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l.- INTRODQCTION 

In recent years air bubble barriers have been proposed.for 

use in oil spill containment. Although a great deal of literature is 

available on air barriers, the majority of these dealt with their 

behaviour in still water and their use for keeping harbours free of 

ice or as breakwaters. Relatively little has been published concerning 

the behaviour of air barriers in the presence of a current and_especially‘ 

their ability to control oil spills in flowing water. 

The Prairie Region Oil Spill Containment And Recovery 

Advisory Committee (P.R.0.S.C.A.R;A.C.) is interested in the possible 

use of air barriers for oil spill control in rivers. This study is 

carried out at the request of P.R,0.S.C.A.R.A.C. to investigate the 

effectiveness of air barriers for the containment or the diversion of 

oil slicks in opengchannel flows. Because there_is some urgency involved 

in obtaining results for use in the planning of a field exercise, 

this study is limited to an experimental investigation and no detailedi 

theoretical analysis is included.



2., BACKGROUND REVIEW 

A brief review of the dynamics of air-barriers and their use 

for oil retention will be given here in order to focus attention on the 

items requiring investigation; 

As air bubbles are released under water they rise to the 

surface, forming a plume of bubbles. ‘This plume drags and entrains 

water along with it and produces an upward flow. As.the upward flow of 

water hits the surface it is deflected and a surface current is generated. 

The flow pattern induced by the bubble plume is shown schematically in 

Figure l. 
A

V 

Taylor (1955), by analogy with currents produced by a line 

source of heat, derived the following formula for the maximum vertical 

velocity in the plume: 

Vmax = k(9q)1/3 (1) 

where Vmax is the maximum vertical velocity 
V 

g 
A 

is the gravitational acceleration 

q is the air flow rate per unit width 

and_ k is a constant of proportionality 

Assuming that no energy is lost as the vertical current is 
‘deflected into a horizontal current, the maximum surface velocity which 
is generated, Umax, will be equal to Vmax{ 

The currents generated by air bubbles in still water have 
been measured by many workers and all have verified the fact that the_ 
maximum surface velocity is proportional to the air flow rate to the 
one—third power as given in equation (1); However, different values 
have been obtained for the dimensionless constant k, varying from 0.78 

to the theoretical value of l.90 given by Taylor; »Basko (l97l) found 
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that k had a tendency to increase with depth, Grace and Sowyrda (1970) 

a1so found that the surface ve1ocity-increased with depth, a1though they- 

did not compute va1ues for k. 

when an air barrier is dep1oyed in f1owing water, such as in 

a river, the bubb1e p1ume is def1ected in the downstream direction and 

the actua1 upstream surface ve1ocity which the barrier can generate is 

of course 1ess than when it is in stagnant water. At some distance 

upstream of the p1ume, there is a stagnation point where the upstream 

current is stopped by the downstream f1ow. This configuration is shown 

Schematica11y in Figure 2. 

Basko (1971) assumed that the surface current generated in 

this case is equa1 to the 1inear superposition of the f1ow generated in 

stagnant water and the mean f1ow ve1ocity, i;e., 

ium = Umax ' Umean ’ (2) 

where U$ is the maximum surface current 

Umean is the mean f1ow velocity 

and Umax is the maximum surface current which wou1d be generated 

_in stagnant water 
. Measurements by Basko appeared to confirm this assumptions 

However, experiments by Jones (1972) showed that for sma11 mean f1ows, 
the maximum surface ve1ocity was about the same as the stagnant case 
except that the 1ocation of the maximum ve1ocity was much c1oser to the 
bubb1e mound.- For 1arger mean f1ows, the maximum surface current became 
‘much.sma11er than equation (2) wou1d indicate. No other pub1ished data 
exist which can reso1ve this difference.



_ test; of 01:1 retention in/~._ai:r haorrisers i:n- stagfiant Water 

were conducted by Basko (}9Z1I"Tn two channe1s WTth.Wate? dePth5 0f 

2 feet and 7.7 feet respective1y, He found that fai1ure occurred when 

the densimetric fipudenumber based on oi1 s1ick thickness was greater 

than 1.2. i".e. 
1

1 

_Umax1 31.2 (3) 

where hiis the thickness of the s1ick 

and A =1(1 — specific gravity of oi1) 

However, simi1ar tests were carried out by Jones (1972) who found 

_that the densimetric Froude number for fai1ure was not a constant but 
UmhA varied with the densimetric Reyno1ds number ..in which vw is the 
'w 

kinematic viscosity of water. The va1ues for the critica1 densimetric 

Froude number varied from 0.72 to 0.91. 

