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PREFACE

This report contains a description for the concebt
developm~nt of a peumatic barrier system for a heavy duty
cil containment system. The study was conducted 2t the
Hydromecharics Laboratories of Texas A&M University under
a sub-contract with Texas A&M Research Foundation.

A great number of personnel participated in thevstudy
Qf this complexity. The following staff members were~éuper-
vising the tasks mentioned herein:

Dr. L. Bagnall - Pneumatic Supply

Dr. E. I. Bailey - Design of the Barrier

Dr. D. R. Basco - Hydromechanics of Pneumatics and
Model Study

Dr. C. J. Garrison - 0il Set-Up by Current
Dr. C. A. Rodenberger - Systems Studies and Plans
Dr. R. M. Sorensen - 0il Set-Up by Wind

Dr. D. Webb - Materials Studies

In addition, other staff members participated in the
study: Dr. W. Burton, Dr. N. Hale, Dr. A, Meyer, Dr. T.
Ichiye, and several graduate students: J. Machemehl, E.
Spencer, W. Song, M, McClenen, E. Rudder, D. van Reenen,
as well as several cocperative students: M, van Bavel, Miss
R. Duke, D. Stockard and many other undergraduate students
whose names cannot all be mentioned here. Ira J. Young

assisted 1n laboratory testing.




The study was under the general supervision of Dr. John B.
Herbich. The liaison between Wilson Industrie~ - ‘iexas A&M
University was provi&ed by John Hudson and Joe Nelson. Lt.\
Douglas Teeson was technical representative of the United States
Coast Guard for Stage I of the heavy duty oill containment syster .

The information found in the following report is not neces-
sarily the sole product of the individuval with primary respon-
3ibility on each reépective task. It would be an aimcst
Insurmountable task to separate each contributed piece of
information from a compiled and finished writing. Thus, data
produced in these pages reflects effort by all personnel involved

in this contract, whether or not their names are attached to each

report.

Final report edited by,
John R, Houser
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CONCEPT DEVELOPMENT OF A
PROTOTYPE HEAVY DUTY OIL CONTAINMENT SYSTEM

Section I

Introduction and General
Description of
Proposed System
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I~TI, Description of a Proposed System

The pneumatic barrier was conceived atout sixty
years ago as a device which would attenuate ocean waves by a
curtain of alr rather than by reflection or absorption of
energy by the masslve stiructures customarily used. It con-
slsts of a perforated plpe through which compressed alr is
forced. As the alr bubbles rise they lmpart a drag to
adjacent water particles resulting in an upward motion of the
air/water mixture. When this mixture reaches the surface,
the alr escapes, while the flow of water branches into two
horizontal currents, as shown in Fig., I-I-1. While the
turbulence 1induced by thils system produces some attenuation

of the waves, 1t is usually considered that one of the hori-

zontal currents, opposing the incomlng wave, results 1n breaking

of the wave and consequent turbulent diffuslion of the incident
1,2

wave energy = ’3. It is through this wave attenuation and

horizontal current that the pneumatlc barrier could be used

as an oll spillage containment system,

1, Concept Identification

A pneumatic barrier 1s a bubble scieen formed by passing
compressed alr through a submerged, perfcrated pipe. While
rising to the surface the alir bubtles induce a vertical
current. The vertical current produces a circulation of the

water, the horlzontal currents move away frcm the barrier neagr
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the surface. Two symmetrical branches of the horizontal

surface current are formed, one moving against the cil
spill to contaln 1t and another in the opposite direction,
which may (if of sufficient strength) produce scme attenuation
of incldent waves,

By deéigning the pneumatic barrier in such a way that
the number, place and depth of submergence of the pipes,
size and number of perforations, volume and pressure of
compressed air meet the requirements set for the purpose,
the barrier can be applied as an o0il containment system.
(Fig. I-I-4).

The barrier will consist of a pipe or pipes made of steel

submerged at the required depth. The compressors could be

located aboard a chip or a floating platform above the barrier.

(Fig. I-I-5).

There are two main advantages of the pneumatic barrier:

(1) It can be located below the alr-water interface,
thus reducing the magnitude of forces due to waves;

(11) It will allow ships or other craft tc cross the
barrier without remcval, or shut-down of the barrier
(Fig. I-I-6).

The pneumatic barrier may also be installed permanently

around the offshore oll platforms and operated only when needed.

For temporary installation the pneumatic barrier may

easily be deployed and retrieved,

In estuaries, the pneumatlc barrier may be turned on

during flood tide to prevent o0ll from penetrating into the

-4 .
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FIGURE I-I-2 i

CRUDE OIL SPILI, AT SEA
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IGURE I-I-3
CRUDE OIL SPILL AT SEA
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estuary and 1t mey be turned off during the ebb tide to permlt
01l or debrls to leave the estuary. Floating debris can not

cause the pneumatic system to fail.

2. Flela Installations
The pneumatlc barrier has been successfully used 1ix

Kornwerderzend, the Netherlands, to prevent salt water
infrusion in existing navigatlon iocks. A most dramatic
application 1s also In the Netherlands at the four locks at
IjmuidenG. During every complete lockage of the largest of
the four locks (measuring 1200 x 150 x 44 ft.) some 3,000
tons of chloride entered the North Sea Canal before the
pneumatlc barrlers were installed. It has been found that
by using 210 cubic meters of atmeospheric 2ir the salt water
intrusion was reduced by 50 percent.

In addition tc preventing the salt water intruslon, the

penumatic barrier 1s said to be effective in separating floating

matter from areas to be kept clear of pollution; repelling
surface layers of oil, log floats, driftwood and drifting ice.

OQutslde of zctual installaticns in the Netherlands,

the pneumatic barrier to contain oil has not been evaluated
in the laboratory or in the field. Following the Torrey
Canyon accldent, a 1200-ft, long pneumatic barrier was

7,

placed across the mouth of the Helford River to try
to prevent 1lncoming oill, However, thae oll never reached
the river mouth and the performance of the system could

not be evaluated.

A 500-ft. long alr curtaln was installed across the

e - —— s~ —— A vt |
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entrance to the boat basin at Santa Barbara, California.
The manufacturer of the installation9 claimed that the
pneumatic barrier divided and separated the oll slick 15

feet to either side of the barrler.

3. Large-Scale Model Tests

10 conducted

The Army Transportation Research Command
large-scale model tests of a pneumatic breakwater. The
feaslibility of pneumatic wave attenuation was evaluated in
this study for the two following military applications:

(a) To produce a relatively calm area immediately
surrounding o cargo vessel. The air to be supplled
by portable compressors temporarily installed on the
vessel during discharge operations.

(b) To produce a relatively calm passage through surf
to permit small crafts to approach the beach without
the danger of broaching and remain in the breaker-

free zone produced by a pneumatic barrier.

The studies were conducted in a two-dlmensional wave

channel ir water depths between 7 and 16 feet with wave heights

-

of between 1 and 5 ft. which approached the near shore fiecld
conditions.

The major concluslors of the study were that the large-
scale model tests Indicated that approximately 1/6 less air
horsepower was necessary than was predicted by small-scale
tests and that carge discharge capablllty should 1ncrease by
approxlmataly 2 percert for the case of 50 percent wave

attenuation produced by the pneumavle hreakwater.

- 11 -
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4, Need for Study
There was sufflcient evlidence, both [leld and laboratory,
to indlcete that the pneumatic barrier snould be considered

as an alternative to any mechanical barrier for use at sea

under certain, spe~ified environment _ondiclons.

It was also evident that hydrod mamic analysis as well
as experimental model tests, both small and large scale, were
needed to evaluate the effectiveness of the pneumatic barrier

under specifled sea conditions and to provide sufficient
information to permit design of a pneumatic barrier

to contaln oil.

5. Previous Engineering Studles to Evaluate Basic Concepts
There has been llttle theoretical work published as to

the reason why the pneumatic barrier is effective in attenuating

4
deep-water waves. Tcylor suggested that the damping of waves

is caused by tiie horizontal current which spreads cut from the
reglon where the vertlcal current induced by the rising bubbles

reaches the surface., The bubbles themselves do not dampen the

waves any appreciable amcount, as tne change in densify in the

bubble region is very small. One part of Taylor's thecry was

concerned with the thecretical predictions of the surface-
current veloclty renquired to stop waves of glven length. The

second part provided‘a method of computing the surface currents

induced by a curtain cof alr bubbles.
The experimental wcrk conducted by Wetzell, Straub5,

BowersS, Tarapore5, and Herbich3 indicates that if the maximur

veloclty 1s measured at a dilistance of one water depth from

- 12 -
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the barrier, then the agreement hetween theoretical and
experimental values 1s good, However, the theoretical rela-
tionship between the generated surface current and the air
flow rate could not be verifled experimentally as the
measured syrface current was considerably smaller than that
predicted by theory for a gilven alr discharge.

Based on theoreticai and experimental studies by many
researchers, 1lncluding Evanslo, Radionovll, Dmitriev 2 and
Herbichz, it appeared that a pneumatlc barrier would be
feasible from an engineering viewpolnt and that it will
be effective 1n containing oil at sea.

More recently,Sjoberg and VErnerl5 conducted a study on
the application of pneumatic barriers to stop the spreading
of oll on water. This particular study proved to be quite
helpful to the investigations conducted at the Hydromechanlcs

Laboratories of Texas A&M University and permitted a number

of short-cuts in the experimental procedures.

6. Environmental Conditions Imposed by the Sponsor
Heavy duty system: Upper limit for effective performance
1. wind: Hourly average 40 mph at standard height,

The corresponding wind speed at any height below
10 m can be fourd using the following table:

Height above mean Percentage of 10 m
water level, meters windspeed

0.5 65

1.0 72

2.0 79

3.0 8

5.0 g0

- 13 -




See previous table for speed at any height,

Gusts up to 60 mph can be expected, lasting no longer than 5

seconds eacnh hour.

Wave conditlons are specified as follows:

TR e v — - " e

Waves:
Deep Shallow

Parameter Water Water
Significant height, ft. 10 10
Significant perilod, sc-. 7.5 6
Average helght, ft. 6.4 6.4
Average period, sec. 6.3 -
Average length, ft. 134 100
Range of periods, sec 3.4-12 _——
Period of energy 8.9 _—

maximum, sec,
Helght of highest 1/10 of 13 -

waves, It
Current: Sea current (uniform over depth of barrier): 2 knots

Heavy duty system: Upper limit for physical integrity
1. Wind: Hourly average 60 mph at standard height. See table

atove for speed at any helght.

Gusts up to 90 mph can 5e expected, lasting nc longer

than 5 seconds each hour,

2. Waves: Wave conditions are gpecified as folliows:

Deep Shallow
Parameter Water Water
Slgnificant height, ft. 20 » 20
Sigriticant perlcd, sec. 10 &
Average height, ft. 14 1h
Av:rage period, sec. 8.6 -
Average length, ft, 250 200
Range of perlods, secc, 5-17 -

12.1 -

Perlod of energy
maximum, sec,
Height <f highest 1/10 of 28 --

waves, ft,.

- 18 -
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3. Current: Sea current (uniform over depth of barrier):

Review of the above conditlons 1ndlcated that some
discrepancies between the values given above and these
calculated existed. However, the Sponsor indicated that
the values.supplied should be used to provide a common
basis for systems design and model testing.

The calculated values were as follows:
(a) Wave Conditions Specified:
Deep Water
Assume significant wave helght, H of

1/3
10 ft. 1is correct.

3 knots




Calculate average wave ht. ft.

H=0.625H, ,. =6.25 ft.

1/3

Calculate height of highest 1/10 of waves, ft.

2,03 = 1.27 H. ,_ = 12.7 ft.

H o = 1/3

For H1/3 = 10 £, Tpeon = 6.2 sec.

T = 1.24 Tm = 7.70 sec.

1/3

Ly = 5.12 (6.2)2 = 197.0 ft.

Upper Limit for Physical Integrity:

Deep Water

Assume significant wave height, H

is correct.

Calculate average wave ht., ft,

= C.6 = 12, t.
H 25 H1/3 2.5 f

1/3

o~

of 20 ft.

Calculate height of highest 1/10 waves, ft.

H = 2,03H = 1.27 H. _ = 25.4 rt.
1/10 3H et 1/3 2
For H1/3 = 20 ft., Tpean = Q.4 sec,
=1, = 11.68 )
T1/3 1.24 Tm 1 sec
2 2
L =5.12 T° = (5.12) (9.4)° = 452 rt.

- 16 =
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(c) Definitions

N

. Significant wave ht. - The average height of

‘one-third highest waves of a given wave group. .

(> 100 waves).
Significant wave period - Period of the one-

third highest waves within a group.

- 17 =
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7. Proposed System

Tu2 pneumatic barrier will consist of a manifold pipe
made of steel and submerged at the required depth, air supply
umbilical pipes, and compresscrs for providing the required
amount of air at the desired pressure.

The main man.fold pipe relsasing air to produce a nenu-
matic barrier will be located about 25 feet below the water's’
surface. The hole spacing along the main pipe was determined
in the hydrodynamics tests and was recommended to be six to

12 holes per foot of pipe. The hole size required will be

between 1/32 and 1/16 inch. In the same part of the study, the

air flow was determined to be in the range of one cubic foot
per second per foot length of pipe. This rate of air flow

would produce a surface current of five feet per secord. The

power requirec at the manifold will rarige between 5 and 12 horse-

power per foot length of pipe depending on the overpressure
in the pipe. Frictional losses in the supply pipes are con-
sidered negligible so that approximately the same power will
be required at the compressor.

Initially, a flexible P.V.C. pipe was considered for the
manifold pneumatic barrier. After serious consideration, it
was decided that the pipe should be rigid to facilitate con-

~trol of placement and floatation level and to provide the

- 18 -
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to the plpe with 35-fool lorg nylon ropes.

