, 1 
0'.30 0.00 0.05 0.10 0.15 J., 0.20 0.25 

Q'lU 0 



3.0~------~--------~-------'--------'--------'--------'-~ 

Y/LO 

+ 
(!) ... &X 

• ., + . 
~ 

-1 ta> x 

-2.5 
0.00 0.05 

G =.593 

OLX=.0253 

" ,\" 

0.10 0.15 0.20 
UW/U.t ~ 1 0-1 

o 

FIG.15.7 
REF. XTE. X/B 

(!) 279 51. 8 320 
• 281 48.8 308 
+ 283 45.8 296 
x 285 42.8 284 
& 287 39.8 272 
... 297 51.8 320 

0.25 0.30 



te 
1 

1 
1 
1 
1 
1 

1 
1 

1 
~ 
( 

1 
1 
! 

3.0 

Y/LO 

2.5 

+ .. 
2.0 ~ 

1.5 

1.0 

0.5 

. 0.0 

-0.5 

-1. 0 

-1.5 

-2.0 1-
e 

-2.5 
0.00 

)( 

+ 

FIG.15.8 
REF. XTE. x/s 

G =.593 (!) 279 51.8 320 
.. 281 48.8 308 

OLX=.0253 + 283 45.8 296 
)( 285 42.8 284 
~ 287 39.8 272 
.- 297 51.8 320 

+ 

+uv ur 0 

uv - --ur-
o 

. 
/4----Calcula~d trom momentum equations. 

0.05 0.10 0.15 0.20 
±UV lU; ~ 1 0-1 

0.25 0.30 



! 
3.0 

j FIG.16.1 j 
l Y/LO REF. XTE. X/B le G =.580 (!) 279 51.8 320 , 2.5 281 48.8 308 .. 
] OLX=.0256 + 283 45.8 296 

l 
)( 297 51.8 320 
~ 193 51.8 306 

2.0 + 195 49.8 298 
i 197 47.8 290 

t • 
x 199 45.8 282 

1 * 207 51.8 306 
( L5 

1.0 

0.5 

. 0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 .~------~------~------~--------~------.---------.~ 
0.00 0.25 0.50 0.75 1.00 1. 25 1. 50 

(U-U,J /U O 



3.0 i 
1 1 1 T 

FIG.16,2 
i Y/LO 8EF. XTE. X/B , 
i G =.580 (!) 279 51.8 320 

2.5- 281 Y8.8 308 -
A. 

~ OLX=.0256 283 Y5.8 296 
l'&< 

+ 
x 297 51.8 320 

x ... ~ 193 51.8 306 

2.0- ~ .. 195 49.8 298 -

liE + 1( 197 47.8 290 
+<tAI!I x 199 45.8 282 

Ir 207 51.8 306 
El!( + A -1. 5 - +~Gt 

',it U 
1. 0 - ~~ -

H 
lift 

,x<t -0.5-
.~ 

ff 
f' 

0.0- \ 
-

-0.5- t~+ -

,,~A 

Jt 
-1. 0- ~. -

~ 
~ ... x 

-1. 5 -
+ 
~x(!) 

+A~ 
i ~ 

ll+ 

-2.0- ~~ -
+A 

J 
: 

-2.5 
11 
~ 1 1 1 1 1 

0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 
AMSU/U 



3.0 i 1 1 1 -r 1 1 

FIG.16,2 
i Y/LO 8EF. XTE. x/s 
li 
~ G =.580 (!) 279 51.8 320 

2.5 Pl 281 48.8 308 -.. 
~ OLX=.0256 283 45.8 296 
~&< 

+ 

x 297 51. 8 320 
Xli(!- ~ 193 51.8 306 

2.0- ~ '" 195 49.8 298 -

2IE+ • 197 47.8 290 
"'<t"11 X 199 45.8 282 

* 207 51.8 306 
ElIE + .. -1. 5 - "'<tGt 

,~ 

U 
1. 0 - ~t'" 

" lift 

'x<t 0.5 -
ti~ 

l' 
f' 

0.0- \ 
-

-0.5- \. -

t4> 
~ 

-1. 0 - ~ .. -

~ 
~ ... 

x 
-1. 5- ~x(!) -

'" 
<t 

i ~ 
.... 

ll+ 

-2.0- ~~ -
.... 

)-
-: 

-2.5 
~ 

..- 1 1 1 Î 1 1 

0.00 0.05 O. la O. 15 0.20 0.25 0.30 
RM5U/U 



3'.0 i 1 , 1 1 1 1 

FIG.16.3 ~ Y/La 
AEF. XTE. x/s e lk 

1 G ==.580 (1) 279 51.8 320 2.5-
281 48.8 308 -.. Kt. OLX==.0256 283 45.8 296 .,.~ + 

)( 297 51.8 320 
K • ~ 193 51.8 306 

2.0- .... ~ ... 195 49.8 298 -
Kit • 197 47.8 290 

""(1)( K 199 45.8 282 

* 207 51.8 306 
1. 5 - x.+ ~ 

l' )( -

x't ci 
x~~ 

1. 0 - ~x -
"-x 
~ 

.~ 
0.5- -

~ ... 
t~ 
~ 

0.0-

,~ 
-

lit 

-0.5- \ -

f}. 
~~ 

-1. 0- ... 3 -
1+· ... 

tt~ 4f-
t Il 

-1. 5 -
1'~ 

"" )( (1) -
+ • 

~ 
tQ x 

+ .,. 
-2.0- • x" -... . ~ 

t 
-2.5 .~ 

1 1 1 

0
1

.30 0.00 0.05 0.10 O. 15 0.20 0.25 
RMSU/Uo 



3.0 
~ 

1 1 1 -1 1 1 

FIG.164 

*" Y/La REF. XTE. X/S 
'11 
'" G =.580 (!) 279 51.8 320 

2.5- ~ 281 48.8 308 -
'" 1+ OLX=.0256 283 45.8 296 

'" + 
~·xè!) x 297 51.8 320 

.x ~ 193 51. 8 306 
2.0- .'" ~~ 195 49.8 298 -• 

+ ",li 
li( 197 47.8 290 

(!).~ x * x 199 45.8 282 
" 207 51.8 306 

+ • K 
1.5 x~ " -

J- xll(l~ " 
+"t!JI. xl~ 

1. 0- ~. • " -
x~~ lf!,. " 

ltl.~ lI(X" 

~-ec:~X 

0.5- -
Cl)4. W* " 

.x.$!>. " x 
~tl 

o. 0- ~l(X " -
~ ~" 
.~(!) " + li( • .;< 8> ,. 

tE 

-0.5-
~. -

1-. "lIE. 
~!f 

4' * 
xl!t ~ 

4 • 

-1 . a - 1\*,,+ -• • 
x+t X" • 4 

+I\x li( " ... 
+ li( 

X 

-1. 5 - (!)x 
" -<!> • • 

+ III 

~" 
X 

4 • 

+ li( 

-2. 0- (!) x x -
<!l' 

• • 
e + )1( 

<!>CD,!' 

fJ(!)('" 

-2.5 
.... 

1 1 1 
0

1

.25 0
1

.30 0.00 0.05 O. 10 O. 15 0.20 
RMSV /Uo 



3.0 GO 1 1 1 1 1 1 

+1 FIG.16.5 
'ft. 

Y/LO li REf. XTE. X/B 
ri-

6.,. G =.580 (!) 279 51.8 320 _ 
2.5- ~x(!) 281 48.8 308 .& 

II[ +x OLX=.0256 283 45.8 296 
6 + 

~ xC!) x 297 51.8 320 

+ il ~ 193 51.8 306 
.& 

.,. ~ )(!) 2.0- .,. 195 49.8 298 -

~x • 197 47.8 290 
6 ... 199 45.8 282 x ~ X 

.,+ • X 

1. 5- ~IJ -

6 .. (J!lx 
6+"«~X 

1. 0 - ~ "«X -
1CW~ "« 

~ ~.,. ~ 

~ + )4to"« X -0.5-
(!)~II 

~~ 1IE 
.,~x 

0.0- ~Xflt. -
., ,~ 

6~ ~ 
-g+-

., ~~ -0.5- -., ..,.~ 

~ x 
I~ 

6 ~X 
-1. O- . ~"kK- -

6 ... 

<3- X ... 6 

~ ... ~ ., ... 
+ )1( 

X 

-1. 5-
C!) 

~ -
.& .,. 

+ • 
"w 

x 

., .,. 
+ "« 

-2.0- ~1f) X -.. ... 

(!),ê • 
~ 

w'" 
-2.5 

~.,. 

~ 1 1 1 1 1 

0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 

RM5W/Uo 



3.0 , , 1 1 1 , 
FIG .16.6 

Y/LO Il 
REF. XTE. X/S 

~ G =.580 (!) 279 51.8 320 2.5- -
'" 281 48.8 308 1 OLX=.0256 283 45.8 296 t + 
x 297 51.8 320 