For oi1 retention in f1owing water, Basko (1971) found that the 
critica1 densimetric Froude number of 1.2 was sti11 va1id when the 

ve1ocity Umax was rep1aced by U$.A Jones (1972) however found that the 
air barrier cou1d not successfu11y contain oi1 in a current. For Umax 
equa1 to 1.25 ft/sec and Umean 
the oi1 s1ick went through the barrier on the surface. As the air f1ow 

equa1 to 0.75 ft/sec, Jones found that 

was increased, the oi1 appeared to be he1d at the edge of the bubb1e 
mound but oi1 drops were torn off the bottom of the s1ick, went through 
the bubb1e p1ume and passed downstream. As the air f1ow rate was increased 
the s1ick was moved upstream but the amount of oi1 entrainment at the 
.bottom of the s1ick appeared to increase. No measurement of this 
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entrainment loss rate was made. 

Since the primary-objective of this study is_to investigate 

the effectiveness of air barriers for oil spill control; the con» 

flicting results of Basko (l§7l) and Jones (l972) must be resolved. 

Therefore,e3periments were designed to study whether an air barrier 
placed at right angles to the flow can indeed retain an oil slick; 

There is also interest in the ability of the air barriers to 
direct oil slicks to-areas suitable for containment and clean-up. No 

material has been published so far dealing with oil slick diversion by 
air barriers. A successful case of diversion in the Chicago Barge and 
Sanitary Canal was cited by Jones (1972) but no details are available. 
Therefore the second part of this study was designed to investigate how 
well air barriers can divert oil slicks in different flow conditions. 

Different types of oil were used in the study in order to 
investigate possible effects-of oil properties on‘the effectiveness 
of the air barriers.
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t EXPERI.'MENTAL t E.QU.I‘PMEN1' 

. The F1ume 
' 

A11 tests were conducted in a f1ume rectangu1ar in cross—section, 

one metre wide with g1ass wa11s 72 cm high and having an overa11 1ength 

of about 22 metres, water was fed from a 1arge constant-head tank 

through a 16 in.(41 cm) pipe which was terminated by a diffuser in the 

head bow of the f1ume. In addition, baff1es were p1aced in the head box 

to reduce surging of the f1ow and to provide a satisfactory ve1ocity 

distribution throughout the cross-section of the f1ow at the entrance 

of the f1ume, water discharge measurements were made to an accuracy of 
' 

15% with a rectangu1ar weir which received the discharge from the f1ume. 

0i1 from the tests was 1arge1y retained downstream of the working section 

by means of a mechanica1 boom, which spanned the fu11 width of the f1ume 

from where it was then manua11y removed and discarded.
1 

I 

For the first phase of the study (i.e. containment of oi1 by 

bubb1e barrier), the width of the f1ume was reduced to 60 cm, thus per- 

mitting faster f1ows within the discharge capacity of the measuring weir, 

Figure 3. A wooden partition was constructed, 49 feet 1ong,bui1t in'fouri 

72 cm x 250 cm sections end to end using 3/4" (19 m) p1ywood which was. 
thoroughly waterproofed and one simi1ar section of 1/2" (12.5 m) 1 

acry1ic, The acry1ic window was p1aced at the working section to a11ow 
1ighting of the water from the far side for better viewing of the air- 

bubb1e-oi1 s1ick interaction; 

For-the second phase of.the study (i§e, diversion of oi1 by 

bubb1e barrier), the partition was removed and the fu11 one metre width 
‘of_the f1ume was used, providing sufficient channe1 width for diversion 

of the oi1 s1ick..



The Air Bubbler 

.Air was introduced into the flow through a manifold fabricated 

from 1/2" (1215 mm) diameter steel tubing with a row ot 2‘mm diameter 

holes drilled along the top, spaced l‘cm apart. The manifold was 

attached to the flume wall as shown in Figure 4.‘ The vertical air 

supply pipe was fitted with a protractor and pointer to measure the 

angle of the bubbler manifold with respect to_the flume wall during 
the slick diversion phase of the study, Figure 4. 

tor the containment phase of the study, a 60 cm manifold 

length was used to provide air bubbles over the full width of the channel. 
For the diversion study phase, a 45 cm length was used to provide the 
best balance between barrier length and channel width for effective 

diversion of the oil slick. The end of the manifold in each case 

was plugged and the intake connected to the laboratory air supply. 
. 