The Heavy Duty Syuter will te stored in four subsystem

Package I Machinery - This package will consist of a tur-

)

bine-driven compressor, a machinery hull, 3z cradle, and a
rallet.. The =stimated weight w~ill be 21,000 pourds.
Package II - Inflatatle rutdter fuel Canks.

ckage 111 - Bubile Screen - This package will contain a

complate set of 20€ fea=l Of pipe sections, Llamns, ore umbili-
cal, and floats. Appicximete weight is 3,009 pounds

Pzckage IV - Mooring - This pacdags will oatain four
anchor 3n2 =ocrirg lines te connect the tubble generators,
and machinery hulls 2s sheowr in Fig. IXI. [Ti.8. Approximate
-ueight is 12,8CC poumds.

Ai] rackazes will bhe secured to standard C-1335 ajrcraft
r2ll=ts. The packages will be removed fram storags and Trans-
ported to th2 £-137T zireraft Dy 2 23K aircerzaft cargo loading
track Fig., YXI . I.12. The packeges will be grcung winched onto
the C-130. Three z2ircoraft Xill be reqiired for sact. 220 foot

wodule of Tutile Jarrier. The ziroraft will 1y to an 2irvort
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8 buey tender. Packages I and II will be set in the water,
Jet fuel tank trucks will load 120,000 gallons of fuel into
the fuel bags. This is an eight day fuel capacity. Esti-
mated time for trancvort and loading will be two to four
days depending on the availability of buoy tenders.

Because of the towing characteristics of the fuel tank,
the tenders will require six to 24 hours to reach the spill

cite.

8. Adaptability of the System

3

he o0il containment system should be designed for a
number of possible co-iinations of waves, currents and
wind. Two such combinastions are selected as an example as
shown in Fig. I-I-7.

(2) <Zeas2 1l

the 0il %o be c¢ntained. The pneumatic barrier couid te

care the waver ang wind are coming from one

guzrter znd the ~urran® Trom the opposite directior to the

The rneamatic parrisr mast encloss the oli spill in
sk o3 ute.

e evat.m T Aamperatrinlia ogrd b oy f'iﬁf‘ sciip 1t f"i

SR S¥WSsTem I3 comrntidla Wit @XISUing equlipment and
doezigsred fo o thot it ocsr ne darloyed, whoeily or in part, by
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Current

U. S. Coast Guard

Ship '
Wind ]
Pneumatic |
barrier

Case

VR A et N 44 M B b S e T e 8  ens 8

Wind

AT R e

Current

T e rd nats SR poret e e 1AS
o7 Sl s

Cross section A-A

F16G. I-1-7 PNEUMATIC BARRIER CONTAINMENT SYSTEM
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any of the exlisting ships or alrcraft of the U.S. Coast
‘umard,

9, Emphasis on Unique and Significant Features of Design
The pneumatic system wlll be easily deployed and
retrieved.. The system can be operated by compressors on
board existing ships or from floating platforms or barges

placed at the site of the spill., The pneumatic system
will allow ships or other craft to pass over the barrier
without causing removal or shut down.

Additional side benefits are that certain amounts of
wave attenuation will be achieved of the order of 5-10
percent, If environmental conditions are less than those
specified, a ruch greater wave attenuation may be expected
which will permit an easier and more efficient way of

disposing of the oil from the contained area,
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10. Summary

A pneumatic berrier concept has proven to he a most
effective oil containment device to operate under environ-
mental conditions specified. Its effectiveness was demon-
strated ip the laboratory at various water depths up to
7.5 feet. The air, power, etc. reguirements have been
based on the experiments1 studies. Since the tendency of
the air discharge and power resguirements decrease with the
increase in model size, it can he expected that tﬁe air and
power requ’.sement may be rur.ner reduced for the prctotype
installation.

Tho meet demanding envirc:mental reguirement is the
2 knot current. If the current i< ~educed to 1 knot, the air
discharge and horsepower may be - luced from 1 cfs/ft to
0.5 cfs/ft,and from approximatelv .0 EP/ft. to 4.0 HP/ft.,

assuming one atmosphere overpressu.~ in the manifold

located 30 f+t below the surface.

- 24 .
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I-I1, Research Conducted

The engineering study to develop the basic design

concept involved determination of the following factors:

1. 0il set-up by wind

2. 0il set-up by current

3. Hydrodynamicc of the pneumatic system

(a)

(o)
(c)

)

minimum surface velocity to contain
oil

optimum depth of pipe submergence

optimum pipe size - orifice area
combination

air discharge, pressure discharge
head,and power reyuirements at the
orifice

4, Pneumatic supply

(a)
(b)
(c)
(d)
(e)

N WU

=-J

supply pipe

fluidic devices

compressor and prime mover
system strength

physical characteristics

Deployment capability
Reliability standards

., Maintenance

8. Cuitability




1. 0il Set-Up by Wind

The two-dimensional wind set-up of ©il retained by a
barrier was investigated analytically and experimentally.
The results may be incorporated with results of the
investigation of set-up of o0il by currents to give the
total set-up due to the combined 2ffects of wind and
crrrents.

The thear stress, To s at the air-oil interface may

be written
T = pwU (II—l)

where P is th= dersity of water, U is the wind speed, and
C is a drag coefficient that will vary with the surface
roughness. From the equation of hydrostatics applied at
the barrier; a summation of horizontal forces on the oil

wedge; and the above equation for wind stress the following

‘equations were developed.

/2 L 2 U° L o
- W (11-2)

Ve e, (1-py/p) Veo, (1-py/e )

da
0

Here, dc is the set-up at the barrier, L i: the oil fetch

length, po is the 01l density and g is the acceleraticn due
to gravity. This indicates that tiie oll wedge is parabolic
in shape and that th volume of cil retained per length of

barrier, V, is:

- 26 -
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The equation for set-up can also be written

U
/ —_ .
a_/L = f2c p./Pg (II-4)

I

Vig (1 -0 /o)

which shows that the dimensionles: cet-up, dO/L, depends

upon a Froude number, Uﬁ[ig (1 - po/pv) , and the drag

coefficient, C, which is constant if no waves are generated
in the oil. _

Plcts of these values as a function of oil viscos-
ity are presented in the main report as well as plots of
set-up for all oils, wind velocity data, etc. Plots of
set-up of oil as a function of distance along the oil
wedge indicate that the wedge shape is parabolic and accord-
ingly that volume predictions based on this are satisfactory.

In order tc combine these results with current effects
it is necessary to present an overall design wind stress
equation. Using an envelope curve for all test data yields:
6 0 2

T =6.9 x 10 U {11-5)

o} w

for the air-oil interface stress including waves. Again,

th: wind velocity is for an evaluation of 0.7 ft.

- 27 -




Tests were run with three oils having the follewing prorer-.
o B hy s

ties.

i Yo. Viscosity (centipoise) Stecific Gravity
1 _ 388 0.888
3.7
3 96 0.2911

[t
<

Each 0il was placed in the 2 ft wide by 2 ft deer by

120 ft long wind-wave flume with 14 or 18 inches of water

O S b Mt e S ra st A ma G me s b e

B and subjected to a range of wind velocities. The oil wedgs

thickness at a retaining barrier ond st 10 foeoot intervals

upwind from this point was measured with a point gage

;? and a specially designed stiiling well. Wind velocities

were measured at 0.1 ft intervals along a vertical line at

the tank center and 5 ft upwind of the bLarrier. A reference

velocity at 0.7 ft elevation was used for the flume e¥peri-

ments and was found tc be related to the velocity st 10

meters elevation by 1.75 UO.? = UlO'

e omamn L

Below a critical wind velotity, Uc, the set-up of o0il of
any viscosity and density (less than 1.0) is given by

- -3 p; . U
d /L = 2.3 x 10 \/:_ (11.6)
o gl (1 - po/py,)

For U = Uc when Javes cause an excess surfice stress.

O iatsinp § it s nit g e I

. e w
Ot .
)t

=N

Nl e N S o
et At Tttt

=

P RO ratn, £ i - e v g Mt

L 2BL Py

I
d =2.3x 103 W U+ U-U
© P8I - po/py pe8s(1 -0 /o ) ( )

(11-7)




? wiere boand U have the foliowing values

0il No. 2.1&..1.96 u, fps

1 b3 32.6

> 7.7 11,7

24,0

[PV
-]
=
.
"

- 29 -

i
-
{
=
!
N
e




U SRR gyl

2. 011 Set-Up by Cvurrent

The purpose of this research was to investigate the
0il set-up due to current. More specifically, the cbjective
was to study the behavior of cil flosting on water and held
in place by a barrier while the underiying water flowed past.
Of particular interest was the o0il gecmetry ss a func-
tion of current velocity, oil density and viscosity. Also,
a quantitative description of the entrainment of the oil
by the flowing water was of interest.

- The need for the s:udy results from the need for a
knowledge df the depth of the oil at the barrier. This
set-up Gepth (as well as that contribution due to wind)
is the primary consideration in the determination of the
2ir requirements of the barrier. The entrainment of the
oil by the flowing water is also of interest as a mode of
failure of the barrier.

The specific objectives of the task concerned with oil
set-up due to current was: (a) to determine the complete
description of the set-up configuration 2z a function of
current and fluid properties, (b) to study the entrainment
of the oil due tc the flowing water,.

When an oil layer is subjected to a current and held
in place by a fixed barrier, the resulting layer configura-
tion appears similar to that shown in Fig. I-II-1. Three

separate regions of the layer may be identified wherein the

resulting configuration 1s dependent on different mechanisms,
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And, as a conseguence of the different controlling mechan-
isms, it was inpossible to model the complete flow phenom-
ena zt one time because Froude and Reynolds laws cannot be
satiefic~d cimUlldiicuuwoly. 1ne general approach was to
study the flow in parts by use of a semi-empirical theory.
Once the experimental constants were evaluated the theory

was extended to calculate prototype set-ups.

Region I

The shape of the head wave region (or Region I) is
considered to be controlléd primarily by gravity and
inertia forces. Accordingly, a dimensional analysis of

the variables involved indicates that the single dimension-

less number, which is generally called the densiometric
Froude number, should describe the flow,

U2
- ¢ (11-8)

1
gb (1 - Lo
Puw

where U is the current velocity, g = 32.2 ft/secg, b denotes
the head wave thickness and;h and p, 8re the density of
the oil and water, respectively.

In order to evaluate the constant occurring in eguation
II-8, a series of tests was conducted. using oils of various
densities. The head wave thickness and current velocities
were recorded and the results of these tests were plotted

in the form of U° versus gb(1l - po/gv).

- 32 -
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A straight line drawn through this data shows that the
constant has a value of approximately Cl = 3.5. Thus,
equation II-8 is plotted in Fig. I-II-2 showing the head
wave thicikness as a function of current velocity for oils
of various specific gravities.

According to the laws of dimensional analysis, it is
expected that the head wave would have a fixed shape
independent of velocity or oil density. This shape Eén
be demonstrated by plotting the coordinates of the head
wave profile made dimensionless with the thickness, b.
Although considerable scatter can be expected in this kind
of plot, a characteristic shape does exist and is shown
in Fig. I-II-3. According to the figure, the neck of the
head wave occurs at approximately x/b = 13 and, therefore,

Region I may be considered to extend to x =13 b.

Region II

The geometry of the oill layer in Region II indicated
in Fig. I-II-1 (i.é.) in the region where values of x >
13b, depends not only on gravity and inerfia forces but
also on viscous for~es. The action of the water flowing
vnder the oil layer causes a gradual build-up of the layer
tnickness with distance along the layer. This viscous
shear stress at the interface is just offset by the gravi-
tational forces tending to cause the oil layer to spread

in the direction of the flow.

In order to describe the oil layer in Region II a

- 33 -



-
{ I R
8 o eindppolt ButeinBin oV BE Lo g

2
sy o9

<ot S A

Sdpmelds ¢

TS
;

b= ¥
35901~ €, 7 GG}

b1t

U~ fi./sec.

FIG. HEAD WAVE THICKNESS
I[-1I-2




O
A ©
N
JEREERE
1 6 o oo oo )
; =
L1 8 8B p ¥ o —
£l @ o P | o LW
(¢ 4
Q.
s W !
2|l o m e ﬂ N = W i
2lo 90< ox £ '
. o o
e T S 2
T}
o =4
o
e % FEIRERUIDRS WUPSSUTTRINY FSR Iy iy
o |
G »
| o
) sfxf,.c... . S— = c b~
q d v
d IT < °
T [ Y
O
| S PRI P o dr . o
N © ® © o~ (-] «@ 0 < «~ o
o~ o - - - - - o o o O
3 a‘ﬁa




momentum analysis was applied to a control volume which
included the hydrostatic pressure forces and chear stresses
due to the under-flowing water. The result of thio analynis
yields the following relationship for ifhe o0il layer thick-

ness as a. function of distance along the layer:

h = U2(X - 13b) Ci N
g o (1 - P0 ( ~U——-—————5x'13b)1/n X
Puw Pw
where:
h = 511 layer thickness
U = current velccity
po = density of the oil
Py = density of the water
g = 32.2 ft/sec2
b = head wave thickness
Qw = kinetic viscosity of water
Ci = shear stress coefficient
n =5.0
Ty = wind shear stress at the free surface

The two unknowns, Ci and n, occurring in equation (II-9)
were introduced by assuming the following form for the

shear stress at the ovil water interface:

- 36<
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T, = Shear stress at the oll-water interface
C, = Shear stress cocfflcient

n = constant

This form of the shear strecc law is vallid for flow past a
flat plate wlth c, = 0.058 and n = 5.0, In the present casc,
however, the equation . .was applied t£o fthe experimental data
from the model tests and C, and n were adjusted until the
equation fit the data. Inlthis manner a correlation between
Ci and current velocity was determined and is presented in
Flg. I-II-4. However, n was found to be equal to 5.0 as in

the case of flow past a flat plate.

Prototype 011 Set-Ups

' The complete geometry of the oil layer is described
by a combination of the head wave shape présent in Fig.
I-II-3, where b is given by Fig. I-II-2, along with equation
ITI-¢ which describes the oil thickness in Region II. Using
these resul%ts, the oil cet-up corresponding to the prototype
cenditions of 0.5, 1.0, 1.5, 2.0 and 2.5 knots are presented

in Fipures'I-II-S'through II-9,
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Entrainment

At vater velocities above 1.6 ft/éec, failure by
entrainment pecame tignificant. The waves aleng the oil-
water interface appeared to bé unstable and theve was a
continuous formatiocn of liguid particlés 2long the intcre-
face. The partiglesvhad a core of water surrounded hy
a layer of oil. These particles had a deqsiily very near
that of water and most of them flowed Qnder the bharrier.
Those which were retaincd by the borrier were persistent
and formed an oil~water froth behind the barrier. The
failure rate due to the particles flowing under the fixed
vertical barrier was significant.
at a water velocity of 1.95 ft/sec indicated 2 loss rate
of' about 0.5 gZal/min per foot of barrier length.