i 
~ 193 51.8 306 

2.0 +'lI) 
+ 195 49.8 298 -
lIE 197 117 s:! 290 'tx . , . "" 
x 199 45.8 282 

1. 5 -
+~ 

-• 
*&x ... ~ 

1. O- •• -
.~ _lE 

(!Jt)+~x 
0.5-

~ 
-

4Ex 
#tex 

0.0- 4t-~ -
~~~ 
~ 

lIit" 

-0.5-
~~ 

-i 
.~~ 

-'Ex 
".C!J< 

.t-& 
-1. 0 - '" ~~+ -

+. 'lrx 
",+fYx-

+ -x 
-1.5- <ï< -• + 

+ lIE 

~~ 
X 

"'+ 
+ lIE 

-2.0 tIl X 
-~ ... 

~ 
~ 

• ~ 

-2.5 • li 1 1 1 , 
0'.25 0'.30 0.00 0.05 O. 10 0.!5 ~ 0.20 

Q7Uo 



• 

3.0 

Y/La 

x 
C!) x 

... ~ 
+ • 

+ • 
C!)~ 
~ .. ... 
+ • 

-2.0 

G =.580 

OLX=.0256 

FIG.16.7 
REF. XTE. X/B 

C!) 279 51.8 320 
.. 281 48.8 308 

+ 283 45.8 296 

x 297 51.8 320 

~ 193 51.8 306 

... 195 49.8 298 

• 197 47.8 290 

x 199 45.8 282 

-2.5 ~------~---------.---------r--------'---------'--------'~ 
0.10 0.15 0.20 0.25 0.30 0.00 0.05 

UW/U l. ~ 1 0-1 

o 



1.0 

0.5 

0.0 

-0.5 

-1. a 

-1.5 

-2.0 ,qt 

+ • 
~x . .,. 
~---,,-alcula..ted from momentum equati ons. 

-2.5 ~4-____ ~ ________ ~ ________ ~ ______ ~ ________ ~ ________ ~ 
0.10 0.15 0.20 0.25 0.30 

0.00 0.05 
!UV /U/- * 1 0-1 



1: 

1'-1.5 

h---
1 
1_ .. 

j:-
"--___ .4 
j 
1 ,. -

I--LO 
î 
; ,--
i. 

t'o' : -' 

j~ 
1 t----
; . 

..... 

! .. 
~ .~- ... 

e e 

L~_i):~·, :.- i: -·:l :::! .. ~~~·;~ ... :~.·:-;~ ... ~;·::::t:: ,", ~·.·.L·;~~·:~~·~.:L~~;.:~~~.L·.::~~~~~:L.~:.:;:"~.~ï:·.:.-~.::~ .. Ï ·~L~·:·.:.~.. :, 
~ 
j: 

~ . 

~ ..... 
\Q 

.... 
~ . 
SlI 



Fl.g. L"(.D 

, 
l' 
1 

l' 

)":7 ""'i' 
. 1. 1 

î- , .! 
1-"·"'-'1-"" 
, 

'1 
,. , i .. 

.1.,' 
!' 
1 
1 

i 

, • 1 1 • " . 

-$ ·'1····· 

i 
i 

'''.1· 
."., '1 • 
. :. , -" 

";-'!: '~"j-'-~"'''''''''' 
. 1,.·.1 • .. :: .. '. ,. 

·(l·::~;· :n~~~: 

· .. ·'i;·::··· : 
. __ ._. __ ... L-~~; __ _ 

'1 .:.' 
'1 ;" 

lJ'I.ï··' 
.: 1 ~- ~ .~ .- .-

-c::r 

... "1 
..... ..:_- . 

1 
.!' 

'·1 .;' 

! " 

! .... 

:1 • ,_, ; : .. ~: 1" ... j~ •• ~ -, 

r 
.1-

i 

l' •• : 1 
i . 0 s::' .. 

. _ i....:..~ ..... H .. ; ~d ,: .. ' _ .•. _:2 .. , 
. q. ; .. : ,.: .. " '1" q"".I .. 1.. '1' ; 
~ l' . - 1 . 

.~. __ : ._ .. :..~. L.. ' .. _ ... 1.. .. :._ J._~~._.L ... :_ .. 1.:':. ; ... J:~~"':':..J ........ J , .. ..::.....J._ ~: .... ; .. 1· 



s: .... ':1. ... 1 ..... 

VELOCITY DECAY 

e· 



. 
3.0 

FIG·17.1 

e Y/La REF. XTE. X/B 
G =.265 (!) 551 54.8 328 

2.5 • 550 51.8 316 
OLX=.0156 + 549 48.8 304 

x 548 45.8 292 
~ 547 42.8 280 

2.0 + 546 39.8 268 
li[ 545 59.8 348 

1.5 

1.0 

0.5 

0.0 

-0.5 

-.1 .0 

-1.5 

-2.0 

-2.5 ~------~------~--------~------~------~~------~ 
0.00 0.25 0.50 O. 75 1 .00 1. 25 1. 50 

(U-U,l /Uo 



3.0 (i) 1 1 1 1 1 

lit FIG .17.2 
• Y/LO a REF. XTE. X/B 

~ G =.265 (!) 551 54.8 328 
2.5-

of 550 51. 8 316 .. 
~ OLX=.0156 + 549 48.8 304 
x 548 45.8 292 
~ 

x .. 547 42.8 280 .. ~ 

2.0- ~ + 546 39.8 268 -

~ li! 545 59.8 348 
0.,-

~ 

>.W 
.e-

l. 5 - + -
~ .. 
~ 

oK 

'" 1. 0 - (!) -

i 
li! , 

0.5-
lIE -

Qt 
li( 
(!) 

Î' 

0.0- , -

i 
>&1' , 

-0.5-
x -
t 

x 

1 
-1. 0- ~ -

f 
~ 
li( 
~ 

~ 
'if. 

-1. 5 - ~ 
-

.... 
'!lll! 

A 
+ 
l' 

x 
-2.0- • -

~ 
(!) 

e "," 
+ 

J( 

-2.5 '" 1 1 1 1 1 

0.00 0.05 O. la O. 15 0.20 0.25 0.30 
RMSU/U 



3.0 (!l 1 1 1 1 1 1 

~ FIG .17.3 ... 
Y/LO i REF. XTE. x/s 

\ G =.265 (!l 551 54.8 328 2.5 

" 550 51.8 316 -.. 
~ OLX=.0156 + 549 48.8 304 

x 548 45.8 292 ~ x .. 
547 42.8 280 + ~ 

2.0- ~ 
+ 546 39.8 268 

x· + )1( 545 59.8 348 
(!lA + 

~ 

x. .. 1. 5 - + -
~~ + .. 

(!l.+ 
~ .. 1. 0 - (!l -lIE 

(!)~+ 
li( 

(!l)++ . .. 0.5- -
(!l.*, 

li( 
(!l 

~'" 
0.0-

111%+ -

~+ 
>& ... 
(!l • ... 

-0.5- )(~ -
~ + 

Ai-
x 

II!~+ 
~ 

.f~ 
x 

-i, û-
f+ -

(!l X 
li( 

~ 

~ ..... 
lJ< 

-1. 5 - <t -
++ 

(!) xli( 

~ .. 
+ 

+ 
x 

-2.0- II! -~ (!l 
.. + 

+ 

• 
-2.5 '" 1 1 1 1 l 0.00 0.05 o~· 1 0 O. 15 0.20 0.25 0.30 

RMSU/Uo 



3.0 (!) 
T 1 1 1 1 

FIG. 17.4 

Y/LO REF. XTE. X/B 
(!) G =.265 (!) 551 54.8 328 

2.5- -

OLX=.0156 
(!) 

-2.0-

-1. 5 -
(!) 

(!) 

1. 0 -
(!) 

(!) 

(!) 

0.5- (!) 
-

(!) 

(!) 

0.0- (!) -
(!) 

(!) 

--0.5- (!) 

(!) 

(!) 

--1.0-
(!) 

(!) 

-1.5 (!) 

(!) 

-2.0'" 
(!) 

e 
-2.5 ~ 

1 1 1 1 

0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 

RMSV /Uo 



-2.5 
0.00 

1 

0.05 
1 

O. 10 
1 

O. 15 
RM5W/U o 

1 

0.25 
, 

0.30 
1 

0.20 



3.0 
:!) 

, T , 1 1 1 

FIG. 17.6 
Y/LO REF. XTE. x/s 

(!) G =.265 (!) 551 54.8 328 
2.5- -

OLX=.0156 
(!) 

2.0 -

(!) 

1. 5 - -

(!) 

1.0 
(!) -

(!) 

(!) 

-0.5-
(!) 

(!) 

(!) 

0.0- (!) -
(!) 

(!) 

-0.5- (!) 
-

(!) 

(!) 

-1. 0- -
(!) 

(!) 

-1 .5 - (!) 
-

-2.0-

-2.5 ~I~--------~I---------r-l------~I---------r-I------~T---------T~~ 
0.00 0.05 0.10 0.15., 0.20 0.25 0.30 

Q'l u CI 

o 



3.0 p 1 1 1 1 1 

FIG .17.7 
Y/La REF. XTE. x/s 

p G =.265 (!) 551 54.8 328 
2.5 -

OLX=.0156 

2.0 -

~ 

1. 5 - -
(!) 

(!) 

1.<0- -

(!) 

(!) 

0.5- -
(!) 

(!) 

(!) 

o. a el -

19 

(!) 

-0.5 -\<!> -

I!> 

ID 
-1. 0-

(1 

(!) 

-1.5(!)" -

(!) 

-2. 0- -
~ 

-2.5 ~-------r-I-------r-I-------~I-------r-I-------,r--------'~ 
0.00 0.05 0.10 0.15 0.20 0.25 

UW/UoJ. * 10-1 
0.30 



3.0~------~------~--------'-------'-------~------~-' 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 
0.00 

G =.265 

OLX=.0156 

FIG .17.8 

REF. XTE. X/B 
(!) 551 54.8 328 

UV 
Ul. 

() 

A--'--- Calculated from momentum equations. 

0.25 0.30 0.05 0.10 0.15 0.20 
:tUV/U.l *10-1 

o 



[--.15 

1 .. 
1 
1 

~---

i~ G 

r-'" 
, 
! . 

. J;O. 

r --

1< ,. 

e 

"T :1' . :1
1

:':C _":~::<;>'" :._ .. :. :!;: .... :;' L. L.... .i) !. . 1 t' ':: .;. .1 :';:" .. ; ... ~::~.:~:.:~.: EXCESS . Ta _ ...... -.... ......... v ......... _" ..... -. ..... "" ........... '" ---'-F~-~-"r- :·:·r:-77:~'----:- r'---T-~- :\: .. \:; .::;::.! 

1 .. , 
i 

.- ."- -- ._ .. _- .. .. 

.. .. . .: .. _.i 
.1 
1 " !: 
• "1 ' 

; . 1 1. . ,. 
-~-~~:r:.:;:-'T··" ~='1::···:·~·· 

. ._. J. ' 
. ! 

l ,. ! 

! . 

.' 

1---'- 1 -'--'-j 
1 •. 

LO~5 
'. t ...... . , 
l' 
I--~-

L-:-1 

i 
~---

.... 

L.. ___ . 

i'· . 
L_. :: . 
~:. . 

L:: ,-

!. 0 t----

----1:" . _.:~':;i ., 
';,-. 

_.:! 

i:" 
L' 

e 

I%J 
~ 

'-Q 

..... 
ex:> . 
DI 



:10 
i 

P: 
~o--
/in .. . 
17----· 

i' 
r'-:­
l .: 
1 ---l,D-
1- . 
f , , .. 
i----
1'_:.: 
1 
1. 
~ 
~ . .. ..' 

L: .. : .. ~- :-
! .. '. . . 

~ , .. :: 

t':- '-'-' 
1 __ : _~ 
1 .• 

LI:o-
1-- - : . 
t~:~-· . 
Pt· 
r~:< .~ 
~-_. ~-
: 

i-' 
~::~.:: ' :' 
1·· . t.:.; ...:.. __ 
1 .. 

e e 

---T:---:-:~-++!:'rT ," " hf.+.:~·~··. :."'u t-_· ,. :."~::Hiijr~!:~)" ,~::;'.··1c j. ::I+H~"::+f':+f":~Hj'-H ""H 

. • ' ....•• , ~ . 1 .;.. •• • 'I .' "01 .... ~.·:_.;·. 1· .... \ " •••. .t:;.·j::~;.i~: ~ .. :.I.~:.:: .! .... :- .. {::::~.:' i.. . ._ .. -----:-r-. ----~--T--l.-.. -.... --...... --.-_.- ,--. ----,--- '--'- . ----.- -. -.. -'-- -.--' -- -_.~_._- :f-----"-'--i~--r:::- ---t-_1. - ~--_.:.i_~-. ---' ._. - _~._L __ --- --1 . -.. -.' ... "~~.~i~\_·;q_}t_u,~;! .. ::H: i:t:]t~ir;j~':l::~i."t'l;lj[;~if:t~.;~!±"'i.::, '. : ... ' ..... 

60 
J 

--1 

1 

I:J .... 
I.Q 

1-' 
ex> . 
0' 



Fig. 18.e 

VELOCITY DECAY 

70 

.60 

f s 
50 

40 

30 

20 

10 
90 100 



3.0 
FIG.18.1 

Y/LO REf. XTE. X/B e G. =.440 e 536 51.8 296 
& 539 Y8.8 284 

·OLX=.0233 ... 5YO Y5.8 272 
x 5Yl Y2.8 260 
o 5Y2 39.8 248 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 ~------~------~------~~------~------~------~~ 
0.00 0.25 0.50 0.75 1.00 1.25 1. 50 

(U-qJ /Uo 



3.0 + 1 1 1 1 1 1 

~ FIG.1CO.2 A 
IIJ) 

Y/LO REF. XTE. X/B 
+ 

* G =.440 (!) 536 51.8 296 
2.5- ~ 539 48.8 284 -

A 

+ OLX=.0233 + 540 45.8 272 
A 541 42.8 260 

(!) x 
~ 542 39.8 248 

2.0- ~ -
x 
+ ... 

t!lI' 
X 

+ 
1. 5 - ~ 

" x 
+ 
~ 

~ 

1. 0- ~ -

è
t 

." 
0.5- -

• 
+<t 

0.0-
~ 

-

.\ 
(!)f 

x 
-0.5- " -, 

x 
~ 

q 
+ 

-1 .0- x -
~" 
+ 

·x 
a~ 

+ 

-1. 5- x -
ca ... 

+ 

x 
(!) 

'" " --2.0- + 

l!$ 
A 
~ 

+ 

-2.5 .(!) 
1 1 1 1" 

0
1

.30 0.00 0.05 O. 10 O. 15 0.20 0.25 
RMSU/U 



3.0 + 1 1 1 1 1 1 

~ FIG .1tQ. 3 A 

or: 
Y/LO REF. XTE. x/s 

+ 
~ G =.440 (!) 536 51.8 296 

2.5- ~ 539 48.8 284 -
AI 

+ OLX=.0233 + 540 45.8 272 
A 541 42.8 260 (!) x 

~ 542 39.8 248 
2. 0- ~ -

x 
+ 

• (!)~ 

x 
+ 

1. 5 - • (!) -
~ 

x 
+ 

.(!) 

~ x 

1. 0 -
+ 
~. -

... t~ 
MiJ'r~ 

0.5- -
AI ~~ 

+ ~~ 

o. 0- AID~ 
-

ca.. 
x~ 

(!)t 
x 

-0.5- ~ 

~+ 
x 

~ 

~ 
+ 

-1. 0- x -
.(!) 

~ 

+ 
X 

AI 
(!)~ 

+ 

-1.5- x -
~ ... 

+ 
x 

(!) 

-2. 0-
.AI ~ -

+ 

c!j: 
A 
~ 

+ 

-2.5 .(!) 
1 ~ -1 1 T 1 