The air supply was controlled by passing it through a regulator 
and then through a needle point valve. This permitted the necessary 
fine adjustment of the air flow into the flume to obtain a suitable 
range of upstream velocities generated by the air bubble plume for a 

given set of flow conditions. 

Two synthetic oils, obtained from the Jetco Chemicals Co. in 

Corsicana, Texas, were used for this study. A third type was obtained
A 

by blending the two Jetco oils. The properties of the oils are summarized 

in Table l. It can be seen that the oils used ranged from a light oil 
‘ with low viscosity tola heavy oil with extremely high viscosity. 

Two crude oils were also used in some of the preliminary‘ 

»experiments until their supply was exhausted. In general, the behaviour 

was much the same as the other oils. 
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EXRERI’MENTAL PROCEDURE 

Containment of Oil Slicks. 

Containment tests were conducted in the 60 cm wide channel 

with the manifold extending over the full width and perpendicular to the 

.flow. The flow was set at a given depth and the discharge chosen to 

obtain a desirable average flow velocity. Once a steady, uniform flow 

was obtained, the surface velocity was measured with a Kent mini current 

meter. The air was then turned on to generate an upstream velocity, 

the maximum of which was located by trial and error and measured with 

the mini current meter. The upstream velocity was taken as the average 

of several measurements, but due to the highly turbulent flow conditions 

at the bubble plume, the variance of those measurements was found to be 

high. This was especially true when the air flow rate was low and the 

region with upstream flow occurred very close to the bubble mound. 

Once the upstream velocity was established,oil was introduced 

by passing about 4000 ml of it into the flow at the upstream end of the 

channel. The.slick was carried downstream where it was detained by a 

mechanical boom. :This allowed the oil to collect into a slick which 

was then released to approach the bubble barrier. ‘As soon as the slick 

reached the bubble barrier, its length was measured and the time noted. 

Observations of the slick were made to determine if it was being con- 

tained by_the barrier or not. If oil loss by entrainment occurred, the 
floss rate was estimated by measuring the length of the slick with time. 

After all the measurements had been made, the slick was allowed 
to pass downstream. Then the test was repeated with a different type 

' 

of oil, with all other conditions unchanged.‘ After all the oils had 
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been tested, the air flow rate was increased to obtain a higher upstream 

surface velocity. VThe procedure was then repeated. 

After a range of upstream velocities had been tested, the flow 

conditions were changed by changing the discharge while keeping the depth. 

fixed. "The experiments were then repeated. The test data are given in 

Table 2- 

Diversion of Oil Slicks 

The diversion tests were conducted with a 45 cm long manifold. 

At the beginning of a test the manifold was placed normal to the flow 

so that it extended from the window side 45 cm across the flume. After 

the flow in the flume was set up the air flow was switched on. A 

quantity of oil was released into the flow and observed to determine 

whether or not it was diverted by the barrier. If the barrier was not 

successful in completely diverting the oil, the manifold was rotated 

about a vertical axis at the wall so that it started to point downstream. 

The angle 9 between the manifold and the wall, i.e. the downstream flow 

direction, was measured, Figure 5a. Oil was again released for 

observation. The manifold was rotated until the oil was completely 

idiverted around the bubble plume and none passed through. The angle 

9 in that case was called emax as it represented the maximum angle 

at which the manifold could be placed to the flow for complete diversion 

A 

of oil, with the given air flow and ambient flow conditions. 

The test was repeated using the other oils. The air flow rate 

was then increased and the procedure was repeated. After that the flume 

discharge was changed to obtain a different flow velocity or a different 

flow depth and the whole series of tests was repeated.



VTable 3 sumarizes the test data for the diversion experiments. 
It would have been desirable to have measurements of air flow 

rates during these experiments. However, no flowmeter was available and 
therefore it was decided to use the induced upstream surface velocity 

as an indication of the air flow intensity. During preliminary testing, 
it was discovered that the air flow rates required for diversion were 

fairly small. This, plus the fact that the bubbler only extended less 

than half way across the flume, caused the bubble plume to be deflected 
at an angle as shown in Figure 5b, even though the manifold itself 

was normal to the flow. Measurements of the upstream surface velocity 

U$ were very difficult and very unreliable in those cases. Instead, 

measurements were made of the angle of inclination of the bubble plume, 
a, and the surface velocity along that direction Ua, Figure 5b. The 
downstream component of UaJUd coso0,was then assumed to be equal to the linear 
superposition of the surface velocity far upstream US, and the induced

' 

upstream velocity U$. Knowing Ua, a‘and Us, Um could be calculated. 
I 

All the values for U$ for the diversion test were obtained this way. 
The only exception was the one case in which the air flow rate was 
large enough that the bubble plume became almost_normal to the flow 
and there was a large region with upstream surface flow where U$ could 
be‘easily'measured. 