Entrainment tests were run with SAE 10 motor oil and
with diesel fuel with similar results.
was the size range of th particles. Using SAE 10 oil

the range of diameter was 3/8 in. to 3/4 in., while with

diesel fuel it wss 1/8 in. to 3/8 in.

- b -

Failure rate measurements

The only difference
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Results and Conclusions

A theoretical and experimentai study has been made of
the oill get-up due to current. Thé oii layer has been
broken into two resions, a head wave region wherein the
01l layer orofile is controlled primarily by viscous and
inertia forces. The thickness of this layer is described
by the densiometric Froude number given as equation II-8.
The characteristic shape of the head wave is shown in Fig.
I-I1I-3.

A semi-empirical theory was deVeloped using the form
of the shear law fof flow past a fiat plate and the coef-
ficient and exponent occurring therein was evaluated
experimentally. The shear stress coefficient was found to
increase with velocity and approach the limiting value of
that associated with the flat plate for very low veloclity.

Using the results obtained from the model tests and

the semi—empiricél theory, the oil layer configuration

was calculated and plotted for oils of various density

and at prototype current vclocities of 0.5, 1.0, 1.5, 2.0
znd 2.5 xnots. These results, presented in Figs. I-II-5

to II~-9 are one of the primary results of the study on oil
set-up by current. These results shdw that for the casu
of light oils and low currents the set-up depths are guite
reagonable. However, as the current and density of the
oil increase the set-up depth increases quite rapidly.

Tests at water velocities greater than 1.6 ft/sec

- U5 -
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3. Hydrcdyrarmics of the Pnzumatic System

An air buhtle released below the surface of a liquid
sueh as wa“er will rise to the surface because its buoyar ®
ferce is sreater than the combination of fluid drag on the
bubble and its weight. As the bubble rises it drags water

alcng with it creatinc an upward flow. At the free surface,

1

the air bubble dissipates itself, However, the upward liguid
momentum is deflected and causes a suwfaze current. If a
nurber ¢f small bubbles continucusly flow from a submerged
duct, a steady surface current can be used tc oppose the
votential energy of cil of a given depth. When equilibrium

is establ

’.—Jo

shed, the oil is essentially contained by the

bubble generated current. This forms the basis of the pneu-
matic (air) barrier for oil containment. The objective of
this task is to determine the relationship between the
guantity and manner of air bubbles released and the kinematics
of the generated surface flows, i.e., the "hydrodvnamics of
pneumatics".

Review of the literature indicated that most of the research
work, both laboratory and in the field, was limited to the
idea of using this system to attenuate weves, hence the name
of the "pneumatic breakwater". The only reference pertaining
to the studyv of o>neumatic barrier as an oll containment cdevice
is fairly receut and is described in Referencs 15.

However, the theoretical work conducted on the pneumatic
breakwaters is applicable to the pneumatic barrler svstem and
was fully utilized in the study at Texas A&M Unlveursity.
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SURFACE CURRENTS PRODUCED BY A PNEUMATIC BARRIER.

Taylorao used an analogy betvween th2 hot alr flow from a
heat source ancd the vertical current induced by the air bubbles.
He found theoretically that the vertical current, Umax {See
Fig. I-II-10 is related to the unit discharge rate of air, q

by the following relationship:

Unax = K (89)1/5 (II-11)

the gravity constant

wiere: g
K = an experimentally determined constant.

The constant K was found to be about 1.¢ from the hot air

analogy tests. If no energy loss occurs when the flocw momentum

changes to the horizontal direction at the surface then the

theoretical surface velocity as determined by Taylcor becomes:

Upax = 1.9 (20)}/3  (Tneoretical) (1I-12)

Since 1955, many experiments have been performed in the lab-
oratory and at prototype scale to determine the constant in
BEquation II-11. Those felt to be most significant have been
plotted as Figure I-II-11 which aliso includes Taylor's
theoretical result. Although tre general trend of all
experiments is similar, there was a wide variation in K values
ohtained. There are many reasons for the variation in the
values of constants, but many involved inconsistencies where

the current was measured and some were due to "scale effect"

and experimental error.

- U8
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Bulson (1)* recognized that tha volumetric alr flowrate
G, depended on the atmospheric pressure head, HO and the
manifold depth H, He defined 9, as the unit a.r flowrate of
"free" ailr delivered under one atmosphere of absolute pres-

sure head, i.e.

g, = a (1 + ) (11-13)

Substituting the above in Equation II-11 gilves

Unax = K (gqo)l/3 (1 + %—)_1/3 A (I1-14)
(¢}

Bulson experimentally deduced K to be about 1.46.

A recent report by Sjoberg and Vérne£15)confirmed the
work at Delft (22) and by Dick and Brebner (23) and obtained

a K value of gpproximately 1.3.

Surface Velocity Decay

The horizcutal surface velocity, Umax was found to decrease
with increased distance from the manifold centerline. Due
to the eruption of air bubbles the maximum Uhax usually

occurred between O0.3H and 0.6H (1) (5) (14).
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

The TAMU Hydromechanlcs Laboratory tests were conducted

in four separate flumes in order to study a wlde range cf

water depths and test section wldths. Since any water depth
could be employed for the tests, the flumes have been desig-
nated by thelr width for this task report. All tests in the

two-foot wave tank and eight-inch flume were conducted with a

one-inch nominal diameter manifold. Tests in the deeper 57
five-foot and 18-inch flumes used a two-inch manifold pipe.

The orifice spacing was 24 holes per foot for all tests.

TEST RESULTS

Surface Currents Under Stagnant Conditions

Effect of Water Depth

The experimental results were obtalned for Umax as a

function of g for four different water depths tested in four

different flumes, Inh all tests Upax Was measured at x/H

about 0.5 with 1/16-1in. diameter holes. The trends in all

cases followed the theoretical slope and the constant K g{
appeared to increase slightly with water depth. The one
exception was in the wlde (5 foot) flume when there appeared
to be very little change of Uhax with increased manifold
depth, H. These results are summarized in Flg. I-II-12. The

narrow, 18-in. Ilume might possibly explain the increase in

Unax at this depth. Further tests at prototype depths (25

- R At ket P 2 e B o e my

tc 30 ft.) and in wide flumes are needed to clarify this

point.




TV I S s J

Y

ok Coa bkt aan® e ua Fibes i oty v

ekl D el e

0
;8

IR

06

i

T

Q4

Qo2

- vs - Umax
= 0S5
l-

.3 ’ . ; .
i_iLﬁli“‘EIl i 1 | SR S A |

aC )

0.2

FI1G.
-1z

g4 Cs& 08 IO 20 40 60 ¢&°o

Umaox (ft/sec)

- FLUME COMPARISONS OF q versus Umax

_53-

R e L L T N L 4 3 R L LU
gt ol f -

Von ey e
-




(7]
Q{
&)
I 5
) 12 G vy
¢y o ey fu i)
wet B o ey
by ! S oo . ¢
ol ] i fu FrE e An
) %] [ ay [§) £y
X vy 1l A o
) ) te ' ¢l
i 3 Lt " F a
1=t e \u I I (5
12X fe (44 il uAl
! A ‘ [ ¥4
leg @b } 'y $a
[ P o . A at]
LK M £ S
" [2b] DH
[N Ve R [N
4 ’q . §
W {n VY,
i? f
4 y ) Q
K 1] IEx . oD
" é) 1} ' ' L]
R ta
) o , T
(o B (&
12 3] 2]
wl s 0 4 i
e bt & [ ) 3 s
"y [\ ¢ 0 74} FH)
) » rt hal (%] et
H ¥ i 4 O
{ [{X] L) 8o T {0
W [9H e [ ]
BN [t 1] [ 4o N
" V 5] ' t.ﬂ oy Y .
v i 4 o o vl
M AL W (49 i i [ A
4) 4 .4 b ba 40 Fe i e
t ¥ (3 [ " ] =4
| P i s, (5] &
el el e : .
X oa ted 43 o} th £
w (2] ¢ % 4 &) ) tu)
] ¢ PR L L] v, Y
vl i b0 . 3 s t
Yy (W LY ol o] [§] { ¥ %
LA s AL ad Y] £a g 4 ‘e
r“w. v FE] ] PR o m.u. [
U7} A
fu [ @ o k- L $a
by [ S 4 () 7 (& w
0 A A s .
i (%] - [1¥] $u ' Ly " ¢
& e o o) O M D R o -
[ e (%] wof ] 4] & vorl
Y [ 2] ¥ L [%] [0
by 19 [ U ] P § st}
by t fa U4 ' : b
(X R TR S ) ¥
19
b ive b R R e e e e T e L e e e e e L T L e A
. . - " 0 R S, “we S i T 4

3]

s
[

Yok
Mo

v 123
Y] Q
(&) (3]
s o~
@ ()]
$4 ¥
O i)
Gn -y
[¢] @
[ [0
£ o
W] L]
U] Y o)
¢ (] A}
v (79 7]
QM (4] .
[N jAd] 8]
o}
Cng
58}
o = (4Y]
Gd MO |
ey }
ANl s
Q v !
~ =
¥ e
vi £ i
]
* i
TR Q
ot
> O v

P [+ ¥ [a W
/7]
() o
(8} e )
£ (3 Q )
aeet S s
G o sl
ol ) 3\
A R |
(&} N =

SRR TEN




&

. )
, . .
P B I P T TS TR TV D RN I P S R R S S (NP R PV o7 LTI 7 | B T JT VT T Ty T I IR LRI I7IY SO T ST 7

p—.

TWQ FOOT_WIDE

-

ONS

L,
T=200

CORRECTED TO

CARI

CHANNE

come
L.

qQ -~ vs - Upax
STANDARD CORRECT:

A

Xy

4y = 0.5
H

FICE_SIZE

p—

—

b

l j
60 80 100

.

i

4.0

20

06 Q@8 e
Umax (ft./sec)

Il
04

o

1.004-

080 =

060 JoriFx

040

el o

{cfs/f1)

Qio:--

Q08¢

o6}~

004

0.02}-

R P T TR Y TR PHV R T IS U SV S

00!
02

ey e

W AN QN0 b /e é&-«-‘%»}«gﬁi) n } “..v.q.ﬁ. i%»ﬁuf%&!x@..ﬁf.x.- "

- ORIFICE SIZE COMPARISONS

FIG
-I-i3

M
©y

T S TRy |



4w vt

-

ML TR

-

A

CnLenib s 4

,:A;. , i ael by n

.

1

§
A
A
o3
.
X
4
3
3
;
1

bubele currert has been focnd tc shift the tubbie pattern

downstream. Ccenseguentiy, irstezd of the center of bubble

eruption occurring divectly sbove hihe gubmarged pirve, It
cceurs some distance downsirean,

It was postulated thav the individual velzclify prcfiles
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the centerline of bubble erupticn, It was nhypcthesized that
the charnel flcw would Zfscreass he upsiream bubble generated

current and increase the downsirean current oy gimi

Thus the upstream decrease wcould ke the ¢ritical case for cil
contalnment and of mcst interest fcr this arprlication
Primary experimental sts were performed in the iZ-in,

presents two, measured, open channel flow, velccity prcfiles
at the flume centerline with nc bubble currents present.
Although the profiles are characteristically non-uniform,

2

in the region of interest where b is less than C.ZbH the

profiles are reasonably uniferm and were tabulated mean

wide flume with water depths c¢f arcund 7.5 feet. Fig. I-II-1L

alues used for calculation purposes. The transverse profile

was characteristically non-uniform due to the houndary layer
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8o that the centerline velocity was used at the reference.

Next, an air flowrate of 0.436 cfs/ft was added in the
fiume which would normally create a Upax ©f 4.1 ft/sec unier
stagnant conditiors. Velocity profile measur:=men‘s were
then taken at .Jive lccations uﬁgtream or' the shifted bubble
eruption. The characteristic linear depth profile was still.
present and the reShlting surface current generated, Unax :
-8ti1ll decayed with distance from the éenterline of eruption.
This test was carried out with a mean flo&rcurrent V,, between
d=0andd=b of about 1.78 ft/sec present in the open
chaninel, There appeaféd‘to be éxcéllent agreement between
theory and experiment4for all surface velocities of interest.

In-Fig. I-II-15 the principle of lihear superpositiocon
has been applied to simulate prototypre conditions when H is
25 feet, Up,x generated ié 5.0 ft/sec and the decign 2 knot
current opposes phewbubple current. The resulting estiﬁated

surface current, Up., 1s 1.62 ft/sec and b’ is about 2.0 ft.

The prototype conditions were not possible to achieve in the

laboratory.
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Umax = 5.0 ft/sec

Umax=1.62 fi/sec 2 KNOT CURRENT Vm=3.38 ft/sec

ESTIMATED
THEORETICAL
PROTOTYPE SIMULATION
H=25 feet

Umax =5.0 fi/sec

2 KNOT OPPOSING CURRENT >

9

b=H/4=625ft

FIG. -ESTIMATED Umax AND b' FOR PROTO-
T-I-15. TYPE DESIGN




QilnContainment by Pneumatic Barrier

011 flowing over water is a complex pieucmencn. Being
l%ghter than water, gravity forces "drive" the oil to "seek"
iﬁs own uniform level above the water surface. In a system
open to the atmosphere, the driving force is solely the hydro-
static pressure head of the oil, h. Thus a thick layer of oil
will have a greater tenderey to spread than the same oil of
smaller depth.