0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 
RMSU/lJ, 



3.0 

Y/La 

2.5-

2.0-

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1. 0-

-1.5 -

-2. 0-

-2.5 
0.00 

(!) 

1 1 

(!) 

(!) 

(!) 

1 1 

0.05 O. 10 

1 1 

G =~440 

DLX=.0233 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

O. 15 
RMSV/U o 

(!) 

(!) 

(!) 

(!) 

(!) 

1 

0.20 

1 1 

FIG.18.4 
REF. XTE. X/B 

~ 536 51. 8 296 

-

-

-

-

-

-

-

-

-

1 

0.25 0.30 



3.0 

(!) 

Y/LO 

2.5-

2.0-

1. 5-

1.0 

0.5-

0.0 

-0.5-

-1. 0-

-1. 5 -

-2.0-

-2.5 
0.00 

1 1 

(!) 

(!) 

(!) 

1 1 

0.05 O. 10 

(!) 

1 1 

G =.440 

·DLX=.0233 

O. 15 
RM5W/U o 

(!) 

(!) 

(!) 

Cl 

(!) 

(!) 

1 

0.20 

1 1 

FIG.18.5 
REF. XTE. x/s 

(!) 536 51.8 296 

-

(!) -
(!) 

(!) 

-

-

-
(!) 

(!) 

-

-

-

1 

0.25 
Î 

0.30 



3.a~------~Ir--------r-,------~I--------ïl---------'-I-------~1 

Y/La ~ 

2.5 -<!) 

<!) 

2. a -

(!) 

1.5 

(!) 

1. a -

a.5 -

(!) 

a. a - (!) 

<!) 

-0.5-

-1. 0-

-1. 5 -

-2. 0-

(!) 

<!) 

G =.4140 

OLX=.0233 

<!) 

(!) 

(!) 

F1G.18.6 
REF. Xl E. X/s 

<!) 536 51.8 296 

-

-

-

-

-

-

-

-

-2.5 ~(!)~------~I--------~I---------Î~-------~I------~I--------'I~ 
0.00 0.05 0.10 0.15 '1 0.20 0.25 0.30 

Q2/ U .(, 
() 



3.0 , , , 
FIG. 15.7 

Y/LO 
REf. XTE. X/8 e G =.440 00 

(!) 536 51.8 296 2.5., -
OLX==.0233 

c 

2.0-

1. 5 - (!) -

(!) 

1. 0- (!) 

-

(!) 

(!) 

0.5- -
(!) 

~ 

0.0<!l 

(!) 

(!) 

-0.5- -
(!) 

(!) 

-1. 0- -(!) 

(!) 

-1. 5 - -
(!) 

(!) 

-2.0- -

-2.5 ~------~--------r-------~--------r--------r--------~ o . 00 0 • 05 0 '. 1 0 0 '. 1 5 0
1

• 20 0 '. 25 0 '. 3 n UW/U.l )( 1 0-1 

o 



3.0~------~------·~------~r-------r-------~------~~ 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

G =.440 

OLX=.0233 

FIG.18.S 
REF. XTE. X/B 

(!) 536 51.8 296 

+uv 
~ o 

-uv 
~ o 

.-.-_-C,alc.ulated trom momentum equations. 

-2.5 ~~----~------~------~--------~------~------~~ 0.10 0.15 0.20 0.25 0.30 0.00 0.05 
!UV/U.2. ~10-1 o 



i­
l , 

r:~ 

; . .:: .. f··· 
1 ï'" 
i • , r 
i !" ;'. _: 

.::.~J 
• 0 

o 

i 
i._. 

&ri 1 

o 

. ~ . . i 
. \ .!, .- .... ·1·: ~ ... ':-'; 

t: 

o 
1 . -f j' i·t!): ! i L ....... _.1.. . _: _._ .. _ ..... 1. ... : ... .l. •.• ~_ .... . 

-

Fig. 19.a 

.... j 

l 

;-
... __ , ·t··· ... ····• 

.. f 

. _ .. ~.~~1 .... :~ .. -.1 , i .. ! 
• ... 1 ./: 

" ,"!: ., 

.,. 

; , 

... L .... -.-l._. 



~-3.0 

L---­
o 

ln. 

t· 

~-l.O 
i 

i--- _ .. ' 
i 

~- _. _.-

t' ... : 
t-----, .. 
1.:.: 
L.:o 
1.. 

i . ,...-- ---.-.- -
i· . 
(.:: .. 
.. t
:--: .--

1 
j_ ... ~--

i •.. 
L.:...._..: .. , 
1 ,. 

1_0 

!-

e e 

1-. 

......••.. :; .... _.4 û~ ...... ·._~I ~ J ••... _ ; :_:t~,~J/fullim-ï~!j\I\(!·(!j~i~'l~~![~)"!ji:~}~iTI"l~· .••• F_~: .: __ 60 

"il ..... 
\.Q 

.... 
\0 . 
tr' 



100 

90 

80 

70 

40 

30 

20 

10 
20 

VELOCITY DECAY 

30 40 50 60 
x in. 

~. J.g. ..L.,. ç 

70 80 90 100 



1 
" 

.! 

j 
~ 

~ 

i 
1 

! 

3.0~------~-------r-------'-------'------~~------'-' 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

G =.680 

OLX=.0300 

FIG .19.1 
REF. XTE. X/B 

(!) 596 Y8. 8 287 
A 597 39.8 251 

-2.5 ~ ______ ~ ______ ~ ______ ~ ______ -r ______ ~ ______ -'~ 

0.75 1. 00 1. 25 1. 50 0.00 0.25 0.50 
(U-U,) /UO 



3.0 1 1 1 1 1 1 

FIG.19.~ 
Y/La 

REF. XTE. X/B ca 
G =.680 t') 596 48.8 287 2.5-

597 39.8 251 ~ ~ 

OLX=.0300 
(!) 

2.0- · 
~ 

(!) 

1. 5 - ~ -
(!) 

~ 

(1) 

• (1) 

1.0 -(1). 

(1). 

'1 
0.5- (1) -

~ 

(!) 

• 
(!) 

0.0- t!& 

e>. 
(!) • 

• 
(1) 

-0.5- · • 
(1) 

(!) 

• 
(!) 

-1. 0 - • -
(!) 

• 
(1) 

(1). 

-1. 5 - -• 
• 

(!) 

~ 

-2.0- (!) · 

• 

• 
-2.5 1 1 , 1 1 1 0.00 0.05 0.10 O. 15 0.20 0.25 0.30 

RMSU/U 



3.0 1 1 1 1 1 -r 

FIG .19. ~ 
Y/LO 

REF. XTE. X/B 
G =.680 (1) 596 !.J8.8 287 2.5 

597 39.8 251 -li A 

OLX=.0300 
(1) 

2.0- -
Ar. 

(1) 

1. 5 - '" -
C!) 

'" C!) 

'" C!) 

1. 0 - -C!)'" 

(1)", 

~ 
0.5- C!) -

A 

(1) 

A 

(1) 

0.0- ~ 

-C!)A 

C!) .. 

.. 
C!) 

-0.5- -.. 
C!) 

C!) .. 
C!) 

-1 .0- '" -
C!) 

'" 
C!) 

c!)'" 

-1.5- -• .. 
C!) .. 

-2.0- C!) -.. 
.. 

-2.5 ~ 1 1 1 1 l 0.00 0.05 O. 10 O. 15 0.20 0.25 0.30 
RMSU/U 



3.0 r 1 1 1 1 

FIG.19.3 

e Y/LO 
REF. XTE. X/B 

G =.680 596 48.8 287 (!) 2.5-
597 39.8 251 -(!) .. .. 

OLX=.0300 
(!) 

2.0- -

(!) 

1.5 .. -
. (!) .. 

(!) 

.. 
(!) 

1. 0-
(!) .. -

(!) .. 
(!) .. 

0.5-
(!) .. 

(!) .. 
(!) 

(!) .. 0.0- -
(!) .. 

(!) .. 

.. 
(!) 

-0.5- -.. 
(!) 

(!) .. 
(!) 

-1 .0- .. -
(!) .. 

(!) 

(!) 
.. 

-1. 5- -

.. 
-2.0- -.. 

.. 
-2.5 1 1 1 1 1 0.00 0.05 0.10 O. 15 0.20 0.25 0.30 

RMSU/Uo 



e 

3.0 

Y/LO 

2.5-

2.0-

1. 5-

1. 0-

0.5-

0.0-

-0.5-

-1. 0-

-1. 5-

-2.0-

-2.5 
0.00 

(!) 

-r 1 

(!) 

(!) 

(!) 

(!) 

1 1 

0.05 O. 10 

1 1 1 1 

FIG .19.4 

REF. XTE. X/B 
G =.680 (!) 596 48.8 287 -
OLX=.0300 

-

,... 

(!) 

(!) 

(!) 

-
(!) 

~ 

(!) 

-(!) 

(!) 

(!) 

(!) -
(!) 

(!) 

-
(!) 

(!) 

(!) 

-
(!) 

(!) 

(!) 

-
(!) 

-

1 1 

0.15 0.20 
1 

0.25 
1 

0.30 
RMSV /U o 



3.0 
(!) 

Y/LO 
(!) 

2.5-

2.0-

1. 5-

1. 0-

0.5-

0.0-

-0.5-

-1.0 

-1. 5-

-2.0-

-2.5 
0.00 

1 1 

(!) 

(!) 

(!) 

, , 
0.05 O. 10 

, 1 

G =.680 

OLX=.0300 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 , 
O. 15 0.20 

RMSW/Uo 

1 , 
FIG .19.5 

RF.:F. XTE. X/S 
(!) 596 48.8 287 -

-

-

-
(!) 

(!) 

(!) 

-(!) 

-

-
(!) 

-

-

-

, 
0.25 

, 
0.30 



3.0 
p 

Y/LO 
!) 

2.5-
(!) 

(!) 

2.0-

1. 5 -

1.0 

0.5 -

0.0-

-0.5-

-1. 0 

-1 .5 -

-2.0-

-2.5 
0.00 

(!) 

1 1 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 , 
0.05 O. 10 

1 1 1 1 

FIG.19.6 
REF. XTE. X/B G =.680 (!) 596 48.8 287 -

OLX=.0300 

-

(!) 

-Il) 

(!) 

(!) 

-(!) 

(!) 

-

(!) 

-
(!) 

(!) 

(!) 

-(!) 

-

-

1 

0.20 
1 

0.25 
1 

0.30 



3.0 
~ 

Y/LO 
I!» 

2.5-
(!) 

C!) 

2.0-

1. 5-

1. 0-

0.5-

0.0-

-0.5 

-1. 0-

-1. 5-

-2.0-

-2.5 
0.00 

1 T 

(!) 

CD 

CD 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 

0.05 0.10 

1 1 1 1 

FIG.19.6 
REF. XTE. X/B G =.680 (!) 596 48.8 287 -

OLX=.0300 

-

-

CD 

-(!) 

CD 

(!) 

-(!) 

-

-
CD 

CD 

(!) 

-

-

-

Î 

0.20 
1 

0.25 
, 

0.30 



3.0~------~------~--------'-------~-------~------~~ 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1. 0 

-1.5 

-2.0 

-2.5 
0.00 

G =.680 

OLX=.0300 

(!) 

ID 

FIG. 19.8 
REF. XTE. X/B 

(!) 596 48.8 287 

ID 

;- UV 
U2 

0 

-UV 
Vt 

o 

/.-____ Calculated tram morrentum equatians. 

0.05 0.25 0.30 



... 5 
r-I; . 
i 

i 
1--------. , 
i.. 

i----
;- G 

.-

1 -

r·-
j. 

~_.-
1: 
!:: 
L' 
1 ::. ::.~-
!. :: .: 
t-:----

1>": 
~:- .. ~ 
t·:: :~~. 
~~:-O 

t. ........ _ 

e 

. ;'_:_.;~;L~ .. : .. '. _:. 
-'-1'-

--- -_.:....:_:._ .. ~._..:._ .. -1 1· .•.. : _. ___ .. _"J ... _ 

, 
i 
! 

e 

·;i ! .. 

i_._ .. _ •.. _...:.._ .•. _. __ .~ 

tzj 
1-'­
~ 

1\) 
o . 
QI 



\-·10 

r -". 

L--._-
,0 
\. :Ul. 

, 
~. 

~;l.O 
: 
l 
i . ,-- ---

1. 
t--
i: 
r-·--
1"·· . .: 
1;: .. : 

1 

,. , 
;-
.---­! .... 
j.- : 
i:' . 

e 

rU'-' i::' T'~T ..... _ .............. ,..:~ .. ~.·.::':-i: .i 

,) 

t 
l. ... 

:~ ~. 

e 

">1 .... 
~ 

f\) 
o 



100 

90 

80 

70 

40 

30 

20 

10 
~o 

VELOCITY DECAY 

30 40 50 60 
x in. 

Fig. 20.C 

70 80 90 100 



3.0 
FIG. 20.1 

Y/LO REF. XTE. X/I;l 
G =.740 (!) 603 51. 8 296 

2.5 
A 60S 45.8 272 

OLX=.0308 + 604 39.8 248 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 ~ ______________ ~ ______ ~ ________ ~ ______ ~ ______ -r~ 

0.00 0.25 0.50 O. 75 1 . 00 1. 25 1. 50 
(U - U

1
) / Uo 



3.0~--------~--------r-1--------r-,--------r-'------~1r-------~1-' 
-r 

(!) 

+ 
Y/LO 

2.5-

2.0-

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1.0-

-1.5 

-2.0 

-2.5 
0.00 

(!) 
A 
+ 

(!) 

... 
+ 

(!) 

... 
(!) 

+ 

... + 
(!) 

+ 

1 

0.05 

... 
(!) 

+ 

... 
(!)+ 

AI-
(!) 

+ ... 
(!) 

f!'+ 

~+ 

G =.740 

OLX=.0308 

(!Ji:' 

4 

~ 

~ 
(!)+ ... 
(!)+ ... 

(!)+ ... 

+ 

(!) 

... 
+ 

(!) 

... 
(!) 

+ 
(!)& 

t 
cl 

Clot 

+Ifi!) 

(!) 
A+ 

1 1 

0, 10 0, 15 
RM5U/U 

FIG. 20_2 

REF. XTE. 
(!) 603 51.8 
... 605 45.8 
+ 604 39.8 

X/B 
296 
272 
248 

-

-

-

-

-

-

-

-

-

-

-. 
0.25 0',30 



3.0 , , , 1 1 

(!) FIG.20.3 ~ 

Y/LO (!) REF. XTE. x/s 
.& 

G 740 + 603 51.8 296 (!) 

2.5- (!) 605 45.8 272 -
.& 

.& OLX=.0308 + + 604 39.8 248 
(!) 

• 
2.0-

(!) -

+ 

• 
(!) 

1. 5 - + 