A number of these measurements of U5 was checked by inserting 
a piece of plywood into the flume parallel to the flow to form a 

partition so that the 45 cm bubbler again occupied the full width of
i 

the flow. The upstream velocity was measured in the same manner as in 

the containment tests. The readings agreed to within about ten percent; 
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:5; .RESULTS AND DISCUSSION 

Contai‘nment of_01'.‘_l_s.gSli.‘_A<:-lV<s:. 

The experiments usually started with the lowest air flow ratess 

when the air flow was too small the oil slicks simply passed right through 

the bubble plume on the surface. As the air flow rate and hence U$ was 

increased; the slick was arrested just upstream of the bubble mound. 

However, it was observed that vortices were intermittently generated 
on the underside of the oil slick and oil was being torn off and carried 

through the bubble plume under water. These vortices looked like tornadoes 

on the underside of the slick. These ‘tornadoes’ would grow in size 

before eventually breaking up, scattering oil droplets into the flow. 

Some of the droplets remained in the stagnation region while others 

were carried through downstream. Figure 6 shows some typical pictures 

of this situation. when the air flow was increased, the slick was 
‘pushed further upstream but the rate at which the vortices were formed 

also seemed to increase. However. with the slick being farther away 

from the bubble plume, more of the entrained droplets returned to the 

slick. These observations are very similar to those made by Jones 

(l972). It was not possible to determine any kind of critical densimetric 
Froude number as was reported by Basko (l97l)_because there was always 

failure of some kind. The oil was either lost by passing through on 

the surface or by entrainment from the underside of the slick. Of 

course, in the latter case the rate of loss of oil was much smaller. 
I 

whether or not entrainment occurred was not governed by oil layer thick- 

ness at all; 

. 
iFor the very viscous oil, no. J-3, the vortices would tear the 

oil off in filaments rather than drops as shown in Figure 7. The tornadoes 
were not as pronounced probably because of the much greater viscosity of 
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this oil. The overall behaviour_was, however, very much the same as the 
‘:other two oils. 

To obtain a measurement of the rate of loss of oil by the 

entrainment from the underside of the slick, the length of the slick was 

measured at the time it first reached the bubble plume. The slick length 

was then measured as time progressed. It was noted that the slick thick- 

nesses appeared to remain fairly constant with time. The change in 

slick length was therefore assumed to be directly proportional to the 

change in its volume. Since the initial volume which was released 
into the flume was known, the rate of loss of oil could be calculated. 

»‘The entrainment loss rates E, irIdn3of oil per second per cm of width, 

are given in Table 2. 

Figure 8 shows a plot of E versus U$ for the various tests 
with oil J-l. The results indicate that as the induced upstream

T 

velocity U$ was increased, the entrainment rate E decreased. The 
decrease with U$ was more pronounced when the surface velocity far 

upstream, US, was large. The results for the other two oils J-2 and 
J-3 are shown in Figure 9 and lo respectively. The same trend is 

indicated in these two Figures.‘ Comparison of the data shows that, 

for the same flow conditions and bubbling rates, the entrainment loss 
rates were not too different for the three oils even though their 
physical properties are quite different. The oil viscosity, for 
instance, varies from 8.5 cp to 4250 cp. The vortex action which 
pulls oil from the slick downwards into the flow is governed mainly 
by the turbulence generated by the bubble plume and the bursting of 
the bubbles at the surface and it appears that this action is not much 
affected by any viscous_damping. 
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If one assumes that the oi1 properties do not govern the 

entrainment 1oss rate, then E shou1d depend on1y on Us, U$ and g; 

Using dimensiona1 ana1ysis, one can write 

. U3 
'

A 

is = f< tn) « (4) 
U[;]3 U: 

. 

- 

. U- 
The dimensionless 1oss rate %$3 is p1otted against Um-in 

- m s 

Figure 11. It can be seen that a11 the data fa11 more or 1ess on one 

curve. The agreement is quite good considering that the method of 

measuring E by measuring s1ick 1ength was not an exact method and 

might have invo1ved errors of up to fifteen percent. Figure 11 appears 

to confirm that the physica1 properties of the oi1s are not very 
- significant as far as entrainment 1oss rate is concerned. 