Once the flow commences, the gravity forces which origi-
nated the motion soon give way and are deminated by viscous
shear at the interface so that the viscous forces govern
the dynamics of the motion. Spreading decreases the oil
thickness,

t some further point when the oil becomes of "film"
thickness, surface tension forces becoine dominant and this
phenomenon determines the manner in which further spreading
takes place. Superimposed wind and wave forces add considerable

complexity to the situation.
EXPERIMENTAL TEST R&SULTS

Stagnant Water

—— e e

Initial tests were conducted In the two-Toot wide wav:
channel with 2 ft. of water depth, T and the manifold located
near the bottom, H so that H/T was about 1.0. With a constant

alr flowrate and Umax belng generated, the oll depth being

contained was gradually increased until fallure occurred.
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Waves

Deslign waves had to be scaled to model sizes for labor-
atory tests. A wlde range of wave conditlons was specified
and time limitations prevented testing all combinations.
Therefore, - the significant wavebcharacteristics (height,
length, etc.) were chosen as most representative for labora-
tory tests in the two-foot wide wave channel.

If a prototype manifold depth of 25 feet 1s assumed, the
geometric scale ratio used became 25:1 since the model mani-
fold was located one foot below the water surface. A
maximum water depth of 2 feet was used for the tests resulting
in the gencration of "shallow water" wave forms, The
fcllowing shallow water wave characteristics were employed at

the 25:1 scale ratio,

PROTQTYPE MODEL
Significant Wave Helght 10 ft 0.4 ft
Significant wave Period 6 sec 1.2 sec
Significant Wave Length 185 see 7.4 £t

Model surface velocities generated were néar 1.0 ft/sec
which scaled-up to about 5.0 ft/sec in the prototype,

As noted in the literature, the required Up,x to contain
oll was also considered tc depend on the helight (H), and leng:h
(L), of the waves striking the barrier, 1.e., on the wave
steepness H/L. Waves of largec steepness ratio approaching
breaking conditions were found to impose additional fofces on

the barrier, Of primary 1ntereét for the laboratory tests was

- D] -
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the case wlth oll located on the slde from which waves were
generated so that the waves possibly moved the oll against

the barrler. UFig. I-II-16 presents the results in the same

Upax Versus J gh (1 - SGo) form used previously.

Surprisingly, the long swell wave form modeled in the
tests produced little change from stagnant conditions. The
critical o was still between 1.0 and 1.2, In fact, when the
waves were stopped during testing, the stagnant conditions
present were noted to be cloger to fallure then when testing
wlth waves.

Based on these laboratory tests o egual to 1.2 is

recommended for prelimlinary design with waves.

Current

To test the principlé-of linear superposition of velocitles,
the 18-in, wide flume was used with 7.7 feet of water which

gave a mean veloclty, Vm of 1.78 ft/sec. A constant bubble

generated veloclty was introduced and the effects of the cur-

rent tested by adding oll and ncting the mean oll thickness

at fallure were determined. If the principle of superposition

should hold,under these cbnditions, then a plot of the effective

surface velocity, U'p . (U __ minus Vm) versusd@yl(l - SGo)

max
should also result in a critical coefficient:a cf 1.2 near

failure.‘ The results geherallyrindicated that thls 1s pre-

~ cisely what happens. Surricient,time was net avaliable to

completely verify these results particularly at small values
. | _
of U'max:

- 62 .

AT T i oot e s - e e W mare® 518 300




MODEL  WAVES
1:125 SCALE RATIO

Umox -vs — Vah(I-SG,

L6

L4t

12 -

O NO FAILURE

® SMALL DEOPLETS
OF OIL CAUGHT
AND SWEPT THRU
BARRIER

Umax 1.0
0.8

0.6

0.4 NOTE : DURING TESTS WAVE GENERATOR
’ STOPPED AND STAGNANT CONDITIONS
A NOTED TO BE CLOSER TO FAILURE
0.2 THAN WHEN WAVES PRESENT.
0 : | ] | — 1 ]
0O 02 04 06 08 10 12 14 16 18 20

Vgh (1-SG,)

FIG. -Umax versus Vvgh(l-SGo) UNDER
I-0-16 MODELED DESIGN WAVES
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Failure was specified when masses of oil began to over-

top the air barrler and move gownstream. Significantly, 1%

was also observed trat a number of oil droplets were entrained

near the head region of the contained oil and when located at
depths greater than the effective barrler profile, b’/ were
swept right through the deflected bubble reglon by the
current. Time was unavailable to record any rates of this
type of loss except to estimate that in all cases well over

-

95% of the oll remained contained by the air bérrier.
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. The oxzdtIinuzzi releass of air beiow waler creates a surface -
. reurrent of wzter éear the surface.
2. . ':'E.é: maaeitude of tie current 3% the sorfzce. decreases
a;p:e:izatily tinea %ﬁ.xith‘diséance fﬂvr *he s!caerged

T L Tesl s e SR 33 S -
SBRIPS . 1T X8 % I3ETTUN a4t R oxs.anee of aArsuE -,.3 te . B

3. Tas vaf@citgjgenefatéé hy the bubbles ﬂecreases approt

eiy lirearly with xater depth and is 2 naximum at the @ -

svrfzee.  The velcelty reverses {current is zero) at a

]

distance teluw the zurfuce whlen is *bout ‘one-guarter of

the unit 2ir Fiowrats raised Fo the cne-third power. The -
ecnatart of proportiémality is stror ; depenﬂcnu on.
derth of mapifcis ripe and rracticaily inaevendeut uf,

&. Tne follcw’ g formula was recommended for preliminary

TR
- - - N -‘ ‘;’__r -!
Broax = 1.5 (g0 - (11-15)
L. The nrinciplie of Iinmear surerposiiion zpriied to combine
stagnant ¥, . and channel fiow velccities-was found to
wslat

7. The results of the stagnant wéter, wave, and current tests
were axtravclated to rrobctyre conditiens, FPig. I-IT1-
rresents the cembined vesults in the form of a preliminary
design chart, Fér-any rneumatic generéted vel iity, Umax’
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) gr == the resulting mean nil depth contained can.bé:détermined for

~vhe range of's?ecific‘éravity oils of interest. A 2"ant
4’pfqtqtypevcurrent (3.38 ft/sec) 1s uéedrin the piqt, 7ch”
windﬁset-ué effects are included but meanAoilvcontaihmént‘
 a‘depths can be cétimated>with wind by using only 2/3 of thé‘

"Lvalﬁés indicated. These recults are tabulated below.'

. “Barrier Design S¢ of - - Mean 0il Depth

.~ Velocity 011 - - Contalned (Feet)

- Upax(ft/sec) ‘ No Wind - Including Design Wind
5.0 0.75  0.225 05
5.0 0.85 0.370 ‘ 0.295
5.0 0,95  1.140 0.76

Figure I-II-18 presents the combined results for a 1 knot

protctype current (1.69 ft/sec). The results are as follows:

Barrier Design 3G of Mean 011 Depth
Velocilty 0il Contained (Feet)
Umax(ft/sec) No Wind Including Design Wind
5.0 0.75 0.95 . 0.63
5.0 0.85 1.55 1.03
5.0 0.95 4 .60 o 3.05

It is recommended thaticbmplete*verification of all of the

Q’ above preliminary results be made under prototypé condltionsg,
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FIGURE I-II-19

Pneumatic barrier operating in waves and currents. Oil
cgntained on the right. (Note droplets of water covered
with a film of oil also being contained.) ‘
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4,General Comment

Since the air supply anC assoclated equipment must be: alr
transportable, blower size must be related to airflow require-
ments and pipe diameters o determine the maximum performaﬁce
availablerfrom combinations of 5lower size and pipe diameter per
unit length of manifold.

The interrelationship between these are relatively complex,
involving friction and possible compressibility effects. Evalua-~
tions of these interrelationships are nezded in order to be able
<o optimize the design of the pneumatic supply system.

This research, then, was intended to determine those para-
meters which would affect the design of air supply mechanisms.
and piping, present them in a form such that trade - offs of de-
sign parameters were available, then aid in the cptimization of
the design itself. In particular, relationships were needed
between diameter of pipe leading down to the manifold, airflow
velocity within this pipe, manifold depth, alr supply power, over-
pressure needed within the plpe to maintain an outflow of alr
from the manifold, and numbers and size of holes in the manifold

through which the air is bleown Into the water.
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Determination of Pipe Diameter

In the determination of necessary pipe dlameter for a
‘given surface flow rate and depth, the following development
was applied. Within the pipe, the area necessary to handle

volumetric alrflow rate is

.

A =2 (11-15)
P Vp J
where Ap = pipe area required per foot of manifold length :
Qp = volumetric airflow rate in the pipe per foot of

manfold length
Vp = girflow velocity in the pilpe

The airflow rate in the pipe may be related to that having

AR et 8

been blown out of the pipe at the given depth by 3?

TP i
@ = _a II-16 ]
> = % T‘E . ( ) i
p. §ﬁ
where Qd = volumetric airflow rate at the depth pressure per o
; T = temperature

! P = pressure

- Substltution gives
L p

But depth pressure, Pd,‘is the sum of atmospheric and that

"'Jl"d
ol [ 7

{1I-17)

e
21

created by the head of water;
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Py = P, + ¥h (11-18)

surface or atmospheric pressure

where PS

Y specific welght of seawater

h = depth of the manifold below the surface
and the pressure in the pipe must be that depth pressure plus

the necessary overpressure to push the air from the pipe into

the water.
=P -1
Pp g+ Yh+ By (1I-19)
Substitutlion gives
1 p° T
o % Ty (P4 vhn)
bp= === 2 8 .
Vp T, (Fg + vh + Byp) (II-20)

Hence

+J

+3

p_| 4 Qd s (Ps + Yh)
P 1 Vp d 1PS + vh + Popv) (11"21)

To estimate the temperature ratio in the above, the assump-

‘tion is made of isentropic expansion through the holes, giving

k-1)/k (k-1).,K
o (k-1)
..R=._£_ =Ps+_Yh+Pop |
| Ta \%q | Pg + Yo/ (II-22)
Substitution gives 7
Q P+ vYh
D =|— & ;
P ¥, B, + Wh+ Py

Flgure I-II-20 presents typical Information for various

values of pipe velocity.

- 72 -

e ——— i A Ty 7 o

- .  a
A

i




Dp/ft. IN fr/ft

M
REQUIRED PIPE DIAMETER
'0" vs.
' AIRFLOW RATE IN THE PIPE
(PER FOOT OF MANIFOLD LENGTH)
09 | .25,
Fep = 10psi
08}
O7TH
06}
05|
o4l
03
02_
Ol
0 | | | | | }
) 0.5 1.0 15 . 2.0 2.5 30
' ft /sec.
Qq /1. T
FIG.T-T-20
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This airflow rate at depth is related to the surface
current veloclty generated by a constant. In order to have
some ldea of the relationship between plpe diameters and

generated surface current it was assumed that

v~ 1.57 (ae)/3
Flgure I-II-21 includes this relation.

To determine required HP per foot of manifold length

for the blowers, the relationship is

QSAP
HP = =57 (1I-24)
where Qs = volume flow rate is cfs at the surface of the sea per
foot of plpe length
AP = the pressure increase through the blower in psf.
N = blower efficiency

The volume flow rate, Qs’ at the surface can be determined

from the rate at the pipe depth by
P

= Qg (II-25)

o o

d
®s
The pressure increase, 0P, reeded through the pump will
be created by a) friction in the pine, b) pressure at the mani-
fold water depth due to the head of water above the manifold
énd c) overpressure needed to force thé éir out through the
manifold holes. le:
Ap = Pf + Ph
where Pp = friction pressure drop

+ P (II-26)

P
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Dp/ft. IN f1. /6t

09

08

o7

06

05

04

03

02

Ol

REQUIRED PIPE DIAMETER
PER FCOT OF MANIFOLD LENGTH

VS.

SURFACE CURRENT GENERATED
h = 25 ft,
- P 10 psi

op |/
V, = 1.57(Qyq)?

<
[}

P 300 fps
400 fps
500 fps
600 fps
Vp = T00fps

=
" nu

Vs - ft/sec.

FIG.I-1I-2|
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Py, = gage pressure at manifold depth (P, = Yh, where Y
1s the specific weight of water and h 1s the water
denth.)

- Pop= reqqired manifold overpressuré.

Since Pd = Py + P, the required H? can be.expressed as;

h

T
- a | | (II-27)
550 1

To estimate the temperature ratio. Ts/Td= one needs to
know blower design parameters. ‘In the absence of such informa-
tion the assumption will be made here that the air loses half
the temperature rise iﬁ would get isentropically as it flows

through the pipe. ie:

T‘ P
5 S \k-1
Ty P )% (1I-28)
hence E:l
P k
(Tq - Tg) = Ty |2 _15.%)
d

Assume the actual Td

3

On the basis, then, the HP required
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Pizures I-II-22, and I-II-23 contain typical values YXor
these, relatins the required HP per foot to depth of manifold
and required overcressure.

. order to determine hole size and Sumoer for a given

airflow rate tne folluwing analysis was used. Assuming each

il : hole in the marifold pive %9 bpe s short tube, the velocity of

flow throuzh it may be approximated by tne Fanning equation:

-
5. .
- 4 -/

P 1/2
. 2c op
- o Yy i L = = (11-32)
: d
- : -/
where V, = zairf{low velociiy through the hole

h

4= nole diameter
L. = pipe thickress

£d = dernsity at vhe given depth ¢f air through the hole

. £ = friction fzctor, {a Tunction of p, v, d, and air

viscosity, and obtainable from a Moody diagram of

Reymolds Mumber us. )

Pop = regquired manifold overpressura

Ficure I-II-24 conkains the faired resuits of a reitera-

Y/

tive aprlicztion of trhe m2lztion. The flow rate chrough each

* hole then will be
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and combining this with the previous equation gilves

1 ) P 1/2
Qg/hole = "1@{'" 2 .p.L (11-33)
d

where the bracketed term is the Vn as determined from reitera-

tion of the previous relation. The total alrflow at depth into

the water willl then be

Q
= d _ 2 P 1/2
%=V e =N 2 /"‘d o» 1) (II-34)

f L b,
d
where N 1s the number of holes per foot, and the bracketed

term 1s again the appropriate Vh for a given hole diameter.
Figures I-II-25 and I-II-26 presents examples of this data for
various common hole diameters.