-

• 
(!) + 

.& 
(!) 

+ 
.& 

1. 0-
(!) -

+ 
A(!) 

.J 
• + 

0.5- -
• (!)+ 

• (!)+ 

.(!) 

0.0-
(!) + -• (!) + .. 

(!) 
A+ 

+ 

(!) 

A 

-0.5- -
+ 

(!) 

A 
(!) 

+ 

~ 

-1.0- .&(!) + -

~ + 

A(!)+ 

.& (!) 

-1. 5 - + -
.& 

+ (!) 

A + 
(!) 

-2.0- -
A+ 

+ 

-2.5 1 1 1 1 1 

0
1

.30 0.00 0.05 0.10 O. 15 0.20 0.25 
RMSU/U o 



3.0 
l!) 

Y/LO 

2.5-

2.0 

1.5 

1. 0 -

0.5-

0.0-

-0.5-

-1.0-

-1 .5 -

-2.0-

-2.5 
0.00 

1 1 

l!) 

l!) 

l!) 

l!) 

l 1 

0.05 O. 10 

T 1 1 r 

FIG.20,4 
REf. XTE. X/S 

G =.740 l!) 603 51.8 296 

OLX=.0308 

-

l!) 

-

l!) 

l!) 

l!) 

l!) 

l!) 

,l!) 

l!) 

l!) 

l!) 

l!) -
l!) 

l!) 

l!) 

-
l!) 

l!) 

l!) 

-l!) 

l!) 

l!) 

l!) -

-

1 

O. 15 0.20 
1 

0.25 
1 

0.30 
RMSV /Uo 



3.0 
(!) 

Y/LO (!) 

2.5-

2.0'" 

1. 5-

1. 0 -

0.5-

0.0-

-0.5-

-1. 0-

-1. 5 -

-2.0-

-2.5 
0.00 

r 1 

(!) 

(!) 

(!) 

(!) 

1 

0.05 O. 10 

1 1 

G =.740 

OLX=.0308 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 1 

0.15 0.20 
RM5W/Uo 

1 1 

FIG.20.5 
REF. XTE. X/B 

(!) 603 51.8 296 -

-

-

(!) -
(!) 

(!) 

(!) 

-

-

-
(!) 

(!) 

(!) 

-(!) 

-

-

~ 

0.25 
1 

0.30 



3.0~--------~I--------.-r~------~I---------r-I-------'I---------~1 

b FIG.20.6 
Y/LO P 

2.0 -
(!) 

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1. 0-

-1. 5-

-2.0-

-2.5 
0.00 

(!) 

(!) 

(!) 

0.05 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 

0.10 

G =.740 

OLX=.0308 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 1 

0.15 2-
Q7U () 

0.20 

REF. XTE. X/B 
(!) 603 51.8 296 -

-

.-

-

-

-

-

-

-

0
1

.25 0
1

.30 



3.0 

Y/LO 

2.5- !) 

~ 

2. 0 ~ 

-2.0-

-2.5 
0.00 

1 

1 

0.05 

1 
1 

G =.740 
OLX=.0308 

1 1 1 0.10 0.15 0.20 
UW/U2 * 1 0-1 

o 

1 1 

FIG.20.7 
REF. XTE. X/S 

(!) 603 51.8 296 -

-

-

1 

0.25 



3.0~------~--------~------.--------.--------,--------r~ 

Y/LO 

2.5 

2.0 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

(!) 

-2.0 

G =.740 

OLX=.0308 

(!) 

(!) 

FIG.20.S 
REF. XTE. X/B 

(!) 603 51.8 296 

UV 
U2. 

o 

AI-__ Calculaied trom momentum equations. 

-2.5 ~L-____ ~ ______ ~ ________ .-______ -. ______ -. __ ------~ 
0.10 0.15 0.20 0.25 0.30 0.00 0.05 

! UV /Uo2. * 1 0-1 



, . 

:~. 1..5 

1. 
1 •... 
i· 'o. r:---
1 '. 
!: .. : ~ ,. 
1 
r·-~­

i 
l'G 
f' 
j- . .:.-
1· , .. 

-1.D 

i 
t-·-
1 

:-----

e e 

~:o, L:14~ : r ': :-ii:H;!· . Air, ;m.:~fBl·j~f:P'!il::lij"l':ii]r~i.\i;i:!:iW:l:l!;~'·j";'i;!}~;;~; Î."t :r+ :·hlJ1;:fhl' + .. ' ~o 
; 
f 

... - -------- - _.-

.,. 
, .. ~: : f ' 

•. '1 
- 1 

.--":'_-;'~_":_-_: __ ._: .. _-

t:I:J .... 
\!l 

I\:J .... 
III 



., , 
1 

1 ~ • J 

l '--' . . ·i 1· 0 
. -A ,.. 1 ,.. .•• .• 

, ~. : .. j .... : . c:-.J 

! •... ~ ... J .... ~ ... _L.._.~_.~ __ H .. ·d.L .. ___ : .. L __ ':' __ J __ 

Fig. 21.0 



!. 
1 

! . 
" 

'.1 

. 
! ~ : . d: 
i .... ~ ... .1 • ___ ~ .... .:.. .. ,.:.. __ J.H. "':1_:_ .. 

F1g. ~l..D 

Cl 
~ .;. 

.......... '"\ 

., 
·1 
; 

i .. 



100 

90 

80 

70 

40 

30 

20 

10 

VELOCITY DECAX, 

30 40 50 
x 

60 70 80 90 lOC 
in. 



3.0 

FIG. 21.1 

- Y/LO 
REf. XTE. X/B 

G =.790 l!) 583 51. 8 294 2.5 
• 583 51. 8 294 

DLX=.0333 + 584 39.8 246 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 ~-------~-------~------~--------r-------~--------'~ 0.00 0.25 0.50 O. 75 1. 00 1. 25 1. 50 
(U-U,J /Uo 



3.0 ... 

Y/LO ~ 
(!) 

2.5 -
~ 

2.0-

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1.0-

-1. 5 -

-2.0-

-2.5 
0.00 

(!) 

~ 

1 

+ 
(!) 

~ 
(!) 

~ 

+ 

1 

0.05 

1 

(!)+ 

(!) 

(!) 

~ 

e 
(!) 

.+ 

(!) 

i 
~ 

i 
(Ji 

CI 

(9-

~ 

of<!) 

Ci. 

+ 

1 

O. 10 

1 1 T 1 

FIG. 21.2 

REF. XTE. X/B 
G =.790 (!) 583 51.8 294 

-
6 583 51.8 294 

OLX=.0333 + 584 39.8 246 

-

+ -
(!) 

ID+-... 
(!) 

c;. 
() -

(!) 
6 

<!t-

e 
(!) 
+ 

-

-

-
(!)+ 

• 
(!) 

ci 
(!) -

6 

<!+ 
~ 
td& 

+(!) 

Ci. -

-

1 

0.20 0.25 
1 

0.30 
1 

O. 15 
RMSU/U 



3.0 ... 1 1 1 1 1 

FIG. 21.3 
Y/LO ~ 

(!) 
REF. XTE. X/B 

&. G =.790 (!) 583 51.8 294 
2.5- Cl) 583 51.8 294 -... 

(!) OLX=.0333 + 584 39.8 246 
+ 
(!) 

~ 
Cl) 

2.0 -
e 

(!) + 
Cl) 

1. 5 - + -
Cl) 

(!) + ... 
(!) 

(iJ>. 

1. 0 - ~ -
(!) ... 
(!)t 

"\9 

~ 
t!I -0,.5- Cl) .+ 

(!) 

( 
0.0- IP -

.. + 
+ Cl) 

.li(!) 

(!)t-

-0.5-
(IlL -
~ .. 
(!) 

f!P" 

-1. 0- (!) -... 
Cl)+ 

t 
Cl)" 

+Cl) 

-1.5- (IlL 

-El 

al. 

+ 

-2.0-
+ 

e 
-2.5 1 1 1 1 

0
1

.25 0
1

.30 0.00 0.05 0.10 0.15 0.20 
RMSU/U o 



e 

3.0 ... 

Y/La r1' 

2.5 -

2. 0-

1. 5-

1. a -

0.5-

0.0-

-0.5-

-1.0-

-1. 5 -

-2.0-

-2.5 
0.00 

(!) 

~ 
(!) 

T 1 

~ 
(!) 

(!)A 

(!) 

(!)A 

(!) 

(!) 

(!) 

(!)A 

1 1 

0.05 O. 10 

1 1 1 

FIG. 214 

REF. XTE. X/S 
G =.790 (!) 583 51. 8 294 

.t. 583 51.8 294 -

OLX=.0333 

-

(!) 

~ -
(!) 

(!) 
.t. 

(!) 

.t.(!) 

(!)A -
(!) 

.t. 
(!) 

(!) .t. 

(!) 

~ -
(!) 

4) 

(!) 
A 

~ 
<!11. -
4> 

(!) 

(!li> 

(!) 

A(!) -
(!) 

4) 

(!) 

• 
(!) -

A 
(!) 

cf 
.t.(!) 

(!) 

A(!) -

1 

O. 15 
1 

0.20 
1 

0.25 
1 

0.30 
RM5V fUn 



3.0 .. 

Y/La ~ 
(!) 

2.5 -

2. a -

1. 5 -

1. 0-

0.5-

o. a -

-0.5-

-1. 0-

-1. 5 -

-2. 0-

-2.5 
0.00 

(!)A. 

(!) 

~ 
(!) 

1 1 

f!f' 
(!) 

~ 

(!) 

(!) 

(!) 

(!) 

(!) .. 

1 1 

0.05 O. 10 

1 1 , r 

FIG. 21.5 

REF. XTE. X/B 
G =.790 (!) 583 51. 8 294 

583 51. 8 294 -
A. 

OLX=.0333 

-

t> -
(!) 

(!) 
A. 

(!) 

~ 

(!) .. -
(!) 

A. 
(!) 

C!J'i' 
(!) 

~ 

(!) 

~ 

(!) 
A. 

SP 
(!)A. -

(!). 

(!) 

~ 

(!) 

Il -
(!) 

~ 

(!) 

~ 

(!) -
A. 

(!) 

(!) 
.II. 

A. (!) 

(!) 

A.(!) -

-

1 

0.25 
, 

0.30 
1 

O. 15 
, 

0.20 
AM5W/Uo 



3.0 

Y/LO ~ 

!) 

~ 2.5-
(!) 

~ 
(!) 

~ 

2. 0-
(!) 

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1. 0-

-1.5-

-2.0 

-2.5 
0.00 

1 

~ 

(!) 

(!) 

(!) 

t> 
(!) 

(!) 

~ 

(!) 

(!lA 

T 

0.05 

r 1 1 
, T 

FIG.21.6 
REF. XTE. X/S 

G =.790 (!) 583 51.8 294 

" 583 51.8 294 
OLX=.0333 

-

-
(!) 

A 
(!) 

~ 

(!). -
(!) 

" (!) 
(!)" 

(!) 

~ -
(!) 

• 
(!) 

• 
~ 
<!6 

• 
(!) 

.~ 

(!) 

il 

(!) 

4Il 

(!) 

~ 

(!) 

" (!) 

(!)A 

~ 

-

1 

O. 10 
1 

0.152.. 
Q'1uo 

1 

0.20 
, 

0.25 
1 

0.30 



e 

3.0 

Y/LO 

2.5-

1 • ()A~ 
A 

(!) 

(!) 

(!) 

(!) 
A 

(!) 

~ 

O. 5 -~ 
(!) 

~ 

i 
~ A 

0.0'" 
(!)t. 

(!) 

(!)A 

(!) 

-0.5- .a(!) 

(!) 

~ 

(!) 

(!t. 

-1.0- (!) 

(!) 

~ (!) 

(!)A 

(!) 

-1.5 EJ 
(!) 

(!) A 

r 1 T 1 1 1 

FIG. 21.7 

REF. XTE. X/S 
G =.790 (!) 583 51.8 294 -

A 583 51. 8 294 
OLX=.0333 

-

-

-

-

-

-

-
A 

-

-2.0- -

-2.5 
0.00 

1 

0.05 
1 ~. 1 

0.10 0.15 0.20 
UW/U2. *10-1 

o 

1 

0.25 
1 

0.30 



3.0~------ïï-------r-------'------~------~--------~ 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1. 0 

-1.5 

-2.0 

G =.790 

OLX=.0333 

FIG. 21.8 
REF. XTE. X/B 

(!) 583 51.8 294 
• 583 51.8 294 

.A-_Calculated from momentum equations. 

-2.5 r-~----.-------,--------r-------'------~------~~ 
0.10 0.15 0.20 0.25 0.30 0.00 0.05 

!UV lU: ~ 1 0- 1 



,--,-i 

142-
., ......... \. _ •.. ' ..•... 'j""'" , ..... 1" ..... 1 .. · ..• ·1· ..... ,1·, .. '/' .... ".," .L ....... ! ...... :.1-: ''';'' .. 1·· " 1 

; .. ". " : .~'. "1';':: , .. ')" ! .. ":':"'1': . :::.[.: ;,"'1' .:;: "l"'~:" . : ;.: 1 Me~r.:VO~tag~ .. 
. '. . 1 .. ·.·· .; "1.': 1.':':':.1:: :;' :.':::::'. ::-;::: ':.'::'1 :. :,.1 '. \ .. ';.:; : 1· 139- 2-"-"-'-"'J' .... _.L .. 4' _ .... __ .-"5 ...... - ---0--- .-._.- '''1- ._ .. 1.-.. lr -.- .- .. _... 9 Vol ts 10 



Fl.g. ~J..J.U 



~-.Ly. c:..L • ..L..L 



Fig. 21.12 



Fig. 21.13 



Fl.g. ~.l • .l'+ 

t.,,·,,···t··· .... l ..... 1 .. , .............. , ................ 1· .... '···· ......... ,. · ...... j .. ··' .. ·1 _ ... ", ........ , ..... l. ....... 1 ... '. 1 ..... :. 
1:::,:;< :::';::: 1 .·':::-k·i ',.!:';.;:: .;. :::::. J' .::;!': :."!::.' .:.::-:-:1: ::~.~~. , i ;;:.:: ·:-::l· ':.: 1 :':::'-:'l':'~ .·d: ,::-- .. j. :' 

l
--- ----.-1- __ • __ . ..:..:L.: ..... _, ___ - .. _-,--_.- ---.:..j_ .... ~-.:.4-_. "'1"'-------' · .. .,.·_·····_ .. ---f· -.... 
·:::i>~r;/:.::I :::.::1 ::::::-l)· ·Y::'i:·:·~i ~~~::::J)~:;' :::F:J>Jf::+ :T';.;·:~/:::::J~~;~~:·f):)'<J: ::: .. : 
_. __ .l40 .. ··--- -·~·----_· .. _···--~ .. --··-· .. ---ï--·-··I·--· .. I· ...... ,._ ... --! .... ·· .. t·_· .. .0._-- ·~ .. I .. _··"··""--,,,,, 

... :; ,·f :." 1:: . 1::. :' : 1 :-:; .. i : :::. ! .: : ::.' ::". '.' ;::. ; .. ; -:. ;';:: .... '. : .. ~;«; :.:J-:::; :'1: ~:.';.!'-:' >! 1 ......... 