- I 

It shou1d be noted that when Um-decreases to about 0.5,
s 

the 1oss rate increases very sharp1y. This seems to be the va1ue of 

Um when the oi1 begins to break through the bubb1e p1ume on the surface. 
s __. . -_. 

The f1ow depth was maintained constant at;54 cm in the C5”- 
’ 

tainment tests. Because the observed behaviour of the entrainment 1oss 
was so simi1ar to the observations made by Jones (1972) with water depth 

of 7 ft., it can be assumed that the depth had no effect on the behaviour 
of the s1ick. Of course, the air supp1y required to produce a given U$ 
may change with the depth of the manifo1d. 

I 

Diversion of Oi1 S1icks 

In these tests; the maximum ang1e at which the manifo1d cou1d 
be p1aced t0 the f1°Wa Gmaxs (Figure 5a) was measured for various com- 
binations of Us and air f1ow rate. It was discovered that at the 1arger 
air 1ow rates, the 011 s11cks were diverted around the bubb1e p1ume even 
when the manifo1d was p1aced norma1 to the f1ow, i.e- e = 90°. emax 
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was given a value of 90° for these cases and a number of these are shown 

in Figure l2. As the air flow rate was reduced, some of the oil began 

to pass through the bubble plume along the water surface but there was 

no entrainment from the underside._ By rotating the manifold to point 

downstream, i.e. reducing 9, complete diversion could again be achieved. 

Successful diversion was achieved in every case. Some typical pictures 

are shown in Figure l3. Values for emax and other data_are given in 

Table 3. The maximum surface flow velocity used was 50.2 cm/s (l.l2 

miles/hour) but there is no doubt that diversion can be achieved for 

higher velocities. 
... .. . ...t 5 «v--——— 

The results again seemed to show that the effect of using 
different oils was very insignificant and whether diversion was 
successful or not depended largely on Us and U6. Therefore, emax is 

plotted against Em in Figure l4, which shows that data for all three 

oils are much the same. Some scatter can be expected because there 
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is some degree of subjectiveness involved in deciding whether or not 
a slick was completely diverted. It can be seen from Figure l4 that 
for values of Bi larger than about 0.75, emag has reached 90° and 

. 

» 

_ 

Us 

barriers placed normal to the flow can successfully divert an oil 
slick. Even at 9a equal to 0.4, a barrier can be placed at 50° to 

S . 

the flow and still divert oil. Gmax appears to decrease linearly with 
__ 

but it is not certain whether the extrapolation can be taken down to
S 

(D 
max equal to zero. 
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hilt shouid be noted that the bubbier cannot be used successfuiiy 

as a 

the 45 cm iong manifoid was used in a 60 cm wide channei the cross 

current which was generated wouid hit the opposite wail and part of it 

wouid defiect upstream; setting up an upstream current. 
The oil siick, 

rather than passing around the piume and going downstream, was 
contained 

upstream of the bubbie piume very much iike in the containment tests, 

Oi1_1oss by entrainment from the underside then took piace. This 

problem did not occur when the 45 cm manifoid was used in the 1 metre 

wide channei. 

F 15 - 

diverter if it occupies too much of the width of the channei. 
‘when



6. - SUMMARY AND coNcLusIONS_ 

Results of the laboratory experiments show that an air bubble 
barrier can never completely contain an oil slick in a river. If the 
air flow rate is not large enough, the slick simply flows through the 
bubble plume. If the air flow rate is increased so that the slick is 
held back, loss of oil by entrainment from the underside of the slick 
would occur. However, this does not mean that air barriers are completely 
useless for oil control because it can arrest the downstream movement 
of the slick and allow time for clean up action. If the air flow rate 
can be made large enough, the entrainment loss rate may be fairly small. 
For example if Us is equal to one foot per second and Em_is equal to 2, 

«

s 
Figure ll shows that 5%? = 0.02. In this case.the entrainment loss from 

a 30 foot wide slick would be about 0.4 barrels per minute. 
Figure ll shows that the dimensionless entrainment loss %$3 

..." 
depends only on U5 and effects of oil Properties are insignificant. 

Tests using the_air barriers to divert oil show that thei 

.barriers are very effective for this purpose. For small currents or 
large air flow rates, the barrier can be placed normal to the flow and 
still divert oil around it. For larger mean flows or smaller air flow. 

- rates the barrier has to be placed at an angle. iThe maximum angle at 
which the barrier can be placed to the flow for complete diversion 
is a function of the ratio’Ei, as shown in Figure 12.. Again, oil 

. 