These may also be related to blower HP through the relation
given earlier between Qd and HP. Typical curves are shown in
Filgure I-II-27.

Sunmary

These results show that the number of parémeterg.inVOlved
present no'pbviOus'choice of an air supply}and’piping system.
Aside from'thé’genéral requifement for a'miniﬁﬁmppWef require-
ment and pipe size with a maﬁiﬁum alrflow, tradebé'Cffs are

necessary.f.The,choice_thus_will be highly dependent on ailr

supply system availability, and the specific piping'system

arrangement.
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I-IZ-5 Study of Sultable Materials

General Comment

The purpose of this study was to establish the material's
response to mechanical, thermal and environmental loading
conditioné and to assume structural integrlty throughout
the service and storage life. 1In each case where published
information was lackling, or was questioned, experimental
testing was carrled out, The materials study program was
in direct response tec and in support of each of the major

tasks in the program.
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i’ 6. Major Design Decisions
Manifold Depth

Previous prototype vses of a pneumatic barrier for wave
breaking deployed the manifold from 15 to 55 feet below the
water surfaée. The imposed design con@itions for physical
integfity were for a significant wave height of 20 ft. and a
1/10 wave of 28 ft. Prototype and laboratory tests indicated
some increase in surface veloclities with increased manifold
depths. Hence, 1t is recommended to design the prototype
manifold to operate in 25 to 30 ft. of water.

Orifice Size

The literature survey of previous investigations indicated
orifice diameters from 3/64 in. to 1/4 in. tested in the field.
Laboratory tests indicated a slight increase in surface velocities
as the orifice size (bubble diam. released) decreased. To keep
the orifice from plugging and still keep it as small as possible
it is recommended that a2 1/16 in. diam. be used for design
purposes,

Orifice Spacing

Although the laboratory spacing used Jor these tests was 24

per foot, previous prototype tests emplbyed from 2 to 26 holes

every foot. Silnce these tests revealed no apparent effects of
spacing, 1t 1s recommended to use 12 holes per foot for economi-

cal reasons.
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Qrifice Location

No effects of orifice location were evident from previous

prototype tests, therefore it is recommended to locate the

holes at the top of the pilpe.

Number of Manifolds

It is recommended to use ohe manifold for the preliminary
design for economical reasons and;ease.of deployment.

Pneumatics and Containment.

Laboratory tests an? the previous work of other investi-
gators indicated that for prototype design depths the surface .

velocity generated is approximately

= 1.5 (gq) 1/3

Umax -

These investigations also revealed that the surface velocity

required‘for containment can be approximated by the following

formula for the design conditions of interest:

)

Upax = 1.2&gh (1-SGo) + 3.38

Hence, based on these results a design Upgyx of 5.0 ft/sec
requiring about 1.0 c¢fs/ft of air supply is recommended for

design.
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The three main conesiderations on choosing the size"of the
manifold pipg are: 1) the alr flow capabilities, 2) the buoy-
ant forces, and 3) the drag forces, Since the air will be
incrementally releaéed along the pipe to form the bubbles,
the mass flow rate aiong the pipe will continually decréase,
but the initial section of pipe will have to carry the total
amount of air to be releaséd. |

In order to avoid large energy losses due to shock waves,

the velocity of the air in this initial section should be

limited to about one half the speed of sound. Therefore, for

a given alr velocity, the length of manifold pipe that can

‘be supplied is proportional to its diameter .squared. This

assumes that all the pipe is of the same diameter. The

decision was made to keep the diameter constant so that

- no certain order was necessary in assembly.

The buoyant forces are proportional to the square of
the diameter, The pipe must be heavy enough to sink,
A 7 inch diameter pipe must weigh 17 1lbs. per foot and
a 24 inch pipe must weigh 200 1bs. per foot. 1In order to
facilitate-assembly, 1t4was decided fo make each joint of
pipe light enough‘to be handled without the aid of machinery.

This 1limits the length of each joint of pipe to 10 feet for a
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7 inch diazztor pipe or 5 feet for a 10 inch diaxeter bipe.
The decision was made to use 2 7 inch dlameter pipe because
of its longer i=ngth.

The zhouc dacisions were mad. bas2d un the assumption
that the necessary air movers could be chbtained. As it
evolved, this was not the case. The bids received %ere for
air movers that would sup#iy only 2G0 fect of manifcld pipe.

oné of thsse movers weighs 30 tons. This elimihates it.
The other mover wzlgas orly 10 tons which is ver& sultable.

It supplies zipr at 5 psiz. This Is wcll aborze the pressure

‘4

e A IR s eed by htiire e e d e Sl ettt i e Tt iyt it DA A + it el A e

for which the original 7 inch pipe was designs=d, » -

Frox: the zbove, it is obvious that the final pipe diecen-

éiqns and the length between supply points will need to be

determined after the alr meving equipment is ascerfained.

This w1l also affect the overpressure in éhe plpe. . | ' '@
The origiral cholizs of material for “he manifoid pipe »was

polyvinyl chloride (P.V.Z.). This was du= %o its rigidity and

corrosion resiscance, This had to bpe welghted and required

an additlioral tension carrying memker, Due te this, it was

decidad to bpuild the p}pe ct steel., Since 212 of the steel

in the ranifold pipe sy¥stor will be of the same type, corro-

sion shomld ot b~ 2 m=ior Lroblem,

© s -

- 8 o



Supply Umbilicals

’

The final umbilical design cannot be completed until the 3
manifold pipe is finally sized. The size and material will
depend on the pressure and temperature of the outlet air

- from the compressor.

Power Supply

besign of the pneumatic system began vnder the assumption
that the necessary air moving equibment could be obtained.
This turned out to be not the zase. Availability of air

movers of the size nuceszary for the preumatic barrier is

RN R RO a8 £ B 78 4 Lo Mt s B i i A s s A e s s

1imited and most are much too heavy to be used as a2 portabdble

ey a

unit. The gpecifications for the unit to be used can be

found from Gas Turbive Power, Inc., in Section III. ék
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Section II

Experimental Apparatus and Procedures
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IT-I., Wind-Wave Channel

- The wind set-up tests and some of the Pneumatic Barrier .

tests, including these witli waves and currents, were performed

in the 2 ft. wide by 3 ft. deep by 120 ft. long wind-wave

_ channel shown in Fig. II-I-1. The combined wind-current

~ set-up tests were also performed in this channel.

- _ - Waves were generated by a pendulum type paddle connected

through pulleys aind a variable stroke drive arm to a 3 h.p.

| Dynamatic variable speed motor., Waves could be generated

from zero to approximately 12 inchas in height and from

less than a foot to in excess of 20 feet in length. These

‘waves were absorbed at the opposite end of the channsl by a
. serles of perforated aluminum plates inclined at 15 degrees

~ with tie hcrizontal. The total working length of the channel

was aboit G5 feet. A wave filter made of 1/ in. opening

_wire mesh was inserted intc the channel as needed to smooth

minor ir~regularities out Qf larger waves.

An alr intake was located in front of the waée generator
and couléd Be adjusted vertically to any desired elevatipn.
This cdnsisted of eight large-air filters placed on top of

the intake to clean air emitted tc the tank and a stream-

lined entry with guide vanes to emit air in a hor izontal

direction. A centrifugal biower located at the exterior of
the laboratory exhausted the alr from the tank. The magni -

tude of wind velocities that could be achieved depended on
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the depth of water in the tank. With 14 in, water depth, average

wind velocities of over 30 mph could be achleved, When generating

winds, the channel was covered with plywood sections and all
Joints were taped to make the tank airtight.

Currents in the tank were generated with a 4.5 c.f.s.
capacity axial flow pump., The pump lifted water from the
méin sump and delivered 1t to the channel in front of the
wave paddle, The water flowed through the air filter and
then out a 12 in. opening at the far end of the tank that
leads back to the sump., With a water depth of 18 in. currents’
up to 1.5 f.p.s. were generated,

Alr for the teststas provided by a 15 c.f.m., capacity
alr compressor. The alr flowed through three Fisher-Porter
flowrators connected in parallel, so that a variety of flow-
rates could be accurately measured. The three flowrators

had capacities of 1.1, 4.6, and 28 c.f.m,
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II-IX. Water-Wave Channel (Recirculating Flume)

The small recirculating flume ls approximately 44.5 ft,
long, 7.5 in, wide and 17 in. deep. This flume is sketched
diagrammatically in Fig. II-II-1, The flume has both wave
generating and current generating capabilities. A pneumatic
generator may be readily installed by simply placing a mani-
fold with desired orifice openings across the bottom of the
channel and providing the necessary connectinrg lines to a
compressed air supply. The small recirculating flume operates
as a closed system; the water is recirculated through a 4-in.

line by a centrifugal pump which i= driven by a 20 horsepower

electric motor. The walls of the flume are constructed of

plexiglas, a feature which allows the flow patfern and oil
set-up geometry to be visually observed and the measurements
of the 01l set-up to be readily obtained. Also, the flume is
eguipped with turning vanes at the ends and a series of flow-
straightencsrs at the upstream in order to provide a reasonably
uniform flow distribution over the cross-section of the

channel.
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: QP‘ IT..IIT. Current Channal {Rec'rculating Fioor Channel)

The recirculating floor channel is 147.5 ft. long,

§ 5 ft. wide and 10 ft. deep. A sketch of this facility isr

_é shown in Flg. II-III-1. The channei is connected to a sump

; and is operated as a closed system by the use of two centri-

; ‘ fugél pumps which provide a combined maximum flow capacity

cf 19.5 ft3/sec. The channel is made of concrete and is
situaﬁed with its open top flush with the floor of the buildang.

An observation window made of plexiglas and having approximate

i Bl st gt

dimension of 6 ft. long and 4 ft. high is located in one side
of‘the channel about 100 ft, from the upstream end.

A pneumatic generator may be installed by inserting a manifold
with the desired orifice openings across the channel and then
providing the necessary connection lines to a compressed air
supply.

@_f In order to obtain relatively large values of water current

a necked-down region was constructed in the floor channel, The
overall dimensions of the narrowed region was 60 ft. long, 1.5
ft. wide and 8 ft. deep. A number of flow straighteners were

installed upstream of the test section in order to provide a

reasonably smooth velocity profile at the test area. The
narrowed region and the location of the flow straighteners

are depicted in Filg. 1II-ITI-1.

oy e T TR TSR S O3
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' II-IV. Three-Dimensional Wave Rasin

R S

The three-dimensional wave basin is 8& ft:. long, 32 ft.

i TPy A " >
SN e e e m

. wide aﬁd 2 ft. deep. It has thre@e wave generating plates

; which are powered by a varlable speed motor. Currents may

* also be generated in one direction prcviding a capability of

; producing waves and currents at the same time. (Fig. IL-IV-1),
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II-V. Receard’ Instrumentation

Water-surtnee timc-hlstorles were measured to determine
wave helghts and perioeds (and thus wave lengths), with a
capaclitance-tyve wave gage mounted on a roint gage. The gage

cenaslots of o mounted vertical wlre coated with an lngulator

«

material. The wire aclis as one dielectric and the water serves

the other. AS a wave passes the gage, the capaci-

tance\ls varied., Thils capacltance 1s callbrated to water
surface elevation so that water surface elevation muy be
contlnuocusly recorded on a direct-writing recorder. Sanborn
150 amplifier-recorders were used to;obtain wave records.
The gage was calibrated by raising and lowering it in still
water and ncting the pen deflection on the recorder.

Wind velocities were measured with a Meriam Pitot tube
connected to an alr-water U-tube manometer inclined on a 1
to 48 slope to increase the accuracy with which velocities
could be méasured..

Water veloclities were alsc measured with a pitot tube
connected to.gn Inclined U~tube water manometer., Also, an
Ott-propeiler current meter was used., This has a range from
0.2 f.v.e. up to velocities greatly in excess of those

encountered in this research.
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II-VI., Experiaental ProceXure and fnalrsis of Data

1, Ci. Sel-x Br ¥Wind

:l:tnlytieal Considerations

In order t¢ galn {uther In=ight ¢ the nature and legree

33

of sei-up (or sef-doewm) Sf oIl fiz23fing o wzter, subkjected o 2
wind stress und relzined tr s~me mechanism, znd ic sulicde-experi-

wmerts on this Trodles: 1t Is Xotmhile ¢ onzlytically cevelsp

equalicns thatl relate il set-ugp volizre, Jeilt
propex>ties and wing stiress.

Re eguation for t twi-gimersicrnal setl-up of flcating cii
due ¢ a wiag gemerazied surface stre. s can e develsped by com-
sigering the schematic ¢il wvedge shouwn in Fig, JTI-VI-i. It has
beer: shoun that for the set-urn cf uater during eccsstal storm

surges, convective and :ocal aecelerzticns can ve neglecled. &S

cll is less dense ard nore wiscous than waten these zecelerations

wi1¥l aisc ve neglected for cur prodlenm. Due 3t tne ofi feren
iengihs Invclved, horizoectal rressure gradienis io

3isc be reglecied.
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e

where qw_ and do are the water and oil depths at the barrier,
Py and Py are the water and oil densitiess, ard g ic the accele-
ration of gravity.

A summation of horizontal forces acting on the oil and water

cor:trol vclume shown in Fig. II-VI-1 pgives

2 - 2
(puJ £ dy ) + TOL Tyl = _:;l;_ (pog dO ) = (vi-2)

o

The small angle between tho air-oll interface and the
horizontal has btecen noglos! za To ana 1y represent the average
shear stresces over the fetch, I..

The stress at the oil-0il interface may be written

ro=C'p U2 (VI-3)
where Py is the air density, U is the wind velocity and C’ is a

coefficient that depends on interface roughness, atmospheric

stability and air Reynolds number. This can also be weltten

~
o T C Py U” (VI-H4)

where ?pe drag coefficlent C incorporaten the »atio of air to
water density. It iz anticipated (sce 17, 18) the C will just
vary with surface rourhness (i.c¢. waves on 0il) at hirher Rey-
nolds numbers. This will be investigated and the value of C
for wind over oil will be determined in the laboratorv teots.