1
' ... ·1 .. ·, ... / ........... ' .... 1 .... 1 ... ··1 ............ "" ·1 ..... , ......... , ...... ·1 ..... , .- ..... " 

t
· :... .; .... --: "!' ': . 1':', i:· ;'-:T . : :: ï '. '1 '.::. "j'-:( : l' ··:>C~: :'1': '. i::: :"! 1: ':: .. ':" 1 : 
'·-;!·:"!---·-~"-""·l--.. _·t., .... - .. _._._--_._.J.' .. ---- " .. ",- .......... ;.;G.·· ... -"".-- ,-"",,-1' ..... _ ... 1- ...... 1_ .. _ •. , - .. , .'. 
:- ..... i 'J .. : ::.- 1 . :'. l : .... i' :- .... i·· . '.; ': J' :,..: .• : ;. 'J' .: ,"1:' :! . .': (.-::: /: ". r ::: 1 .. 

: .. ; ·1 • . ........ / .... 1'" , .. 1 ..... . · .. 1· .... " .... '1' ...... .. . ... 1 .. · .. t·· .. 1 ...... , ... 
1 

. 1·..· .. . '.. .. '. . . . .•. , . . "", ." . .. . . . . . . ' 1 ... , •. ' 1" .... .' . .. ..-.. ..... ...... . . . . ., 1 UW2 . RMS 1 

; ... : .' .. tL-3 ~ .. ·l .... ;.-; ~_ .. ·;·: .. l··· .: .. +.~~:~~: .. :~ ..... ~~Q.!T:':" .~. :;.~.: .i::--t·:~:> ':'~:'-.' ;'-. ~ .. :".J ... :;.:..: r~' . : .. _.; ..... - 1 . , 

1
·': 1 1': I! .:. 1" 'j." : .... -- 'f' '. 1:':' ! ... J .... l'! 1: .. , .' 1.. . ...... , .. ;.:--. .:'. g:: 1··"· 3;" ;:1·: :,: .. ~ ., ......... : ~ T·: ...... p. ;; .1;.1.: "17 .. !. svolts. 

1 
. . .• IL 1 •. ,.' ...., •. ,1, ... • 1 • l' • ' . l " ' '. ,1 ... .., .... , ..• , ••.. ..., .• 

". . •. 1 : 1. ..::.!.'.: ... ~. .... l . .. '. .. ... . ;.' t .• .. :._ _ .. _..:_ .. _ .. ;.e.!....~ ........... _ _ :..._ .1 ... __ • __ • -.. _...... _. 



L 

1· 
i 
1 
;. 
i 

,. 

l' l' 

1 
1 
! 

, 
@ 't ;J' 

If) 

-
; .' 

1. 

. ' 

. ; 

, ,i , 
.1 
... 

C> 

- : 

C> 

1.. 

._ .. l 
., 
; 

1 ,. 

'1 
_.- .;~~ ... - '~1'''~-

i . 

I.C"\ 
0 .. 

," l" .,; 

.; ., 

"'j' 

, ., . 

._L. 

ï' , .. ., 

l: , 

_ • .1 

.1".1.'::1. CoCo. a 

'. '1: ,'- : . 
. . , . 

! .. 
. ; 

, .••••. j. 

i ... 

,. 

! .. . ': :':':'-, : ~.;-: ~ .• , 

0 



1 
i 
1 .. 
l' , 

"'~'-T' ............. , ............. . 

.: l' i 

1 
'. 1 ••••• • ,. ~ •••• , 

1 . 1 

.. !. "" i. 

· ... -~··'·i ", ······--·T -. _. 

,1' 

! 

.i 
i 

i" j'i 
!:-~,".,:·-··'jf·.'."'.'···-\jl".·"·-".· .. -:-Iji.··;.i:" 1 "'r···-"~~:l': 

,1:. " .' ....... l' " 

. .. 1 ; l' -' . 1 . ''') ,. i 

•· ... ~.· •• ll::~··· .. i··>~:~T) ;:;": :t~:;:>l" 
! . 

.\ 

..i 1',' 

! 
., 

--. \ '.~ .. , 
';.' 

.. j ,! ..! 
_ .. ,. :~ 

". ,. 
.. 1. 

· .. ·T··;-· i"'''·-r:-:·''-T.· 
'j' .1 

l' t: 
'·r 1- ·r 

l , ! , . 
1 •. :'.\. 1 J'" 

.t" J.1j. C. C. • JJ 

.f"' •.•.•• -,_ .. , •• -. 

! 
.. : ~ ... J. 

,1 

.\ :.···1. ï 
~. :;. ..:.. . i . 1" ,,' •• l' ... "" t .- .... i ." . -' .): .. 

:1 . . ":' .. ",,".1,.·:: .1' .. '::1.. . 

.. , 1· ;: .. J": ·'t ': .. 1 • 1:' ..... ,. : .. :.\. ; ..... !-i':! ''\' ..... 1 ..... 1 .. : ......... L .. ,.: !. """1·:·": 

1;:.'] ~·:~····I, :;'r::-: . "r+ .j .... : -t'i ... :.) ~'.",.' fi!:!' "! ••• : ,i~i. c :.Ii; ~{ë· . 
.. , , ... ,.! .. :". 1· .. •• '1" 1 1 ..... 1 ... , 1 (Y) . 0\ 0 : ... ,. .: :.: j":' . 'l" ; 0 l':' 

-':~ ... f--::'>';'. "l':-:'''j O·~.:::ï -:-:~'''T'' .;, .... :.":;' ... ': .. ;~ .. : ~ .;:~.L::.:. '-:1-;";:~'::j:';': . :.·~:;~'~·1::·::· 

:::':.'::1-. >.:1:': :: ;:"::'::,.j,.:::::of·T>I' :: ... !<.'.; 11<.i.::·I·~:';:·~::·:J' ·~··J::'::d;: ... ":.t i:. :;:'::;': 
l~' -, ~· .. t·· ~ .. :+-: ... ; T'-;': 1 .. :: .. ·.:L ........ '. _. ; ............. -:., :.:: 11.· __ LlL .. :_ ·~r--~!· .. ·t· __ ··- .,~. -; .. _·1 .. ·..:_·,_ .. .. 

- .. 

o 
(.D 

. 
;: S::' 

:: ·rI· 
" 

:~ 

,... ! ..... 1 •• ; " '.1 .. j.'" •. 1.. " 1 .. " . '0""" • ,. Î .. , , .. , ..... ".j ...... 1. .. · .. 1 .. 0 . ;::.'i- .) 

(~;.:~:i~,:::~> !:.; ;:: .. : : ... : ~.~:.l:-~;:~.!.: :·.~::·f~~ ~~.~ J.~ 0 :~::f :~1::.;:] ~.::.~.:~~l::~:~~_·;/·;L~:J~Lt~: :T~~::.;~~L>~~I:. ~~: .. ,..: 

1

· .. , .. " " . .' 1 . ,,1,,: l ,,' '. :"., .. " '1·.. j • • • "1 -"1'" 1.." l' 

•.•. : ...• ~;:LLL ·..L~ ..... , i.>j:~. ~ .. LI:.i)' '1. 'LJh~J ~:jUI\:: .~;;: :.I~;, .~~. i ~.:'.! .~ .. 
l' ··1 '. l' . 1 .: .' , i '''.''1'' 1. "'. l '0 l, " • i .. , ... 1 ... i .. 

,f! "', . ." '!':'I 'i! ·lr:.:l:l!,:-·!··~-::~' . 
. .. .. , ·:i ... 

! ~ ~ g; , . ... ' . _.,!.~L 

! (Y) 

.. i 
.. : 

1 i ; ; i 
," II: t--
1 E-t l.î\ 

, 
1 

5 
ffi 

.' 

O· 

.! 

o C 
H .. ·rI 

; 

," 

j.-

'i , 

.\ -

.. , 

: 

, .. ; 0: , 

! ! .. . 
i 

; 

.' ! 

.. 
j . i , , , 

, 
! 

: 

.. 

0 
~ 

co 



Fig. 22.c 

VELOCITY DECAY 

100 

90 

80 

70 

40 

30 

20 

10 
20 30 40 50 60 70 80 90 lOC 

x in. 



3.0 
(9 

Y/LO 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

-0.5 

-1.0 

-1.5 +~ 

-2.0 

-'2.5 
0.00 

4>9?! 

4> 

1 

0.25 

--r 

G =.950 

OLX=.0364 

2 
U -u -k(1) --I-e 

Uo -

1 
0.50 

1 1 

0.75 1.00 
(U-L~) /Lb 

FIG. 22.1 

REF. XTE. X/B 

(!) 573 51.8 295 

4> 576 48.8 283 

+ 575 45.8 271 

x 577 42.8 259 

~ 574 39.8 247 

1 

1. 25 1. 50 



3.0 1+ 1--(1) 

FIG. 22 .. 2 )( 
& 

Y/LO ~ e ~ REf. XIE. X/B 
~ G =.950 (1) 573 51.8 295 2.5 

576 48.8 283 ~ & 
~ OLX=.0364 575 45.8 271 + 

A 
577 42.8 259 (1) )( 

~ 
~ 574 39.8 247 

2.0 )( 

+ 
& 

(1) 

~ 

)( 

+ 1.5 
A (1) 

~ 

~ 

~ 
1.0 ~ 

~~ 
(1)'" 

.rtf 
~ 

0.5 ~'II! 

W> 

~ 
<li8 

0.0 ~ 
~ 

C'f~ 

-0.5 '\ 
x 
~ 

(1)& 

+ 
X 

(1): 

+ 
-1.0 (1)&)( 

~+ 

~ 
rotAI( 

* (1)( 
& 

-1. 5 +~ 

... x (1) 

+~ 

)( 

-2.0 

~ 

-2.5 1 T 1 0.00 O.OS O. 10 0.15 0.20 0.25 0.30 
RI'15U/U 



3.0 -1 
(!) 

FIG. 22.3 x 
II. 

Y/LO 0+(!) 

REF. XTE. x/s 
Xe. 

ÇJ G -- 950 (!) 573 51.8 295 
2.5 576 48.8 283 

* 6 

ql OLX=.0364 575 45.8 271 + 
4> 577 42.8 259 

(!) x 

~ ~ 574 39.8 247 

2.0 x 
+ 

"" (!) 

~ 

x 
+ 

1.5 4> 
(!l 

~ 

~ 

c!J \?> 
x+ 
4>(!» 

1.0 +)( 

~\?> 
(!l4> 

+ x\!> 
~ 

0.5 
"'(!l+X~ 

~~ 

~~ 
~ 

0.0 ~+\?> 

i'"~ 

+C!'lt. 
~ 

-0.5 
~A 

x \?> 
(!lA 

+ 
X 

(!lA 
~ 

+ 

-1.0 
~ X 

.,pt 
+\?> 

(!)aX 

+ ~ 

II. 
(!lX 

~ 

-1.5 + 
A )( (!) 

+\!> 

X 

-2.0 

@ ~1{·!"" 

-2.5 -1 1 1 1 1 1 

0.00 0.05 0.10 O. 15 0.20 0.25 0.30 

RMSU/Uo 



3.0 
(') 

Y/LO (') 

2.5-

2.0-

1. 5 -

1. 0 -

0.5-

0.0-

-0.5-

-1 .0 -

-1 .5 -

-2.0-

-2.5 
0.00 

(') 

1 r 

(') 

(') 

(') 

(!) 

1 1 

0.05 O. 10 

r 1 

G =.950 

OLX=.0364 

(!) 

(!) 

Cl 

Cl 

(!) 

(!) 

(') 

(!) 

(!) 

(!) 

(') 

(') 

(') 

(') 

Cl 

(!) 

(!) 

(!) 

(!) 

(') 

1 1 

O. 15 0.20 
RMSV /Uo 

1 1 

FIG. 22.4 

REF. XTE. X/S 
(!) 573 51.8 295 

1 1 

-

-

-

-

-

-

-

0.25 0.30 



3.0 

Y/LO 

2.5-

2.0-

1.5 

1.0 

0.5-

0.0-

-0.5-

-1 .0-

-1 . 5 -

-2.0-

-2.5 
0.00 

(') 

(') 

(') 

(') 

(') 

(') 

(') 

1 

0.05 0.10 

1 

G =.950 

OLX=.0364 

(') 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(') 

(') 

(!) 

(!) 

(') 

(!) 

(!) 

(!) 

(!) 

(!) 

(') 

(!) 

(') 

1 1 

O. 15 0.20 
RI~SW/Uo 

_1 1 

FIG.22.5 
REf. X1E. X/B 

e 573 S1. 8 295 

1 

-

-

-

-

-

-

-

-

-

-

0.25 0.30 



3.0 ~ 

Y/LO 19 

2.5 _'(!1 

2.0-

1.5 

1. 0 -

0.5-

0.0-

-0.5 -

-1. 0 -

-1 .5 -

-2.0-

-2.5 
0.00 

1 

(!) 

1 

0.05 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 

O. 10 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

(!) 

1 1 

G =.950 

OLX=.0364 

1 

0.20 

1 1 

FIG. 22.6 

REF. XïE. X/S 
(!) 573 51.8 295 

1 1 

-

-

-

-

-

-

-

-

-

0.25 0.30 



3.0~------·~---------r--------'--------'--------~-------~'~ 
p 

Y/LO p 

p 
2.5-

c 

2.0-

1. 5 -

~ 

1.0 
~ 

(!) 

(!) 

(!) 

0.5C!)-

(!) 

(!) 

(!) 

o. 0 ~ 
(!) 

(!) 

(!) 

-0.5-

(!) 

-1. 0 ~ 

(!) 

(!) 

-1. 5 ~ 

-2.0-

(!) 

(!) 

-2.5 
0.00 

1 

0.05 

G =.950 

OLX=.0364 

1 1 1 
0.10 n.15 0.20 

U W / uX: ~ 1 0- 1 

o 

FIG. 22.7 

REF. XTE. X/B 
(!) 573 51.8 295 

Î 

0.25 

-

-

-



3.0~-------'------~--------~------~--------~------~~ 

Y/La 

2.5 

2.0 

1.5 

1.0 

0~5 

0.0 

-0.5 

-1.0 

-1.5 

-2.0 

-2.5 
0.00 0.05 

G =.950 

OLX=.0364 

FIG.22_8 
REF. XTE. X/S 

(') 573 51.8 295 

,*(') ___ + UV 

U~ 

(') 

(') 

uv ---ur 
o 

...,,+-___ Calcula.tecI trom momentum equations. 

0.10 ,ç.15 0.20 
+UV/lFa *10- 1 

0.25 0.30· 



• 
"'If E ..,!PI; 

QFF .-JI'l. XTF l't.V ...... VI! ,..:r. UTl. 
1 
1 

207 c:! • p ~" 60; 2) 1 

1 

~2"l ~ t. Il ~l 3 6q Il 1 
3?! ~'.p ~l 3 "q F 1 

1" 

~C;F. "EA" ,. \o! IPC e;r.ALF UV! 5CAl F 
f'lR('1 NATE vnl TAGF Il''$ Vf1l TS FAC TI! l' l'S VOL T5 FACTP 

1311.75 '.3"7!' ,",.~!a,~ 1(' • ".16h1'!:! ". 
'?O.J:) '.11(l,C !'. ~a4::-~ 10. 0.1 a:!7C· t:I. 
, )0. 5 ~ 4. 37"~ ".?"a7': C. " .2926(\ O. 