_ 

l Us —

_ 

properties appear to have little effect. 
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.An air barrier cannot divert oil successfully if the barrier 
"occupies too much of the width of the channel} The upstream current 

which is set up impedes the movement of the oil downstream, resulting 

in a contained slick with entrainment losses along the whole width of 
the slick. A preliminary indication is that, for effective diversion, 

the bubble barrier.should not extend more than three-quarters of the 

way across a channel.
_ 

The induced upstream velocity U$ was rather difficult to 
measure, especially when the air flow rate was small. Hence there‘ 
may be errors of up to ten percent in the absolute value of U$ reported. 
For practical purposes, the air flow rates should be used since these 
can be measured much more easily. The air flow rates could be related 
to U5 using the results of published studies.‘ 

This report gives a rough guide to the effectiveness of air barriers 
for oilaslick control. For practical situations, other factors such as cost, 
ease of deployment etc., have to be considered{ 
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..TABLE.TI.IOILTPROPERTIEST 

_ 

.. 
‘ 

'., .,
_ 

0171 Type gegglgy vésggfgty cP :i‘nterfacia1 tens1'_on 
.' .. ."@.20‘.°C" dyné,S/Cm. 

J-1 .0.8738 8.49 38.7 

A 

J-2 0.8773 29.35 41.6 

.J-3 0.9590 4250.0 86.1 
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TABLE 2. DATA FOR CONTAINMENT TESTS 

cma Entra1"nme‘nt =Loss Rate E §EE—C—[fi. Eg/,l,J'-$5.3 . 

N 

H cm Usvcm/s Uth cm/s U’;/Us 01'] J—1 ' 01'] J-2. 01'] .4]-3 
N 

01'] .1-1 Oil J-2 01'] J-3 
2 64 15.0 13.0 1.20 0.53 0.70 1.13 .114 .113 .199 
.54 15.0 24.3 1.55 0.50 0.70 — .039 .045- - 
'54 15.0 32.5 2.17 30.45 0.57 1.07 .013 .019’ .031 

54 0 15.0 33.0 2.53 - 0.53 ~ 0.93 - .012 .017 
N 

54 ’22.2 ‘15.0 40.57 2.0. 2.53 .531 .735 .770 
54 22.2. 22.5 1.01 1.77 2.03 2.92 .152 .179- .252 

22.2 27.5 1 24- 1.17 1.43 _ 1.45 .055 .053 .059 

. 54 23.0 13.5 0.43 = 4.43 5.95 - 1.79" 2.35 - 

54. 23.0 15.3 0.55 3.43 43.334 - .353 .955 - 

54 23.0- 0.77 2.91 3.53= 5.33 .237 .353 .575 
54 I 23.0 30.0 A1.07 . 2.15 »3.57 - .079 .133. -



' . TABLE 3. DATA FOR 70IL_DIVAERSI0N TESTS. 

emax (de9rées)A 

H on 05 cm/s u$ cm/s u$/us 011 J-1 A011 042 011 J-3 

54 31.0 19.9. 0.54 .85. 
A 

;A82.54 89 

54 
A 

31.0 23.2 0.75 90 ~ 90 90 

54' 31.0»'“ 715.8 H_ 0.54 
_ 

57.5 
7 55 A 68 

54 25.5 A 14.9AA 0.55 79 
A 

79 79 

54 
7 

25.5 19.3 0.73 90_M7 90 86 

54 20.0 
_ 
11.5 A 0.58 90 90 90 . 

45 50.2 . 28.0 0.55 70 50 58 

45 50.2 25.7 0.53 70 59 40 

45 50.2 23.8 0.47 50 55 54 . 1 45 50.2 . 20.5 0.41 55 48 48 

45 ’38.0 21.5 0.57 '80 77.5 58 

45 ,38.0 23.0 0.50 80 77 68 
A 

45 38.0 26.8 0.71 85 85 82 

45 30.0 A 

23.5 0.79 90 90 
A 

90 

45 30.0 21.8 0.73 90 A90 85 

45 30.0 20.0 0.57 82 ‘80 75 

45 30.0 
77 _15.5 0.55 = 58 58 58 

45 
' 

19.5 
A 

kV15.2A ' 

0.77 90 
A 

90 90 

45 19.5 
' 

15.1 ‘0.83 90 90 90 

45 . 19.5 12.5 ‘0.55 '84 84 
A 

84 

45 19.5 732.8 1.58 90 90 - 907 
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FIGURE 2. CURRENT ~PATTERN GENERATED BY A VBUBBLAE 
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