If we let

- 104 -
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sives the 0il set-urx 2%t the barrier in terms of the oil

~and water Gensities, fetch length, wird sresd and an experimental

I (317; studied water set-up by wind ih a © ft deepr
and 300 fi. iong yaeht pord ang fourd o to be betwesan 1.0 énd 1.1
or essentially nezisctatle. As fér our proclam i, probably scts
upwing over part of the feich am downwind over the remainder of

tha feteh . A3 the stress should be less than if a golid bottoem

&
i

rndad the onrirel volume. it is rossible to neglect n in further

Ir onder to simplify the writing of Zgs. VI-€, VI-7, etc.
we wilil use ths Jernsiomeiric zcceleration of grevity, g: defined

as

dzvelor an eguztion similar teo =g. VI-7 in terms of the il set-up,

- - L3 & - - TES -~ =5 % 3
3 _, 2% any roint, X {see Fiz. II-VI-1)
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dox = -215&!1—22-52- (vi-9)

o

The total oil volume per unit width, v, is as follows:

5L
Y = dOx a,
WA
v 2l2a2c UzLJ Pa {(VI-10)
3¢ gl 'p; -

If we Xnow the total volume of oil spill, the shape assumed by
the retention‘mechanism-and the wind sreed, we can calculate the
fetch length, I, at any location from Zg. VI-1C and the oil thick-

ness at any location from Egq. Vi-9.

Ej. VI-7 can be written in dimensionless form as follows:

8o _ 0 : '
=2 =l2¢, .= Sl (vi-11
3 T, [T% | ’

which indicates that the dimensionless set-up,,dofL, is a func-
tion ¢f a de-siometric Froude nurber, ¢ g'L. . VI-11 will pe

useful for the presentation of experimental results.

Experimental Arrangement and Yests

A1l tests on the wind set-up cf oil wera conductad in the

2 £t wide oy 3 ft dzep by 125 £t lonc wind-wave flume shown in

Figures II-VI-2 ard [i-VI-3. Air enters a streamlired air in-
the water

take that may be adjusted vertically to sit Jjust above ¥
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FIGURE II-VI-2
INTERMEDIATE GLASS WALL FLUME (TESTS OF

PNEUMATIC BAXRIER IN STAGHANT WATER )
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surface z..d Is evacuated by a centrifugal blower located at

é the exterior of th= bullding. The tank haé giass side walls

>§ which allow observation of th: oil set-up and motion,

‘ A series of tests was conducted with each of the three oils
:  1listed in Table I.

TABLE I - OIL PROPERTIES

: ) No. Name ~ Viscosity, 60°F Specific
: (centipoise) = Gravity, 60°F
' . 1 Chevron RPM Deio Special 388 ~ 0.888

2 Gulf Diesel Fuel 3.7 0.858

3 Shell Legion 3 96 0.911

Each test series consisted of placing cne, two, three or four
barrels of onc 0il into the tank with fresh water and measuring
tha set-up for a rangz of abcut 30 wind speeds. The cil

properties wers determined b} perlodically collecting

samples and measuring viscc§ity and density with a Saybolt
E ; | viscometer and hydrometer, respectively.
Experimental results show a more viscous 0il would
have negligible surface waves at wind velccities of interest
z (up to 20 mph at ten meters elevation) and only during
thes existence of waves does *ths set-up differ from that
predicted by the basic equation to be develaped. (Figures
] ; TI-Vi-1, I7-VT-5) As threes different density oils all behaved

as iredicted in tha previous section, the set-up of any density
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oil that will be encountered can be predicte¢.

A orie-foot high rigzid vertical barrier was instailed in
the wind-wave flume xt a point 70 ft, from the air-intake.
(Figure II-Vi-6) The barrier could be raised and lowered as
desired and was generally set to extend 0.3 ft; above the still
water surface. when wa&es developed on the o0il surfacz, a
gravél wave absbrber W&S mauntedVQn the barrier‘to preysnt

the formation of standing waves in the oil.

The set-up near the barrier and at various points along

the oil wedge was measurad by a point gage. The gage was mounted -

on a carriage above the tank and protruded through smail opehings
in the ténk cover, Set-up was determined by me;suéing the
air-oil éhd oil;water'inferface elevatiors 2 ft. upwind of
the barrier and at 10 ft. intervals upwind of this point.
 (F1gure II-VI-7) | |
For tests with oil number one, a still water dcéth of 18
“in, was used.. The depth was changed to 14 in. for the
remaihing tests. Tﬁis allbwed for the development of better
wigd field patterns and helped verify the conclusion--set-
up is independent of water dpeth for the watefrdepths antif
cipated in practice.
Special stilling wells were developéd to measure o0ll set-

up when waves were generated in the oil., These wells consisted

of vertical plexiglas tubes (1.5 in I.,D,) with a number of
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closely placed small holes ¢<n a verticalfline on the downwind'

side that alloweCG the oil tc ernter the tubes and stand at its

mean thickness. The wellsyfunctioned excellently for all oils

uced.

Wird velocities were meaéured by pitet tubes on movable
point gage stﬁffs and connected to inclired a;;—watar mar.cmeters.
For éach test run, wind velocities were measured at 0.1 ft inter-
vals alorg a vertical line at the tank centerline 5 ft upwind of
the barrier. In order t» géin a better understaﬁding of the wind
patterns in the entire wind-wave tank with oil znd water, a series
of cross section velocity meaéurements were made to produce isovel
patterns at three locations.1 The locations werei5, 25, and 45 £
upwind of the barrier and isovel patterhs weré‘determined for -
speéific low, mgdium, and high wind velocities{: The isovel pat-

terns were incorporated in the reduction of wind velocity data

as explained in the discussion of experimental results.

Experimental Results and Discussion

Fig. II-VI-8 shows a typical centerline wind velocity profile

above the oil surface up to a point where boundary effects from
the flume cover cause the veiocity to decrease wifth increasing

elevation. FExtrapolation of this lower curve yields u rotio of

- 11€ -

—ryes

,po

A R T R

v b o e ®
e iLsiae

P U SUI OPU




L T

D e 1L Lt T )

1.5 for the velocity at 10 meters compared to the Qelopity at

0.7 ft which is the velocity used (i.e., U) in the flume datg 20 e-
tion. This.ratip varies from approﬁimately 1.4 to 1.9 for the

range of tests. This ratio for the design wind pfof:les (Fig.1I-

VI-9) is i.75. ‘Thus,'ény desigy: wind velocity chosen (e.g., 20

mph or 40 mph) should be divided by 1.75 to yield U for She charts

and equationé.presented in the remainder of this section.

Due to bounéary effacts causad by the flume side walls, the
wind velocity varied aiong anyvﬁorizontal 1line normal to the
tank axis. vTo adjust for this variztion, a ratio of the root:
mean sqnareAvercity at 0.7 ft elevation for a créss section
where isovels were measﬁfgd to the centefline velocit& at 0;7 ft
-elevation was e;tablishe; for different wind speeds.  Qenterliﬁé‘
valués of U:were then corrected‘by this ratio. A root mean
square velocity was used as wind stress is a fuﬁctiéﬁ‘of
wind velocity squared..

Using the format established by Eq. VI-il.the dimensionless

wind set-up at the barrier, do/L, is plotted as a function cf

_Froude number, UAIg'L, in Figs. II-VI-10, 11, 12 for all volumes

of the three oils tested. The data between the origia and the
break in the line are for no waves existing on the oil surface.
The data frcem tests with all three oils fall on the same line

when plotted in dimensionless fdfm as 1s further demonstrated
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f in Fis. JI-¥I-13. s, for any 211 with mgl:siﬁle surface

‘Maves, the set-up IS given by Zg. ¥I-11 in the following form

= ‘3 = 2.
=23x 12 !— U& L (vi-12}
B’G | -

Ir order to zvaluate wave effects, the xdditional set-up

d
2

caused by waves o e oil, d“, (i.e. the set—up in excess of
that predicted by Su. ¥-12) was detemmined. Toms, the total set-
izp, dots is 45 & - From various rleis of dw 7ersus ui;nd

speed it was Fourd that the additional set-up may be given by 2n

-aquadior i the fure

o -4
a, = c__:,__lf 2 (w-v)  (v113)
‘o

where U, is the wind v2locity at which wave -set-up bagins and

B is a constant that deperds on oil properties. Thus. the total

set-up when U > U, is given oy

T al e L 28¢5 2 -
T3 = 2.5 x 10 -’l 2 U (2-Uc M (VI-1B)
- ;!0 s 3"0
. |
Vdg-:l >3 .3* 2B ?3 .
T oA Vel Y - (71-15;
\ b 5 Yo S ¥q

which is the eguabtion of z strzight line. If this forwm is valid,

a plot of do,l/ﬁ as a function of U will £it a straight line and

B and U\;:can ve evaluated_. A plot of this type for 01l No. 2 is
' ' 6

shown in Fig. IT-VI-1& from which B= 7.7 x 167" and Uc = 11.7 fps.
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This valune of U, agrees very well wiik the velocity at whicn
waves developed an the oll suwrface during the tests wilh 0il
Ro. 2. For the other oils the following values were obtained.

251 3 x 1%

U,, {rs
Ro. 1 a3 3.6
Ho. 3 332 zh.q

A mlot of these values as n funastiorn of 6il iinematic viscosity

is giver in Fig. II-VI-15. Thas, for a giver o¢il, values of B

- and U can be estimated and the o0il sei-up ~2n be calculated

when U exceeds G_. 7 U is 2.6 fes or 22.3 moh in the flume and
thus 39 mph 2t the 10 meter clovation. Por oil with a viscosity
in excess of AQC centipoise, no waves will be generated
at the design wind speed of 40 mph ar less, Set-up
1; given by Bq. VI-12. |

. It 3o of Interest o reconsider ihe riot of all set-up
data (Fig. YI-VI-12). For design purpose.s,‘ ar envelgope curve
can ke drewn on this plot and an apparent drag coefficient, C,,
can be estimated rrom thic curve. This ras s vaive of 6.3 x 1070

giving a desig:. air-oil interface stress with waves for any oil

" of

T = Cg Py U
= 6.9 x 107° ¢, U° (v-16)

Remember, U in Eg. VI-15 is the desicn wind velociiy at ten

meters elevation divided by 1.75.
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I% is also iﬁierestimg to check the analytiéalkprediction
(Eq.‘VI—Q) that the oil weldge has a parabolic éh;pe. Eiés. IT-VI-
16 and II-VI-17 show typlcal plots of wadge thiékﬁess, dpnxs
versns distance from the barrier, x, from expernnental meésure-
mentS'and.as'predicted by Eq. 9; Agreement 1s acééptableAso

Eq. VI-10 for oil volume should give satisfactory wvalues.
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: ‘§$ 2. V11 Set-Up Due to Current
{ .

Model Tes* Program

& test proéram was designéd to sﬁudy.;he set-up of oil
: due to current and the ertrainment of theroil by the water.
The bulk of the tes ~ weme conducfed»in the small glass-
walled recirculating fiu%e'aﬁd others in fhe>1§rge coh—

~ crete floor-flume. The number of tests qonducted in the

e (P e

large flume were, -however, limited becéusefof the difficulty
in working with large volumeé of oil and in méésur;ng set-
ﬁp deptﬁ variétion.

The o1l set-up configuration tests wefe considered to

be quite successful and reliable results can now be calcu-

lated. It was found, however, that set-ups could not be
developed in the small flume with velodities which would

produce entrainment. Thus, the small amount of results ob-

talned came from the largs concrete floor-flume. Since observation

and testing in general were vary difficult in this flume, the

s PO e A e A a mes R . e

results sare somewhat limited,

Experimental Studies

Experiments were conducted to study *“he behavior of an

Y 4
S T T R ON PSRRI SR SR . .

oll layer floating on a flowing stream<bf water., Specifically,

experiments were designed to study the set-up due to the
% current and the entralnment at the water-oll interface, A
E 3’ dlscussion of the experiments carrled out and the results
obtained are contalned in this section,
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A series of‘tests‘waﬁ‘condUcted»1n thesmall,plexiglas~
walled circulétiﬁg‘flume to determine characteristics of theﬁ
set-up. The“lengtﬁ!of fhe flume was épproximatelv 4.5 feet
and theAwidfh was approximateiy 7.5 1ncbés. The depth of -
water was maintained at its maximum value of apprbximately
14,5 inches during all of the testing.

The tests were carried out by fi?st stérting the flow
of water and then adding oil in frent of the baprie}'. " Once the-
flow was stabllized,‘tﬁé'éﬁrrentQelpcity was measured using
an Ott,propéiler-typé flow meter, - The oil set—ﬁp geometry
was measured and recbrded at various}points along 1té length.

A scale was held against the outside of the glass wall to
measure the oll depﬁh atavarious positions along the length

of the layer. A plot of the oil thickness versus distance

from the upstream start of the oil léyer 12 shown in the
Appendix for all of the runs made in the plexiglas-walled flume.

Although this flume had the capacity to pfovide large |
currents, it was limited to a 14,5 inch working depth.  This
indirectly restricted the maximum velocity of the tests because
of the limitation on the maximum oil layer thickness, The oil
leyer tended to block the channel and thereby effectlvely increased
the current velocity., Moreover, even for set-ups of 3.0 in, thick-
ness, the correction for blockage due to the finite depth effect
was nearly 50 percent of the set-up, Therefore, larger set-ups
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nofvmeasured in this flume,

In order to conduct tests at higher velocitles without the
anomalies caused by the finite depth ~ffect. tests were carried
ouﬁ in the large concrate floor-~flume,

A sectlon of the flume was necked down to an 18 in. width in
order to increase the current veloclty and still maintain a large

depth, Turing the set-up tests conducted in this flume, the depth was

maintained at 5 ft. which allowed a maxinum veloeity of 2.26 ft./sec. - J3

The test procedure was like that conducted in the small recircu-
lating flume, except for tha method of measuring the oil layer depth.
After the current was»started, oil was allbwed to flew into the
channel until a sufficient amount collected in front of the barrier,
T@e current was measured with an Ott propeller type current meter.