1".,."" 4.54 0 " C. :'If'" 1) O. 1).4353" f). 

) '1.1i-' 4. 'l' o;r C. "1 n" c. ry.ljlifoar O. 
141.~') li. 2'1"':' C."";t~~ ':. '.6432C" O. 
1'1.2~ 5. '5"(10 f'. t:"a,,. C. C.06?C f). 

Itl.'5,) "'.737(\ r. f"~"(' c. (\.707'1" C. 
141.7" C;.QO?'" ~. fllec.~ O. C.7u./'.r o. 
142.,," ".laC?~1 t).l·a lr., ". (1.73291' O. 
l'?35 ~.524(1 1)."~I."Q ~I. 1'.75'54(' ~. 
1"2.~5 f.7"""· ". e-4<:pr (1. n.7677e' '1. 
1 43.~" ~.90;e~ c .H~"~ ". C • '?A~:~" ". 
143.;0' 7.(\~1" f'!.5°C:'~ c. ('.e2~1<' ". 
'43.4" 7.llle ('. sa4!" ('. 2.725(!: 1. 
14":\."" "1. 1\9'~ r..~Q7!='i c. 2.PMe" 1. 
, 4 1. '!~ 7.C67C ,.. f..J~"" r. 2. a7;'/"~ 1. 
!L4.~'; ~.q74'" O.H7'5" C. 3 .111 ~o 1. 
, 4".315 ".762, (1. fo"51r t.:'. 3.41~t:'~ 1. 
144.65 to.52"0 "'I."'7~P" I~ • 3.5!'7!'!!' 1. 
145 .. 0" E:. 2' Il'' (I.tC~!O O. 3.629,(' 1. 
140;.25 ~. QC;2~· ('.7'J'51f1 C. 3.(I,40C(\ 1. 
lL5.5':· "'.741" fi. fp,c:r O. 3.~94"" 1. 
1 Lli. 75 ".477" e.f4Cj~~ n. 3.436rc 1. 
'.46. no 5. 275.~ r.f2C4~ (1. 3.2'5~~0 1. 
1'6.5(1 4. P'!6r: C.~;!'C, !:. Z .6act.:''=' 1. 
147.";: 4.'538" ~. ~7t:'4r· r.. 2."150"'(1 1. 
14 7.5r. 4.388" ".2'.. 7rt:' o. 1.21l'''0 1. 
148.00 4.31'0 t:.'0".lC{' 11:. C.21 IoO" (t. 

) '111.50 4.321':' ('I.2"f7" 10. t:' .1322C' O. 
l,q.,.r· 4.323" (J.17all1 ICI. O.2785C 1. 
149.5" ".3290 0.OL0;44 C. (1.21200 1. 
l '5".{l') 4.":\411' 1j.(I~9'~ 1). n.170l'1) 1. 

W!PC: If II' E ~lpE C.LI~PATlry~ 

DIA .IN ANr.LC ov/nu INTEPC EPT 

\:>.("1'\('2 cC ."" ".Hac -O.4t A" 
0.rl'lC2 44.0C' C.lt70 -(1.11610 
o.n(\,:? 44.0f (I.lue -O.~61" 

UV2 SCALE uwl SCALE 
Il'1S VOLTe; FACTP p .. e; VOl T5 FI\('TII 

C.174"" O. O.13aq~ ~. 
r.2260:;" r,. ~.17e2" ('. 

r.3q44" l'. C.32100 ~ .. 
1. 0 9""''' 1. 1.f67"(\ 1. 
Z.7l1l"/'! ) . 2.:!6?!'n t. 
3.255~0 1 • 2.P.32'-r. ! • 
3. 472r: CO 1. 3.C2lC/) 1. 
3.5a~~('1 ! • 3.15~OO , .. 
~.~Q!~(' ) . 3.183(10 1. 
3. f0;4(' " 1 • 3.206/)(! 1. 
:>.55~:)r 1. 3.12500 1. 
3.4'21"0 1. Z.959r.O 1. 
?177,),) ! • 2.82200 1. 
3.C56C.O ! • 2.695"" 1. 
2 ... e-~"" 1 • 2.673r.0 1. 
2.716('0 1. 2.6330" 1. 
2.~45t.:'!'! 1. 2.7250" 1. 
2.~'fI"~ 1. 2.7Q6n/) , . 
2.4!'11~" 1 • ?975/11) 1. 
2.4'\4':'0 1. ~ .121('0 1. 
2.375~~ 1 • 3.118"0 1. 
2. ?4?"C 1. 3.136(1C ! • 
2.24~~" 1 • 3.(168(1" '. 
Z.ZI~CI' 1 • 2.9'16('r: 1. 
2. C"'70,) 1. 2.75400 1. 
1.759"0 ! • 2.2770C t. 
1. 37~"ry 1. 1.546N' 1. 
e. 294~''I c .. 0.30640 ('. 

C.19 !1I() O. 0.16271) l'. 
0.403C') 1. (I.3251C1 l. 
l'. 291160 l • 0.22510 1. 
~.2"651' 1. 0.18690 1. 
0.16990 1. 0.15820 1. 

PFF.\!~L. 

PATIO 

J.':I1 
1." 1 

UW2 SC AH 
P'I5 vrLTS Ft.CTI! 

".1:!~1j0 1). 
!).n'!"" r:. 
O.2c 'lIlO C'. 
!.f.3~O" 1 • 
2.20 4')" 1. 
2."11"11 1. 
2.q,."OO t. 
:>.Cf""O 1. 
3.' !~(lC 1. 
3.!3500 1. 
3.(,~1!"t: 1. 
2.al'5"~ 1 • 
2.7~7"O ' . 
'-./'.84('0 1. 
2.6"Q'.)" 1. 
2.6!''!1\(, , . 
'-.711"" 1 • 
2.71110~~ , . 
?q6"1'I(I 1. 
3.!r9/)" 1 • 
3.'S""" 1. 
3.H5,:,r 1. 
":\.1'41)" 1. 
?QA7"" !. 
2.1I~f>"O 1. 
2.2411"" 1. 
1.597"(1 1. 
C.31'A30 tI. 
O.!7q(l~ C. 
CI.3?"41) 1. 
"..2"!:)!!>t\ , . 
O.ll160" !. 
n.l!03C' 1. 

e 

l:Ij .... 
~ 

1\) 
lA) 

DI 

L. _______________ :...-_________________________ McGILL UNIVERSITY CQIIPIITIHGaHTU -----' 



e e 

WlgE WI~E WJPE WIPF wlRf CALI~QATlri~ DEF.YEL. 
PFF ."'[1. XTE DIIY -'0 YI> NC'. MTL. OtA.JI\! ANGLE DV/OU INTEPCfPT II.ATIO 

'1°7 ~l.P 30 '! 69 2! 1 C.('0')2 C?O.("O C.I010 -1).4!!!n 
32" ~1." ~~ 3 69 13 1 O.CC~2 "".IC IC C.1170 -O.lIfo}O J."1 
~;>1 51.11 31 3 69 Il 1 0.001C2 44.~C C.U70 -C.I'MO 1."1 

X lC/II Le' UC' U" UJ UC/Ul YCL xo 
7 0 .C? ~ ~('. :!.C2 27.0; 74.5 47.(' Il.~f!6 143.5!) 28.1 

YQEF Y U IJ-U1 /U-Ul/G R"'SU MSU MSV lCSW UV UW 

! 311. 7!' -4.7!, 46.7 -~.2 C.6 (\.9911 0.999 1.087 0.36(1 -o.r"4 -0.e31 
1~9.C.1"I _4. 5~ 1.6.C; -<' .1 C.9 1.21)3 1."48 1.73" 0.86~ -0.248 C.C"3 
13°.'51\ -4.(Ij ""7.~ 1"1.5 1.8 2 .(6'> 4.270 ".390; 2.699 -1 •• 51' -0.247 
141'.')(, -3.'5') /.°.2 2.2 !.4 3."?~ n.l~9 Il.167 6.7C7 -3.70;6 -O.!71l 
140.51') -~.o~ 52.1 ~.2 6.C 5.rn ' '5. 7J Il 12.45~ 13.689 -1.11\6 -1).578 
!41.0 .... -;>.5·' 0;6.5 o.b 0.5 6.C76 '!6.Cl21 16.71.2 20.871 -H .612 -').213 
141.25 -2.25 "'Il.f 11.b 11.6 6.~2q 42.624 '1l.,)07 22.382 -13.40;~ -0.656 
1"1.5C -i'.,,0 "f!.o 1.4.~ 13. c; to.t63 44."ee 20.96'3 25.580 -14.U.6 -1.O~5 
141.75 -1.75 ... 3.5 16.5 16." f..f\21 46.'523 19.747 25.5C7 -13.b03 -').770 
l4'.O~ -1.50 615. ~ 111.t> ! 6. 8 f.II"2 46.267 2l.pe9 26.690 -1".~49 -0."".0 
142.30; -J.15 "".7 ?1.8 22.0 6.6"'0 44.625 21.9PI 25.21C -12.3C;~ -0.S?4 
142.65 -('.Il!: 71.1 24 .1 ?4.4 1't.~94 40.884 23.497 21.79q -ll).71)4 -0.465 
14~."0 -0.5:! 73.r ~b.l 26.4 ~.c 94 '\7.13A 21.8C8 20.0!:" -6.965 -Co 3 53 
143.20 -r.3n 74.C ·27.! 27.1 5.'l3'i 35.220 23.242 17.404 -4.5'ie -0.11'6 
14:'1.41) -G.l" 74.! ?7.~ 27.5 r; .783 33.445 B.ue 17.817 -1.4111 -".32~ 
1"3.6') r.!o 74.le 27.4 27.5 5.1>:!') ~~.f1C 22.41~ 16.610 1.E:024 (I."''l 
14~ .81) C.30 74.1 'n.2 21.1 5.9'56 30;.479 '11.891 18~233 3.3~3 -I).!37 
144."~ l').~/) 73.2 26.2 26.4 6.114 "U.379 21. .C73 19.139 6.299 -O.HO 
144.30; O.PS H.I 24.1 ?4.3 6.48" 42.t7e 21.~{,1 21.941 H!.344 -'1.160 
144.65 1.1'i 6e.fI 21.R 21 •. 9 ".701 44.903 22.~flO 25.53C 12.745 -".134 
J 45.0~ 1. SC ~5. 7 le.7 lA.7 6.P82 47.3E:o" 21.141 24.721 13.526 /).702 
14'5.25 1.75 63.~ 16.5 16.3 b.981 41!.7~7 19.624 23.503 13.°63 /).320 
! 45 .5? 2.1)(1 61.C' 14~~ 13.9 6.781 4'5.985 \0.411 23.4'l1 1".Z05 !!.5!] 
140;.75 2.25 0:8.4 l! .4 11.6 6.~8" 4(1.783 19.98~ 23.307 12.423 ".331 
146./)(I 2.5C 56.4 0.' 9.5 6. !43 37.731 16.743 19.093 !l.2~ ".~2" 
146.'i,) 3.1:0 52.2 5.3 ~.4 o;.! !l7 :!~.'l(l6 10.0 5A 10.471 7.536 -(,.23" 
147.01) 3. SC 40.1 2.1 3.4 3.667 13.449 '! .136 . 4.619 3."196 0.2"" 
147.'51) 4."" 47.6 (I.~ 1.8 2.14q 4.616 3.860 2.259 1.10!! n.C?1 
'48.00 4.50 47. C {,.1 C.9 1.264 J .599 1.42! 0.542 0.140 ".I~O 
1"8.5" 1:.(-0 46.'l -(\.0 ".4 0."04 0.64 6 c.56<;1 0.131 1).(\22 ".ti03 
149.')0 c.5n 46.0 -/j.t:' 0.2 1).561 0.314 0.26~ 0.C611 -C.CllC 0.(\./)5 
149.50 6.00 47.t '1.C C.l C.450 C.2C2 0.115 0.053 0.00" -(l.t'01 
15/).00 f..5D 47.1 0.2 (1.0 0.3A8 t'. 15C, O.OH 0.025 O.ClOl -0.004 

tzj .... 
I.Q 

1\) 
lA) . 
tJ' 

McGILL UNIVIRSITY CQIINTING aHT. 



e 

PE~ ."'1". 
2<:7 
3'3 
';!1.. 

XTF 

~ 1.1! 
S1.!' 
'H.A 

[lAY '4n YR 

30 l 11<: 
~, 3 69 
31 3 6"1 

wlCf ~IDF 

Nr. "'Tl. 

11 
f 
~ 

1 
1 
1 

WIO~ 

nIt.IN 

o.c,="o:­
<.'.r(ll)l 
(I.e O·Ji! 

wlP'= 
A~GLE 

co .r" 
'".or 
"4.rf' 

WIAE CAlIA'ATIC~ 
Dy/ru INT'=~C~PT 

".lCt!:' 
o. t ne 
1). \171) 

-~.41ql) 

-O.Q6\" 
-(!.8611) 

PI'F.YI:l. 
QAT!/) 

t./)! 
1.01 

1( 

7a.o 
X/P. 
,zr. LQ 

2.1'? 
UO 

l7.~ 
U'" 

71..5 
ln 

4 'J.t:' 
UO/II! 
C.511e-

YCl 
1"3.0;" 

X'! 
'P.l 

OLI( 
."l~30 

Y~FF y Il '= YIX II-Ill /U-IJ~ IG ~MSU p'45U 
1J(1 110 1/ ut:' 

O"S~ 
UO 

A"5W 
UO 

"Sil 
<;u 

M~U 

SUO 
'45Y 
SUC' 

'4SW 
SilO 

!lA.7S -2.~~ _.l'cc4 -.~('p C.e21 ('.O?~ ~.('36 C.(\41 0.1'24 C.~CC~ r.C,,'3 (\.n~!7 O.OC(~ 
1,0.R(' -2.2~ -."C~1 _.'R~ C.~'2 '.02t ~.[44 O.~~Z ~.~3~ C.~:lC7 C.~~l0 (I.O~27 O.CC13 
11~.·1' -1.0P. -.Cc~C 0.('1° ('.~~t ~.~" 0.075 0.'R2 C.f64 C.~Ol"l r.C'~6 0.C~61! D.R(4l 
1,r.Oe -\.7' _.~L~~ r.~p, C.'?' ~.C7' C.'~~ 0.112 1'.lcZ (.('1'51. r.c!'J~ ,=".0126 ".(\103 
14).5r. -1.4 C -.(,~75 n.l~~ 0.2'~ ".ra'J t'.!~4 ~.!3A G.14'5 c.nC9~ 0.r3"0 C.Ol"12 t'.0211 
1'1.~"\ -1.?4 -.r~12 n.~47 r.'4~ ~.lCe r.?71 0.1~1 C.'7' (.1'116 o.r,,~q n.~?~8 C.0321 
14'.Z~ -1.1' -.l''~l ~.'?' r. 4 '! ~.'!' 1'.2'7 a.lh7 C.lo6 C.Dl?4 G.(~~! ~.CZ77 C.C3"5 
14t.~~ -,.~~ -.1'~5r ~.~(~ 0.~~7 ~.l~e ~.742 ~.\~( O.'aq r.0!2C 0.~~~6 O.:~?3 0.~3a4 
141.70; -~.tl7 _.":?!O ".~~" t'.r.a", '.lC7 f.74" ,~.17 .. l'.~a,, C.~116 '".C"'!' <:,.1'301. D.C3Q3 
1.c.2.~.~ _~.7t.. -.""P7 1"1."71.. r.!~q~ "'.lela r:.247 '.IQ4 r.'~3 c.rl~f. C.",.,11 ".f'I?~7 C.C411 
l'~.~S -~.~7 -.~!~, ,.~~~ ~.700 ,.rq7 r.24~ ~.lQL r.l~7 c.~rc, ~.r~q~ ~.~33Ç r.r3~q 
147.65 -0.~7 _.r!~& r.~7f l'.pq~ r.ccc ".232 ~.le( r.!~~ r.:(~l r.(5"~ C.O!6? C.~!!6 
l'~.~~ -0.25 -.~~~7 '.~LO ~.q~c O·.~A3 C.2~! ~.l!~ 0.1?~ ~.~~7C r.C4e O Q.~3~6 ~.~3C8 
llo~.LI' -C.~~ -.r·~!~ .·.n~~ r.c ",; "."Rê 1'.716 ':'.~I!e ".164 r.~(,b4 C.f4~'i C.O'~II C.026'! 
!',.Lr -~.~~ -.'rl~ ·.~~1 r.Q~~ ~.~7e ~.~1~ :.l~o C.~~~ c.~n~c ~.n4&~ C.0356 r.0274 
14~.~~ ,n.~~ r.~rl~ ~.~Cf ~.~OA 0.~7f r.~11 ~.!At r.]b~ r.~C~l r.~~4~ C.~]45 ~.~156 

141.°1' :l.1'; ,~.('''·3q ,~.0~7 r ."'Pl \.'"I!~ ;':.71'; ~.'.Q4 (·.lf,Q r,."ct-~ (I.C4"O 1'.0~37 C.O:!'!l 
144.~r '.'5 ?r·~1 ".9c~ C.O';R '.1~' (.2?' '.l of ~.!7? C.~~7Q (.('4e4 r.C3Z~ O.r29~ 
14L.~~ ry.42 C.~~C7 ~.~77 r.p~3 ~.~Ç! (.~'b ~.1~~ ~.~e4 C."~E3 c.r~5~ C.C336 ~.C33R 
lL4.~~ C.~7 ~.~,44 ".,Q2 r.7 c 7 ~.~c1 r.2~' ~.lq~ 0.!aq ~.cce~ C.~5~~ ~.O~~~ C.O~93 
14~.""(l ".75 ~.('19" r.f"l (.~Qr ".l('~ '~.20;~ ':.1"(; 0.105 ~."tlO (.~62~ (').(\32t- C.Q~II' 

11o~.?5 1'.~'7 r.'"219 ".f~\ l'.,,e:! ').u r. f:.~"4 (I.!74 ".lqj ~.'l1?1 (,.rb44 (I.C~(:? (\.C~62 
l4~.50 o.a~ ~.~7cl ~.510 ~.c~, ".t'l [.74& G.l'73 C.19' ~.'1?" C.Cb~7 C.029Q 0.0362 
145. 7 '5 1.12 c.r;:,,? :'.4l" C."'?l l'.H'c ".::12 O.t7~ ·'.18a (."1(:(:1 C.(,o;~9 O.03Qfl 0.0359 
14~.r~ 1.24 ~.r?l~ ~.~4? 0.!4~ 1.1(\0 ~.723 0.161 f.171 [.'119 r.~4ge C.r2~e t'.02Q4 
14~.~O 1."a 1).~37f, ~.lQ\ ê."~ n.~"Io C.'P~ ~.13(\ C.~27 C.~Gco C.C~~5 1'.016 0 C.~161 
147.r~ 1.74 ~.~43q ('.07~ C.'2~ ~.~7! r.!13 O.lt~ t'.C~4 O.'I'~~ (.(l17~ C.r12S C.t'071 
147.~n 1.ge ~.I'~~l ~.r?! r."6 C ~.~''5 0.1'711 0.~77 1'.~5q C.1~2D O.r.06! ('.OO~9 0.CQ35 
l"".l'r '.Z3 '."'5f,4 ''.l',,~ r."~1 ~.~27 ~.CIo6 f.1'47 C.~20 C.1("7 r.(~?l l'.CO?2 0.COC8 
14~.~~ ~."q 0.C626 -.l'~! r.~'4 0.')17 (.(20 o.o3C (\.(lC r.~""~ C.C/)cq 0.000 0 r.ocrz 
14a.CO 2.71 C.~6eo _.nn~ C.l'nf ~.rlZ C.~~(I a.~zr l'.Cl' r.~I'~! C.C~~4 C.OCG4 ~.OOC1 
149.~~ 2. oP r.C'J'51 :.~r2 c.r~z ~.'"lC r.Clb r.rl! o.rro C.DC~1 (I.re(\3 C.O~C2 O.I'CCI 
1'50.f" '.23 ~.1'014 C.'ll'~ ('.l'I'! ~.r~~ r.C14 I).G10 O.C~~ (\.O~rl O.COR~ ~.rOt'1 ~.onoa 

02 
SUO 

IJV 
SUC 

MIIV 
SilO 

lIW 
C;U(\ 

0.(\04 -.C~Ot -.~"1'J -.l'~~O 

O.(\~6 -.C'(\4 -.C~2" ~.Cl'nR 
0.0!7 -.r.01P -.r.~L5 -.~"~4 
O.(\'~ _.r~~" -.~076 -.C"~~ 
O.~'J4 -.~11r. -.0!17 _."~~A 
0.1"7 -.(\!6~ -.C!6~ -.r~r.~ 
C.!I! -.01Ç2 -.~179 -.t'CC a 
0.13~ -.r2n3 -.~19~ -.Cr~4 
0.1~1 -.~lq5 -.Olen -.C~11 
0.13~ -.C2n5 -.(2CC -.C012 
C.'32 -.C177 -.~!P? -.OrC7 
0.lZ4 -.Cl~~ -.~15r -.""C7 
0.!1~ -.rooq -.OOC6 -.r.rC5 
O.lC"I -.rn 65 -.C05"1 -.OO~2 
0.1~7 -.~02C -.C~lC -.CCI'5 
O.10~ 1.~023 0.~021 ~.~a~r 

0.10 a ~.CC47 (\.0"61 -.~""2 
0.111 0.f09= C."r,c'J -.n~"2 
0.123 0.r14~ 0.0151 -."~C~ 
0.!~4 Q.rlP~ e.C1P2 -.OOQ2 
C.131 '.Ol0~ 0.020e ".no'~ 
O.l:!l O.OlqQ C.C20~ C.r:"r:5 
0.127 O.C2C~ r.C19! ~.OC~7 
0.121 0.(1177 (I.017~ C.OCC~ 
0.1~5 'l.r!6C r..C159 1.cn12 

.0.C69 n.Clo'J 0."116 -.r.on~ 
O.0!7 ".CD56 C."07~ O.Q"'" 
C.C!6 C.r016 0.~045 o.ooco 
O.CC~ 'l.C'lC2 0.0024 O.oGO\ 
O.CO~ O.C~CO C.Oe1Z '.OOCO 
c.ort -.COCC (I.C~t! Q.r.Oeo 
O.C~\ O."~(!O 0.00n2 -.rcot' 
O.~CO C.t'CCC (.Ocrl -.nroO 

Y/LIlI( 

-? :!'l 
-l.22 
-1.°(\ 
-1. 'J3 
-1."8 
-1.2~ 
-1.11 
-(."Ia 
-1'.86 
-"\.74 
-(~. 57 
-f".t.? 
-t'.2O:; 
'-':.15 
-0.C5 
e.05 
!'.!1I!i 
C.25 
'1.42 
C.57 
c. 'JI, 
n.87 
~.qq 

1.11 
1.24 
1. "0 
1.n 
1.9/1 
2.23 
~. '" 
2.72 
2.<:7 
3.22 

G 
.'I930r. 

o 

t:IiI .... 
~ 

1\) 
W . 
n 

~--------------------------------------------------------------------------------------McGILL UNIVERSITY ~nHGODrrR~----~ 



.10 

. . 09 

.08 

.07 

.06 

.05 

~ 

dLo 

dx . 

.04 

'.oJ 
.02 

.01 

. .,oOlf 
-:02 

. -:0 3 

.-.04 

:-:0 5 

._-.-....... ---

. ~ 

, . 
. ----- -'-.".-

Cl 

e 

. - --- -_ .. -:-- -1:---- -. ---------.. 

.. ·::,,::;:',":I··y:;:,,:,,!J::'·"r:·.·,·:y·J :~~~~~i-=-~ 

... ~'.-::-' ~7·--~ ----.J 

1: 

.; 
.! 

., 

~ .. 
'. 

3 -----: 1 2 

. JI. 

ï 

§~ 
l­

n t­
e:::. 
~ c 
ti3 ~ 
en c 

t: 

j 
j 

t::::l 
o 
H 
n 

- '8 
H 
o 
Z 
en 

~ 
.... 
\Q 

1\: 
-+: 



.03 

,02 

01 

(QY ) 
u 2 

o 

l 
\ 
\ 
\ 

+­
-1 

\ 

~ 

1 
o 

1 :: 

';' 

. ~ . 

1 -
1 

.i 

1 
2 

! ., 

_:'_.. 1" '! 

-"-'- ~ï - ... _- ~_.'-'--"- ï~:.-~-~· 

1 1 

:1 j':' 

1 
3 

1 
4 

.j 

ct 

.. . ~ : 
1 

• 1 •. ~ : 

~- -:-T7:-----1 
• _J, . :. 
_···_t·· __ .• _ •. 1 

T~h',"'~! ;"::::":1': -1. .):- ':~ 

: ~ .. 

1 ; .... ' . " 1;· ' ... ]..,:, j :.'.T .', '.1 ... ". :t'::. 1 . ':'.',. u1l '._- .--".-.. ---- - ..... -·---f·--"-----.:...-- t- ~------ . ------
~ h 7 Q 

. ~::1 

·f·, ••• ------.. •• 1.. .' 

, ,. , 
", i 

j 
J -'. ---î 

-1-- -. ---

1\) 

\Jl 



: 
~-Y 
f."L . 
1 0.: 
1,·-, .' 
, . 

1 
1 

1 

1 
1: ., 

1 

l 
1 , 
i 
J , 
\ 

! 
\ 

1

':<_· .. 
• 1 

I·e ._,.: 

t 

! 
!-I.O 

1 

1 

L. ....... " 

" 

! 
l' 

.... 

1 
1. 

"1 
1 

j .. 

1 

i 

1 ., 
! , 
. 
1 

i 

1 ,. 
1 
1 

i 

i 
•. 1 

i 
1 . 

; 

. 
1 

INTERMITTENCY 

, . 
l' 

1 

l, 

... ;. 

i· 
1 , 

"1" 

... 1. . 

, j 

l, 
1 , 
1 

.•. 1 

•. 1 

" 

i 
i 

G=O.95 

---:-

, .. 

ï 

1 
.L 

;:. 

" 

1 
'1' 

.\ 
1 

..i. 

Fig. 

!. 

r , 



1: 
i 0 1· 

1 
1 
1 
1.,. 

f 
1 
! 
i 
1 , 
i: 
1 
1: , 
1 
1 

i- r: , ,-

i 1.0 .. 
!. 
1 , 
1 
1 

· . L. 

........ G = . 74 ..... _ 

s: .&.,=,. c- 1 • 

Y/LO 

1.74 

+-----------------------~~--------------------~--
-+---------------------------------.-

T , 

i 

i 
1. 

'cp . 

'1 
, . . 

., ......... - .... -'",-. 

.. : 
.: 
i '-'-

j 

., 

i 
i. 

·1 

_l -. __ ........ _ 

_i 

i .;,. , ., 
'i-

l 
. .1 ..• 

! 
1 

'r 

., 
, 
1 . 

. '. 

" 
., 



~ 
~ 

/. 

i 
i ..... • .. ·t· 

" ~ ! 

~1.0 
1 

1 
1 

l 
1 ,. 
1 
1: .. _ .... 

, ,. 
·r 
'1 
'1 
! 

'! 
1: 

.'j 
1 "' .-1; 

.1,-

.) 
. ;., 1 

1 

/ ., 
1 , 

i 
.. 1 ••• 

. i . .:.. 

·1. 

0' 

,. 

. ' 

.. G 

{:) 

, 
. , 

" 

! 

, 

.0 

= .79 
jr 

1 
. : 
.j .• 

.. : 
- "1: .. ' 1 

.1. 

0-'-' •• _.'.'", ''1"_' -, f" 

.i :. 
1 

, 
j 
1 

! 

. ~ . 

,: 

, 
i 
! 

, 
:1 

ï: 

, 
, 1. 

î " . 
.. 1·. 

; 
). ·1 

.: .... L·L.~I· 
. l' ··:1 

. 1 :j:.;; . 
·1: 

.. i ... 
'i 
j. 

i 

Fig. 2é 

i ._ . 
' . 



[~~~y;' 
~L" 
1 0" 

_.,..,..-- •. ,.-.-. ! -...... ~ .... - '7' ._--_.--

1 i '. , 
" 

i 
: "";"'i,:' 

·1 

.J 

INTERMITTENCY 
". 4 

G 

'·,·r , 
... ;. 

1: 

= 
·'t 

i· 

1.. 
1 • 

1 
,1 

.57 

Ref. 
, ! 1 : .. , 

Fig. 29 

XTE 'Y/LO 

1.84 
., i i "';" !iLt·,.t;~27: 51 ~B .~05 

;{O:' ·i~ .. ~ .. -'!: .. >···i·· .. ; .' r" .r, '-i . : .. ~ ... ·;..:;i·;~·~:·«t·~:::129 .. ;.;.~9~8 .~15 :1.84 

" •• : '.. .::i .:J;:" ••• I.:;,,;! .• ~ .• : "i--·· .. ; .•.. ' •... i .. ~:. i •. :.: ~:. ';, •• :.!;.~ :?j ~).!i:U;~; •• 1· ••• :: •• ~f-:;-j.· ..•. ' .:::; .;.i .." 
" ',: 1' •. '1' '. :.' . J,.",: , 1 ........ " l' ,,' ".1· ,. 1" :j" .: ·:·:,1;.':'"'' 1,. .'1- : . j':' l.: ),,' :. 1 • ,,', 1 : 

,. ." 'i:i" :;- '1·. Ti~-l-t·!?~ j' Tf ·:t-~--!Fi ~!-:!-:t!IiJ[T tn~tl :,1 ~Ir'" 

;:' 
__ ........ 4 •• _.· 

l ,.", ,. 1 • .: ...... -t.-.-.·-.--. -......... ) -+· .. ·_· .. !~ .. r"· .1"" .. "j .. ! ., I.! 

·:T~·:-:~~r .. :·~T-·;~ l~·~.i ;.,::'. i. >":1 . :·: .. i·~::!:::\~{:.!'.::;!:i:i':;;·:l{·!::.:;.j/r: y<, :t·>+ ::: " 
.. ,' ,",1 ., J .. J . i " 1', 1. , 1: .,~. , .. ""J __ :":~:';'è.~_L ;."._J_ .. l.... ... j '''-'''·r'''''''J.._-_· .. .... - -r, . ..::._ .. .\. ·..:......: .. l-·· ':'. ,'~-;''''-::-:-':-. 7·~·-:-··-t .. ·· : ... t;-:;, ' t -'-:-;-:;,' 7:::'7':; '1;' :;j':" r";' . !.,' t :" : :. j .. :1' ; .. '1," .: .. : 

. . ~ . :: : . -:. ,. ~ . 

'1 
, 

, , 
... ·:i·. 

" 
, 

.. ;.. . '. 
.. ; L':: 

~­
( 

,- - ......... -. ~ _........ ·:î·· ... . ... ! .. ~ . ...•. j._~.~ .. :~~~ -..: .:;~;;":":-
1 : 
1 , .. 

~ . ,. 
!. 
i .. 
1 
1 
1· 

1 
le 
1 
t 

~ 
i 

j 

'0 C" r ,J 

! 

ï . 

! 
i 

1 

1-1. 0 
1 

t 

1 
L. ..... 

i 
j; '.' 

i .,. 

,l, 
1 

o 

1 •• :.' 

'1 , . 
j 

" .; 

:1.. 

.. 

., 
1 
! 

'j_. 

, 

, 

, 

, 
: 

y. 
i 

, 

: 
: 

! .. 
i 

,. 
" .. .. 

1 

i " 

: 
! 

, , 
) , 

, 
.ï i : .. . ... 

1 , 
j 
1· .. 

, 
1 ., 
..- .. .. , :i , 

1 1 
1 

! 1 
i. 

1 
1 

l' : .. 
! 

1 : 

.L 



e -
.~. -. 'fol' l .' . .., l .--· '. x ,... .. . .. ,. .' . . . a 
; .: : -: .. J ~. ~ L: -, . ~ ,·:1 .-. : l. . ... ~ . '. . ._! .~ 6 
l, 1" 1.. l,. ' .. 05 
l ' ~ l· o.. 1 • ,..-....... '--'-"10 . ..:.._L-___ .;.._._ ... é_ ._._t ____ ~~.Vogel ··:· .. ·:·051 
· :.. ;.-:~ ~ l ':. : . L" ~ ...• . : 

';r" ··~··-1~:·:, ï " - ~_ ...... ~ ..... " .. . 

.-~:-- .. - : .. 09 . '--'l-"~~-f :~.-:-~ .. -:- ~.~~~-~. ~~- ~. ~'-.:: '--'~--'''~1':''--'- -: ~ ... i 
- .. :1': .:1. .... :; .. ::.:~+., .• : .. ~.... "-' i.:,' ~ .. J\"'-:.:I."'-.·:.' ~·--X ' X'-L:0/ '. L : y . 2;;' > x:: " 

:.j :. ,.!:." ":. ":. .. .1:' .:. ~ :'-.: :~'-.L0,~,l..:.A:T/:\;T:, . :0";':-~:T ':: . '. l"OO ,. 8 r-- .---;---:--.. 0 · . . . . . 
· . , 07 L~ ..... _. ______ :_. 

~-:_~.~--..,--:~ 06 

,:--­
! :.05 

• ------o.-:-.: .04 

r- .- -.-. :--..:-.. 03 

f"":-- '--- .... _~ 02 i' .• 
1 

! 
1 
l.~ ...... 

, 
1 

i- -1 
i 
i 
~-:---~-

Î:: 
;-
r---':---:-- --.-~ .. 

L...:. __ 

! .. 

~. . . 

.07. 

---------~-- .... __ ... -- -_.--