The oil thickness was measured bty uée of a3 ft. section of clear’

ﬁiésfic tube approximately 1/4 inch inside diamater, The tube

Wés~iéft open on both ends and inserted very slowly into the oil

surface. After tne tube had been inserted beyond the oil-water
iﬁtenface,‘the_uppgf end of the tube was sealed énd it was with—{
drawn. Thg height of the oil column within the tube was then
measured with an ordinary scale. The configuration of the oil
layer obtained in these rﬁns is shown in the Appendix,

When an oil layer held in place by a barrier is sﬁbjgc%éd tc a
current, the geometry of the layer produced is characteristic as shcun
in Fig. ITI-VI-18 as well as by the experimental data shown in the -

Appendix, Three separate reglons of the layer may be identified where-
in the regulting configuration 1s dependent ~n different mechanisms,
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and water, respectively. The constant, C

As a consequence of the different controlling mechanisms, it

was 1mpossib1e;to model the complete flow phenomena at one time

because Froude and Reynblds modeling cannot be obtained simul-

“taneously. The general approach was to study the flow in

parté by use of a semi-empirical theory. Once the experimental;

constants were evaluatéd,the theory was extended to prototype

conditions.

Region I

The shape of the oil layer in-Reglon I, indicated on Fig. .
II-VI-18 is considered to be controlled primarily by gravity
and inertla forces. Accordingly, a dimensional analysis of

the variables involved indicates that the single dimensionless

_number

= C : VI-1
, p
gb (1 -_2) 1 |
Py
which 1s generally called the densiometric Froude number,

should describe the flow, where U is the current velocity,

2
g = 32.2 ft/sec , and Po and o, are the density of the oil

1+ must be evaluated

experimentally. |
A second approach to the deécription of the head wave

thickness can be obtained theoretiéally by application of

Bernoulli's equation. Applying Bernoulli's equation between

the point on the head wave at x = h = 0 where the velocity

1s zero and the point h = b yields
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P
P8 " 2

= . (VI-2)
f denotes the pressure at the lower edgé of the layer where
the thickness is b, U denotes the current velocity, and P
denotes the density of the water. If, the pressure variation

in the vertical direction through the oil is hydrostatic,

P = pgb | o C(v1-3)

Substituting equation VI-3 into VI-2 then yields the

relationship,
- 2.0 (VI-L) -
Py

fAlthough obtained ffom a completely theoretical approach,
equation VI-4 is identical in form.to equation VI-1 and the
;constant has a theoretical value of 2.0.

Wicks has car}ied out experiments using oil on water similar
" to the experiments reported herein. Although he presenfts no
experimental daﬁa, he advocates the use of the theoretical |
value of C; = 2.0,

A nﬁmber of tes's weré carried out in the present research
prograh to evaluate b as well as to determine the character-
istic shape of the head wave reglon. A photograph of a
typical head-wave profile 1s shown in Fig. II-VI-19., A tabu-
lation of the velocities, oil densities and head wave thicknesses

are presented in Table 1. It also may be noted in Table 1 that
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TABLE 1 HEAD WAVE DATA
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FON b (£t) U(fps) cl;i(rrgzt);ed Po/ Py
Smz21l Flupe # 1
1 0.0525 0.692 C.769 0.909
2 0.1000 9.885  1.000  0.909
3 0.1500 0.985 1.200 0.909
5 0.183C ~ 0.750 6.820 G.882
6 0.133  0.97h 1.175 0.822
15 0.0125 0.348 0.353 0.904
16 0.0146 0.527 0.535 0.504
17 vo.o356 0.603 0.535 0.90l
18 0.1250 1.000  1.100  0.900
19 0©.0834% o0.782 0.880 0.900
20 0.0250 0.616 0.645 0.900
21 0.1340 1.130 1.335 0.900
22 0.171  1.153 1.550 0.900
24 0.0292 0.590 0.610 0.845
25 0.0375 0.320 0.850 0.865
26 0.0958  1.037 1.200 0.845
27 0.1500 1.263 1.540 0.845
29 0.0750 1.062 1.160 0.810
30 0.0567 1.291 1.450 0.910
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31 0.1160

33 0.0330
34 0.058L4

35 0.0816

1.568
0.947
1.062
1.é88

Large Flume #3

58 0.117
59 0.250

- 60 0.333

1.456
1.695

_ 2,261

1.800

- 1.0G0

1.150

-;.uso

1.456
1.695

2.261
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a»célumn»labeled "U (corrected)" is tabulated for runs made

in the small flume. Due to thersmall depth of the channel,
éonsiderable blo;kage occufred-due.to the oil‘layer thickness.
Therefore,\the velocity wasrcorrected on thé basis of the one-
diménsional continuity equatién using a blockage depth eqgual

to the avefage value of the layer depth. A plot of the factor

Y ;
gb (1 - 32 ) as a function of velocity squared is shown in

w .
Fig. II-VI-20 for the experimental data corrected for the
finite depth effect. As can be seen, equation VI-1 using Cl =

3.5 represents a reasonable mean curve fit for the data and

will be used subsequently to calculate the prototype 0il set-ups

due to current. Equation VI-1 is plotted in Fig., II-VI-21 to
show the head wave thickness as a function of current velocity
for oils of various specific gravities.

In general, the viscosity of the oil lncreased with

density. Thus, although the test results represent a

wide variation in viscosity, no consistent effect
of viscosity could be detected in experimental data presented

in Fig. II-VI-20.

According to the hasic ideas cf dimensional analysis, it
may be expected that the head wave would have a characteristic's
shape. That 1is, if the cocrdinates of the wave are made
dimensionless with some characteristic dimension such as b,
all of the wave profilles should plot on a single curve,

Although conslderable scatter can be expected in this kind
of plot, a characteristic shape dces 1in fact exlst Fig.
ITI-VI-22 1s a plot of the head wave profile where the coordl-

nates are made dimensionless with the dimenslion b. According
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to this figure, the neck in the wave occurs at approximately

x/b = 13. Therefore, Reglon I may be considered to extend to

x = 13b where b is glven in equation VI-1 as a function of
current and oll specific gravity, pO/Pw.
The oll lay geometry in Reglon I is completely defined
by equation VI-1 and Fig. II-VI-22. The thickness can be
opntained from equation VI-1 ﬁsing Cl = 3.5 (or Fig. II-VI-El)
and Fig. II-VI-22, Tt then can be used to obtain the dimen-
sional plot of oil depth versus distance. ‘The head wave

region is considered to extend a length of 13b.

Region II

The flow in Region II is considered to be dependent not
only on gravitational and inertia forces but also on
viscous forces caused by the shear stress at the interface.
The action of the water flowing under the oll layer causes
a gradual build-up of the layer thickness with distance along
the layer. This shezring action tends to pull the oil near
the oil-water interface in the direction of the current.

However, in order to maintain a steady state set-up, con:inuity

considerations require that the oil velccity oppose the
direction of the current near the air-oil interface sb that
the net flow across any cross section vanishes. Thus, a
velocity prefile similar to that shown in Flg. II-VI-23 is

produced within the oil layer.

Theory - Region II

The theoretlcal develcpment for the description of the gkf"f
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l pib. . ?oii“;QQé* geometry in PegiOﬂ IT 1s affected by applv*ng the §ﬂ

N , : one-dimensional momenvum equation to the centrag-vplume ; 'Ef

i indleated in Flg. II-VI- 2":1‘¢“-‘Toz cas actin&"on,éﬁe'control gT

é A.volume cons*st of a ‘net force due to the sbear stress at ¥

E: 7 ‘ both the oil.—water 1*\terfa e and the free sumace due to: w.md. -

E' | Aasumiug that the pressure varies nydrost 3 ‘ cally in tne ver*‘A

é’ | }f;tical direction the fO“CEb as 1ndlcated *“.Fig;'iI v*-23 are; »

?‘ ) !i:_gxerfed on. the ends of the nonurﬁ1 volume. EQua%ihg;?tﬁéb;‘argi ,

g "the net force abting in the pos;tlve x'- direc tjén’tc ?he T e ;.

é - »:Lratn of 1ncrease of tbe momentum iiux in tqat dlrectlcn,uhe ?yr’ i

5 l""-'"i%*-_following relationship ic obtaimed: R A

i = R , S . : e

% ?‘1 \T‘}ﬁf%f ??§éé.§§{n¥\(*si# 71)'= g—.?[PO *u? sl (vI;S)'A:‘ i'% é
| ; h;:-‘A,,; T L Yong _ ;

55  1oca1 veloc*ty which var:es wibh ‘)¢X gﬁd g._‘ j_%‘:‘ Ar_¢‘ ’ﬂ* IR 5

Assumlng tqat“vhe preqsure varies h"drosLatacally in-the . - E
2 ,vertical\dl’ectloﬂ through the’ 6%7 as well as Lré'wauer,";;;,’~ 4
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It 1s well known that in the éése of flows whefe lateral
variations are rapid andilonéitudinal'yariations ére small;
such as in the case of_laminar and tufbulent(bouhdary layers
aﬁd Jets, the velo: ty,profile;vat?differenf cross seétidﬁs
in the flow are similar. Since the flow within an oil layer

1s also of this type, 1t 1is reasonéblefto expeét a éimilarity

in velocity profiles at ahy}c#pss segpioh._ Acédrdingly,'it

may be assumed that the velveity profile may be represented

as =
u - flg o . " . i i 8
T = fE) T (vr-8)
1 - - . T S
where £ ='(y+hs)/he Suvstituting equatibﬁ?VI-S:int61V1-7.giVes’ :‘

1

~
-3
<+
-
~
]

y=2_ | = - 2% 2 2 (- p(%ey. Y

W i
A o

As a first approximation it is reasonable to assume -that

the velocity varies according to the quadratic:eX§ression,

2

u
—=f(§)=A+BEg+CH (vi-1¢)
. ?‘I N = . . . V . R ) — - e )

ﬁisregarding wind shear stress, Tgo it is necessary that the
‘slope of the velocity profile at the free surface vanish.
Moreover, at tne free surface u = un and, in order_that
continulty be maintained, it is necessary that the net flow

across any cross section vanish., These requirements can be
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A

ir equation VIeloi

-~

expressed by imposing on f£(£) the following boundary

conditions:
£'(1) =0 (Vi-10a)
£(1) - =1 © (vI-101)
.'5‘ r(g) dg =0 o (VI-10c¢)
o _ . R :

‘These conditions yield the following;valtes for the constantg

A= 22 8
.B=26
C= -3
and, therefére,'equaiion VI-10 becomes
= oSr(g)= -2+ 6837 (vIal)

T

‘Suﬁﬁtituﬁing equation VI-11 into equation VI-Q yields

: ' 1 2 - o
- 0 = p £ 2
Tox lael-leden +ehu] (VI-2)
Py
where ﬁi is the velocity bf the oil-water interface and is

related to the velocity at the free surface according to

equation VI-11 as

- _ou . : (VI-1
v, v | (VI-13)
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| ,_ ”f
It is further expected that the veloclity, uy . at the interface
Q would be small and. ccnseguently, the second term in equation
,' t VI-12 can be negliected.
f | As a }_reusonabfie form for the shear stress at the oil- ;
'} | water interface. tne general form of the reiationship valid ;
1 fcr a flat plate may be assumed as !
| 3 1 i_UE = _(?i ( E.(_;.K__\E;_l_?’l)l )‘1/n (VI-14)
i 2w T )
where C; and n aré constants having the values :
¢, = .058
4 n = 5.0 1.
for the case of flow past a glat plate, bt for the present ‘i 1
case, are evaluated gxp,erimeﬁtally. v, denotes the Kinematic ;
viscosity -of the water, U denotes the current velocity and é
the i‘aci;cr (x-13t) denotes the distance from the start of A
E ; Region II. .
é ‘ Substituting equation VI-14 into equation VI-12, neglecting
F ’ the second terw on the right hand side of equation VI-12 and
E carrying; out the integration with respect to x yields:
g; . =/U2 (x-13b) - !— ¢ L s , § .:
5 /g foy _Poy }:'1"\*)1/n % i A (V1-15) { |
¥ Pw Vw e
.
- f
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Equation VI-15 describés the oll thickness in Reglon II, (i.e.),
for x > 13b. The shear stress at the free surface, 75, is set
equal to zero 1n the absence of wind velocity and the two
parametersci énd n mﬁst be deéermined eXperimentally.

Model Test Results

T "

~ Tests were conducted to determine the oil layer geometry due to

chrrent and thereby evaluate the parameters C; and n ocenrring in

equation VI-15. The basic concept in testing was tc experimentally
determine the set-up shape and then adjust, by trial and error, the
values of Cy and n to make the equation fit the experimental data.
As in the previous data reduction, a correction was made for the
blockage effect due to Ehe oil layer thickness. The corrected
velocity was considered to be that resulting from a channel blockage
equal to the average thickness of the oil layer.

The results of thesé experiments indicated, however, that
unlike the case of a flat plate, the factor C; was not a constant,
although n had a value of 5.0 as in the case of the flat plate.

It was found that C; generally lncreased with velocity and the

A experimental correlation of C; versus U 1s shown in Fig. II-VI-24,

This general increase in C; with current velocity as
indicated in Fig, II-VI-24 is, however, not unexpected. At low
velocity, the interface is smooth and, as indicated, the value

of C1 appears to approach the smooth flat plate value of 0458
As the velocity increases, however, the interface becomes

wavelike, and it might be expected that thls phenomen would
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tend to act as roughness and increase the sheér stress
coefficient, Yet, this increase 1n C; with velocity cannot
continue indefinitely because eventually the interfacial
waves break. Thus, although the data extended to current
velocitles of only 2.2 ft/sec the extrapolation of the data
to higher velocltlies reflects thls blas toward a flaterning
of the Cq versus U.

It should also be noted that, in general, for the oils
tested, the viscosity 1lncreased with denslty. However, no

consistent effect of oil viscosity could be detected in the

trend of the experimental data.

Prototype Set-Up Due to Current

Using the information discussed in the previous sectilons,
the prototype cll set-up configuration due to current can be
generated. Flg. II-VI-22 shows the head wavevconfiguration
made dimensionless with the head wave thickness b. The
dimensional form of Reglon I can be obhtained from‘this curve
by simply evaluating b from equation VI-1 using C1 = 3.5,

In Region II the cil depth versus disténce can be cobtalned
from equation VI-15 where n=5.0 and Ci is obtained from
Flg, II-VI-24.