:; ~ : i :: : ~ . :. L ... :.. .."; 

,~L-:---r:9 

.... :~ 7'· ;y:: /~/ ~. -.•.... !~ .. ·'·-1··,.· .... ~ ... ~ ·1· ••• ·i.· :ti .·.l'[;:.llj·t:~,j;l.tl·!l\.:·r.·~';:\ .-:.\. ·:·;;··l~.!:t.\ •• ·.i •• r' 2:i·:-· •. : 
---r' 1 ;?'/// ... -- ... . . -: .. --:--.. :-: .. ..:::- .. : ... , ..... _c._ \ ___ c,:", ·_·_ .. .:..:.l...:.;tô-'-'-·=-R.:.·:f:......:.:I?re:sent-.eXper.iments· ;.' . 

., ~_ .!:.~; ~~.. ;um_:~ .~.~ 1.'::.. ... -.!-_:,·I i': '1!1!!I;j :l:l!;:S}i.', +~i·Ghhst~~z~ .• w~~es:c .• U~~~: 
.):" 

----.: ~.7--- : I~ 
. .. î~ :.: .. 1 .. 1 

•. ~ 1 
. . 
---_. t .-----_- •• _ ... .~..:.~):........,. 

1 
_____ .J.:_~ __ ... - ----; ~~~_:~1--~-:~'~: ~'-. __ .. :-._-.-

2 3 

l 
l 

... c:j..:'L .~..: •... ~.:. ·_;~t -~;,-,-.: .'.7~ 'l-' -', 
.\. ':':i ".' i' .;" 

.. ~ 
1-3 ::r: . __ ., 

.. ! 

-...•. : .~~_ E ·~.~.·=.~l·:.-~-l.~._ .!_-•. _~. TI·.' .••.. ~ .. ~ I~ .:~~.: i·l·lg:.I·:':j,'ill;l\"'!.~~:'·~I··:~:·.I·····;.··I: .. ' m!! •• '! .•• t· ••.••. ~! .•... ' ... 100 

'. lo. 

!' 
l' 

"j- . 

l, 

i , 
.' 

WITf:; 
.' ." o! 

1': 
, 
: 

1: :. 
! ' 
i 

.6.-- . 

~ 
..... 

.. _llCl 

lU) 

'0 

.. 
.1 



co c>"" V.H.KJ.t\'J.'J.Vl'l VI: .L'lV.L'l-U.Ll·u.:..L~v.LVL~".u 1:"'':;l • 

ll' ~ ~ ro SHEAR STRESS 'VERSUS G 
..J .... 

, '' .. '" .i··~·"'·r~:; ·:··'·T-:-·· '--;' .... :: "T"-:"-'" r~:' r: fi: i· il" 

[ ·;>:i- :!-_. ,-: : ;. -:., . i .y :1
1

<::,:--::. "':' !.:, ~" 
" .; ." " : .. ··:1 ... \ .:: .. "1' :'. . 1 l' ,1 . 1 . '. l, .:' :1 : ·1·,: ;.' l' :. 1.: ... ':~. 1 

i_.~;:l' •• :' , .• ' i:ilIJ-.; •.• II}~;;J--, r L LU ; ':-1
1

;-:~~~::Il:~;i;l,:+,~I,:~~;-%;';::r+:; 
.. . 1··· "j."::'. 1: :.".: 1 ..... • ,. 1 1 .. 1" ,1·; , .; .. : 1 .;0 .......... ··/, .. ·' .. '·-1'· .'0, ...... , ··1 .... · .. , ...... . , .... 1 ,..... 1'" '1 ." " , .... ,., . ,. . . .. , .... .. .. .. 
'-:,':" i .:.:;.; ( .!'" :···:,1 .. ··,· i··· 1" • ':!. ,1 ....... i .. :i 0>; .,c: .;.. Y>fi·:.!,;::i":.!:: :!:":.(::' + :-i",' 
'<·-'~·)...:~Y·· :~:: : .. :.~~:_~:.!._:L r-:'::':~ ,::.: 'i' r;' ft'···:; ~.:;:~:, '1L;·';:T::::I::::~·:::r~.,:c::·W·:i;.:·.·;c:;': .'l·"~:'·~ ,. , 1'" '! ,'" l ,',l,,'· '1 "'. ,1 ' - ''1. """,,",' , "l,,,, "",,,, ," " "r "·"1· ., - .. _" 

:~:: . -1-- .: .. 1.-::: ::'r::::::';~ ~::~:;v::::~:t: .: · .. t·c> ]1\ :-~I'::·:7>!>i:~·::1:··::~·"i:,]:,!::L~;;,: ":LJL· 

. ,:',;'. i'-' •• ··l:~:'r~,f:I:j •• -~.-s' ~ .:.11,-' ~]~~lIl:FlliTI~";~;;~hl~~,--I2if~:'8~i~~j-j-~,~ 
...... 1 .•. ·1, ""'::: "'. !: '::.:: 1".: !., i l' ! 1 . 'j" ,'" J' , .... : •• 1. ... ~'Î'-- : ... +-- ~ --1-- .. ' .... \ .... , .... 1 .. • , .... 

~3;~; •• i:';,;I-~:~-·I~~~'~:~.~.-\~;:1:~·.· .;!'\~: .i!itt;;j!L-Vl~~j~:n~]~,~~:1;0~t~,l:~j~;i;;: 
·~:·l::·J·,:!:·:-L·: .. ·:: i· ·:--~:;·I·::": l:: .. c .. • L .. '. ',.:. ::1,:':: ,l":':"~I':",;~·~::! ::::: ·f;'::.:.>l:~.:i;;~l! .. l:'+":'::: 1 .:: .• 

~:~j.~' :~1~:;~~. ·1:·:~;~+:6~::~· .. !~.~ ~:.~ .. ::; )~.:~ ~: .·:l~:~:~·: t :::_~ :1)-;'~~+;h~1: ;~~;~~~fttL :lm;·I·:;::!~.:· :t~ ;~~~:·::t '~:j~:: ....... r " .. 1 .. , ... --,.;.-:-; ....... 1';' .-,-J.., . l '1' .. 1.· j''''' .1 ... , ::'I·'::I·:!:I::·:': . i" ..... 1 .. · ...... 1· .. · .. 1 .. . 

i .... 
:-

! 

1 
1 
l' 

1 

!: 

;. 

: ,-, 
'(:'" 

.\ ••• 1 

"'1 t' '-l" . ;': '" :: '1~~ ':>:;:; . 
.... "i . ' .. , . o. -;.- .• ,. ":ï 

!: . !." . 1 

:. 

1· 

.. ; 
1 

,f 

., , 
.. 

.. 1' 

'l" 

i 

1-, 

1. 
1 

---T"-" 

.. 

._ .. 1:.": ';_;" 
l' :.:: 
1 :i: '.' 

1 .. · .... :"',' 
.1 

.. '1 1 
:. l. . 1 

" 1 
.1 
1 

. \ 

1 

\ 
\ , 

.: \., . 
\ 

1. 

1 

i 
.:'.1· , 

L:. 
.! 
!; 

. , 

" 
1 

'''T 
1 

\: .. , 

1 
1 

/ 
J, 

J 
~> 0 1 

';'1:::11:5'· 
. i 

i 

~ : , 

i' 

.; 
1 

i' 
! .... 
! 

i 
.i 
.! 
. 

.i ... 
i 
! 
1 ., ,. 

j. 1'" 

.. L .. ___ ~_ .. ~.;.: .. _ : .... : 1 .. _- . 

',1 .. 

... , 
l' 
1 

, 
" , 

.! 

j , 

::': 

":~'!:'j 

, . ~ , . 
1 : ....... . . 

• ~ .• : t. " 
. 't ." 

::t;,· 

; . ~ ~ :: ~ . . 
~.~:.: . 

.-1. 

, , 

":j 

0 

r-I 
1 

i .. 

1 , 
.! 



-L 

. ' , 

~ 
1.' 

o 

o 
~1 

~ 
~ e 

-~._----_.- ..... 
.--.-----.-------,-.-------.--~.- _ ... _-....---:---:-t-:---.-.: ---:--.-._._- .' " ... , •.. ,...... "; ;~T~.·:~::~un ;::~~::J~<:~ :~:C .. : :_.} 

. ' 

j ., 

l' .:".1 
. .r:C:C".:: i; 

'::":'\ 

., ... _____ L~~ ___ .. _. __ , _ .. - j 

; . 

-/::::::=f=~--- ' iL' . '_ .. 138: lEqUàtï~~,·(21t··i~: .. ;.~; 
. ~ -.. ' --=: : ~~.~.~ _ .1-·~'· .. ~_.~ .. 1~'.T~ .• ~ .. ·j==·;:~:_=t···~,.·.=_~;.J=·i···~·;.i •. ·::' ... :". j •. - ' ...... . 

. -:-'-::~,;..;.. --~-'-_ .. " ---

11 

:~! ~ -' 

_ L . :i. 

'1 ... _~.,_ .. -- _ ...... 
. 1 . . 

1 .. . 

.. -.. - - - ...... ~-:~ .-,- --- .. -.- -.. - .. -.-.-. ----._-

. ., .,:'~"("j .. ' •• :C~fc:J·T;-i·:~-tTU5·;.,: ,.'.: A~~": i4•
2
:::}EqUatlOnC?2.L:;:: ••• :: :'.'.[, '." .,.. . 

:-~:~·_j~~=~~t~~:;;~;~~~~-~1~~~:~~~-~=:·j:= 
...•. ' ."G;-:·-~~_lli~.·~~~illili-r·;iTI·;· ~i~~:~~tt.TImrH.l-.i .•• [~:'.' .... ~, 

! .. :. 

'1 

j: 1 .. 

Fekete:~l. 
.'.:.'.' .:.,. 1 . 

~~ :~~': f~'~'~~;'~~T~ 
. .;; ........ . 

";! .. 
:L:':._ 
::j .. 

L:;j~ 
1",,": ... 
; -, 

. • .. _ .... ,., ...... 1: ... " 
, ;' 
; ... :-

................. : .... I~:~::._C:~ .. L.~_~~ .. _:~_!... t: 

·1 

~ 
t-t 
o 
"'0 
t-t 
o 
J-3 
t;1 
t:1 

<: 
t::l 
:;0 
(J') 

c 
(J') 

Q 

t:rj 
1-'­

I.Q 

w 
1\) 



1 

1···· 
1 
i 

0 
0 1 

'/ 
, 

" 

... 

1· 
, ., 

(t) 1 
i 

!. 

AS A FUNCTION OF 

.-
" 1 

2 4 " 6 
; ..! 1. 

",1. . , .... Pa.tel-'· 
: . . "): 

. 0 Gartshore 5 : 

LARGE 

l' 
i 

~ata 

EDDY 

./-­
i 

8.·· 
; ...... ,_. 

! 
.. 1 • 

:,'; 

! 

SCALE 

1 ·01 
;. ' ',1 

~-1 ~ ..• ~ "--:-1: 

1 . 1. 
. ; 

; 

., .... ~~.+ .. -1" 

i 
'O' , 

','j,' ". ï· 
-.:.. ,!: 

!. 
.. , '! 

i 
·f 

j.' , 

1 i 
i. , 
i' 

!,' 

.. , -,.- .... -
., , :1 

Fig. 

1 . 

,,~. ·--:t-· ~ 
1 j::.: ... ! 

__ .1: 

1 
1· 

. i 
'1 

X .. EI Present .experirreni$. 
... 1 

-1:.: 
.1 

, 

JX)int evaua:ted bj three 
peopk~ 

•••••. _ •• _ ............ 1 •••• 1 .. _ .. ,:". __ .1. ... _~. 

Cliff e re nt 
.,; 

i 
... L .. 

33. 

.; 



VALUES OF He VERSUS G 
···T·········· ........ 

,,, 
i. 

'j'" 
. , 

. : " ..... j ........ _ ...... f. 

1. .., 
" 

·1 
, ; 
1 

" 

,. 
i. 
! 

::1 
.. ::.~ ... l.: .;._:.:...... : ::·i·.... ....... ..'-... , ... :. ' 

: .. 1. l ,. 1...- l .. leT::': .j: ~;l !'...: .: .:. 1 ! 
l, ri:", l' : 1: : :!' .!.".f.:1. 'j'/: ;-r·· ;:. 1 

: ·~~~ITT::Y·;: ""'1::~: . ·i·)i-·:I~·;:~C~·TCrr·~·~~·;· .. -:- ~-:-.~) ::::j::" 

1 1 

1 .. 

1 .. ' '.' :: .:.~ j''':''' l' .. 'L'.:: .. !. 

l "tn,T.! ;;t~:t:·; 
1. ." { •• , ....... L ......... ,,,.-

. f·:·:· .:! :.<~ :. :: ': :::.:;.:~ :\: ~~: :~: : j '~--i>J::. ~~ .. +~.: .. ' ;: . __ .. ,i:. __ _ :L... '. CD: .. ' ;':", .• ".1
1 

'! Il t,·· " ,:i<:~~~~:··i , .... }, . " , . ,1 •• ~ •..•. ·-_~···:~;~L~:;L~:: 

: .. ~ .. ··::t<_:.T-~:;ÜJO!~ oc\]' : .. ~;;_:t:;~ .0
0
<1 ··::-d~:·~:~~~~:~ ;.~~~~~~L .. . :, -1 

, 1· .'-1.-1" . ~., ." .... ,;, 1 .' l' '.' ... ,..... ,~ .. l' ....... J ............. , ...... ;- .... . 

·:~~··I,i~·::~,··::~l.:~::~:.'~I~·-::~U~·i,.>;;tf}:~:~IS~ .. :.-·-:.-t~' '~I 
.
1. ··_·l:I_~lJ-f-: '.;"'.:' 
1 .' '1' . ...,J.. '," " '. d' ; 1 ~ ';:".; i . 

1:. 

. •.. _.0 .... _. L .. ,. 

i 

1 
'1 

1· •. 

~ ; 

;. 

i 
- '1' ..... ----.~ .. -.-. 
. l . :.. "1.. ::r; !. ": 

1 ; -
~:; ._ .... : '-:-:'!" -

: ~ . . ~ 
::.' 1 

; .' '" . ----- --': .. -- - _ .. --" 

. 1 ...... ,--, . 

u....; . (;.;; 1 'l:' .': .--. >:" , . . . " . ~~. t:- _.. --....:.~ .: ... : ..... - --'1--- _ .... - -

j-~ j;L·,_·.·.t-:1·~ ;LL~-l 
... :~._~. _.L~;~ __ . I,! __ :.~~:.:î '::~'~ __ .~_~ ____ . __ ~._ :,.:-. ......... :: "-"~ 

~ -." --:;·.·.·;-··1 
'.. d .1.,' - - .. : "! 

' .. , . 
• '_ , •• :. .. ",1 • 

." ....... :!: ... ---.r-.-- - ":----- '!----: -., 

... ::.:.:~;,_ ..... __ ~ _. -~ ., ·~:L:.--
.• ". ~ .• _ t .. _ -: . _: t _ ~ .. ' 1 

t .j '-t' '!."" : > l . ~ ... :. 
.r:-~··~·. ~ .. ~.... .' .... - ............ -.: ... ·····:...._ .. ;-···f····-:---~~_·- --_ .. 

1. 

i.-

.!: 

.1 

,. 
1 

. -r ... , 

, 
j: 

.1. 

; 
i 

.' 

:: , 

. : 
j 

'UY"'i . i , 
i 
1 .. ., 

::: j','! 

·tp:~:.l 
-j 

':-·:--1 

~--~~-----------7----~------------~~~----------~---+O· 
~ (S 

1~~9;o . 
Il 

N 
I 



SKETCHES OF STREAMLINES 

Fig. 35 (a) . Sketch of Streamlines: Jet issuing from 
slot in wall. 

Fig. 35. 

Fig. 35 (b). Sketch of Streamlines: Jet issuing from slot lip. 