USing this method, the oll set-up due to current for
varisus oils has been plotted in Fige. I-II-5 through 9
of section II for U - ;5, 1.6, 1.5, 2.0 and 2.5 knots,

respectively.
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Entralnment

Entralnment tests were conducted 1n the larger channel,

The entrainment loss rate using a rigld barrier was deter-

mined by measuring the rate of movement of the head wave

down the channel. This rate was combined with the average

oll denth to glve a volumetric loss rate., Data 1is shown in

Table A.

TADLE A

ENTRAINMENT LOSS RATE

Specific Gravity

]

0.90

Water Velocity

Movement of Head Wave
(inches)

4o
20
10

1.96 ft/sec

- 152 =

Barrier Width = 18 in,
Average 0il Depth - 6.0 in,

Elapsed Time
(min)
20
15
6




Results and Conclusions

A theorétical and experimental study nhas been made of
the oll set-up due to current. The oil layer has been broken
into two regions, a head wave region whereln the oil layer
profile is. controlled primarily by viscous and inertla forces,
and a reglon where viscous effects ar~ als. impor tant. The
thickness of this layer 1s described by the densiometric
Froude number glven asrequation VI-' where Cl was found
experimentally to equal 3.5. The characteristic shape of the
head wave was obtalned by plotting the cocrdinates of the
profile made dimensionless with the thickness b.

A semi-empirical theory was developed using the shear
stress law for flow past a flat plate and the coefficient and
exponent occurring therein were evaluated experimentally.
shear stress coefficient was found to increase with velocity,
and approach the limiting value of that associated with a
flat plate for the case of very low veloclty.

Using the results obtained from the model tests and the
semi-empirical theory, the oil layer configuration was cal-
culated and plotted for oils of various density and at proto-
type current velocities of .5, 1.0, 1.5, 2.0 and 2.5 knots.
These resultc, presented in Figs, I-II-5 through 9, are
one of the primary results of the present task on oill set-up

by current. They show that for the case of light

oils and low currents the set-up depths are quite reasonable.

However, as the current ard density of the oil 1ncrease the

set-up depth 1ncreases quite rapidly.
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3. Hydrodynamics of Pneumatics

Intrcduction

An air bubble released below the surface of a liquid such
as water will rise to the surface because its buoyant force is
greater than the combination of its fluid drag ahd its welght.
A8 the bubble rises, dragging water along with it, it creates
an upward flow, At the free surface, the‘air bubble dissi-
vates and the upward liquid momentum is deflected and
canges a surface current, Tf a number of small bubbles con-
tinuously flow from a submerged duct, a steady surface current
can be used to oppose the potential energy of oil of a‘given
depth. When equilibrium is established, the o0il is essentially
contalned by the bubble-generated current. This forms the basis
of the pneumatic (air) barrier for oil containment.r The objec-
tive of this task was to determine the relationship between the quan-
tity and manner of air bubbles released and the kinematic§ of
the generated surface flows, i.e., the "hydrodynamics of pneu-
mat ikc s".

Literature Survey

The use of a bubble-induced surface current for wave attenu-
ation has been proposed for many years. Fortunately, a number

of laboratory scale and prototype studles are available in the
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literature of the kincuatics of the pneumatic system. A list
of the more important puglications appears as Table ). The geo-
metrical variables of Interest are also showr in Table 1 and
defined in Fig. TI-VI-25 and where they first appear in\ﬁhis

report.

Surface Currents
0

Taylor 20 ysed an analogy between the hot air flow caused by

-heat source and the vertical current induced by the,air'bﬁbb}es.

He found theoretically that the vertical current, Viax (See Fig.

IIJVI-QS) is related. to the unit discharge rate of air, a by
the following relationship:

Viax = ¥ (ga)/3 : (V1-15)

- R I ~
~ o N

where: g= the gravity constant

K = an experimentaliy determined constant
The constant K was found to be about 1.9 rroﬁ'the hot air analogy
tests. If no energy loss occurs when the flow momentum charges
to the horizontal direction at the surface, then the theoretical
surface velocity as determined by Taylor becoﬁes:
,)1/3

Uax = 1-9 (g0

n (Theoretical) ] (VI-17)

Since 1955, many experiments have been performed in the
laboratory and at prototype scale to determine the consfant in
Equation VI-16. Those felt to be most significant have been
plotted as Fig. II-VI-26 which also includes Taylor's theoreti-
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SR 'A:E-: Bl.lsor. (1) 'r'eco 1‘.ed Jzaf tha vo_!.umetric air flowrate q,

d‘.pf'ndea. on -£h &t&‘“OS‘E‘hnl’lC gr_es‘s’ure ;head‘; Ho ~.and the ;rnanifold }

- de}g;t?x_» H Ha dcf‘:\re& q as t;n::_»énit air ;lowr*at'a of ;’}l'.‘reé\"r air
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Substistuting the above :I.r:_wuﬂ,lon f VI—'6) gives T : : -0 ' 3
- - - . . - ) t

e . S | H ?1/3 . o
_ : o ‘
“Bulson expérimeniall‘; Zeduced K to be aoout 1. llb. Since

% for laboratory itests H, I,) is small, 4, arproximzately equals g.

Fallure of resear:hers 5o consistently use either q or g4, -appar-

- 158 -
3 .
L
¥y v
) ‘e
>
- 3
7
i




ently sceounts for some ox the differencee in Pig. IISVI 25

and alsc may be resporsible fop some of hhe scale effects

”between laboratory'and prototype scale tesfs.

Many researohers (1), (S), (9), (11),,/14} have reported

the decay o; Uhax witn dis tance fron the cenber of bubble

| eruption. This is illustrateu bv Dicx and Brebner's work (14)

plotted 1n Fig II—VI-26 for x/H equal to 0.5 and 1 0. Hence,

tnose reﬂearcrers that failed to speclfy where Hkax was measured

negated the value of thelr regults.: .

A recent report By Sadberg and’ Verner )_conflrmed tne wora

at Delft (5) and by Dick - and Brebner (114) and o‘otalned a X valueg

of approximately-l.sy

Veloe;Ez,Profiie Genera;ed

All reseqrche“s essentlally Iound that *he currenc generated

had a linear profile Wluh depth. Taylor suggested that the
distance from the surface to_the point;where»the generated cur-
rent was zero; ie. b in Fig. II¥V1525:would be abproximately ‘
0.28H. Sjdberg and Verner and others (5) (lh) (4) suggested
0.25H. Bulson (1) empirically determined:

| = 0.32 H, In (1 + g.) (VI-20)

o)
Surface Velocity Decay

The horizontal surface velocity, U___ was found to decrease
: max :
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with increased distance from the manifold centerline. Due to
the eruption of air bubbles, the maximum Upax usually occurred

between 0.3H and 0.6H (1) (5) (14).

Miscellaneous Gzometry Effects on Upgx

Bulson (1) reported that the orifice size and spacing based
on laboratory tests showed essentially no effect on the magnitude
of the surface current generated, provided the desired air dis-

charge was uniform across the manifold. None of the articles

reviewed considered the jpussible effeiin of floor boundary on

the magnitude of Umax produced.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The Texas A&M University (TAMU) Hydromechanics Laboratory
tests were conducted in four separate flumes in order to study
a wide ranpge of water depths and test sectiqn widths. Since
any water depth could be employed for the tesits, the flumes
have been.designated by their width for this task report. All
tests in the twn-foot wave tank (Figure II-VI-27) and eight-inch
flume (Figure II-VI-28) were conducted with a one-inch nominal
diameter manifold. Testc in the deeper live-Toot and 18-inch
flumes used aiﬁwoéiﬁéh manifold »nipe. The orifice spacing
was 24 holes per foot for nll tests.

Bourdon type gages monitored the manifold pressurces and were
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Cap e s ciwes

located as c¢lose as possible to the manifold pipe. Laboratory
and University compressors supplied the steady air flowrate
which was first filtered and then metered on Fischer and Porter
"rotameter" mages. In-line thermometers noted the supply temp-
eratures (Fizure II-VI-29).

All air flowrates were corrected tc standard temperature
(70°F) and pressure (14.7 psia) conditions. Nb attempt was made
to correct the unit air flowrate, g to q, (Equation VI-18),
sinc2 latoratory water depths were rcln%tively shallow and the
effects of water depths on the results were of interest in the
study.

Alr-water, inverted, differential ianometers measured

pressure differsnces across the pitot tube used te determine

jie
cr

velocities in the 2-ft and 8-in flume studies. An Ott currant

o
L

meter was employed in the larger, deeper flume tests. Both meters
are influerced by zir bubblaes. However, since al’ measirements
wera made outzide the zZone of bubitle erurtiion, measurements

ware felt $o te within the desired expesrimental accuracy.

st Bing e Tl T T A mpm s M 3373 s

Surface Jurrenus Jdnaer Stogsnant Conalilions
—an P N W wm T oy
=IIeZe 0L azoc evLht

Pizures II-VI-32, 31, 3: 228 II-VI-35 show experimental

r2suiis of Un.y TIoited amainzt g for four different water derths




FIGURE II-VI-20O
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H

v2sted In rfour dlfferent flumes. In all tests Upyx was measured

1

at x/H about 0.5. The tronds Ln all cases followed the theoretical

Slops: and the constant K appeared to increasc slightly with water

depth, The on» oxenptlen was in the ﬁide 5 ft. flume when there

appenraed to be very 1ittle change ol Umax with increased manifold

3, 34). Thesc results are sum-

(3

dopth, M. (wigures TT-VI-32,

marlzed ln Fig, T1-VI-3¢, The narrow, 18 in. flume might possibly

~xplaln the increase in Umaxeat this dapth. Further tests at
prototypa depths (25 to 30 £t!) and inzwide flumes arc needed

to ¢larily this point,

mf'feoct of Ovrificn Sizo

Under identicnl test cohditions,ithe size of the orifice
nozzla2s in the manifold pipe were varied., Fig, II-VI-37 in-
Alcates a possible slight increase in the constant K with the
smaller orificc tested., In many caseé, howaver, experimental
orror was larger than the apparent diff@ronccs noted, The mani-

f'old pressures wers found to increase as hole slze diminished.

Erifcct off FPloor Boundary

In Mg, T7-VI-33 the manifold is located at one-half the
watar depth of two {oef and the rosults arce similar to those
for Nlsk and Trebner (11)., When the water depth is lowered to

one foot the results also fall In this range. (Fig., T1-VI-39).
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There appears to be little differencce in the constant K hased

on these limited laboratory test results

Summary of Surface Currcnt Testso

In stagnont water, the results plotted in Fio. ITI-VI-36
for Upax Versus q indlcate a constant K of about 1.4 which is
¢lose to that reported by Bulson (1) (10). Little change in
performance was noted with variation in orifice siza which is
also reported by Bulson (1). The floor bhoundary exhibited no
effects for the limited range of tests peirformed.

Consequently, bhased on thece tects and thogoe surveyed in

the literature (Table 1) the following recommendations are made

for preliminary design purposes of the prototype barrier.

No. ' Tten Remarks
—_ 1/3 v AIT 7oA FTY oy e 4
1 Unax = £:5 (ga) TAMU Iab. Tests
2 Orifice Diam, d = 1/10" TAMU Tests and See Refl-
erences (1) (5) (7) (8)
(2)
3 Orifice Spacing.S = 12/t Sce References (7)
(8) (9)
4 Manifold Pipe Diam.
D = 0" Sce Relerences (1) (8)
() (10) (11)
5 Manifold Pipe Denth,
H = 25 ft, See References (1) (5)
(r) (8) (2) (10) (112

i



Surtface Current Depth Profile Under Starnant Conditions

Bensides the measurement of Umax at x/1 equal to 0.5, for
nany tests o depth velocily prolile was also established.
Fipo., II-VI-40 and II-VI-41 have bzen included as examples.
The measurad proflle was approximately linear and the depth of
velocity roeversal, by was approximately cqual to one-gquarter of
the manifold depth, H. Fip. ITI-VI-42 summarizes the results of
many tests at different alr flowrates, water depths and mani-
fold depths on a dimensionless basis. These results were con-

cistent with those previously reported (5) (4) (14) for profiles

measurcd at x/1 about 0.5.

Decay ol Surface Currbn 5 Under Stagnant Conditions

Many measurenients were also taken to determine the reduction

of Upax 2° the distance from the bubble eruptlon increased. Fig.

II-VI-43 is included as one example of the results. The decay

was essentially linear with maximum surface currents found near

-

x/H about 0.5. To facilitate a dimensionless plot, a Uqu at x
C

equal to zero was establiched by extrapolation of each graphical

plot of the resultc. The ratio of Upay/(Upay) x=0 plotted

.

asaingt x/H for & number of tests is presented as Fig., IT-VI-NH4,
Althow- n o consid ble amount of scatter existed, the solid
Lline roushly Indicates the troend of tho resulis. I Uhﬁx

L0

x/1 emal to 0.5 is used ns reference the trend is indicated by
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the dashed linre of Fig. IZ-VI-44. The manifold locatior wich

raspect Yo the floor boundary did not appear to be of importance.

Effect o Steady Chnmrel Flow on Dubtle Jurrent

A steady, uniform, oven channel flow added to the budodle
currert has been found to shift thz bubble pazttern downstreanm.
Consequently, instezd of the center of bubble eruvtion occuring
directly above the su=werzed pire, it occurs some distance down-
strean. (Figures II-VI-&5, k3)

It wzs postulated thot the individual velocily profiles of
open channel flow and bubble-generzted current could be linearl:”
superimposed tcgether. If this theoretical suypositionAcould
be axperimentally rroven, then the:resultihg canbined velccity
prefile could oe theoretically estimated £ any combination
of channrel flow ard bubble current.

Since the stagnant bubble current was symmetrical about the
centerline of butble eruvtion, it was hypothesized that the
channel flow would decrease the upstream bubble-generated current
and increase the downstream current by similar anounts. Thus the
upstream decrease would de the critical case for oil containment
and of most interest for this application.

Primary experimental tests were performed in the 18 in. wide
flume with water depths of around 7.5 ft. (Figure II-VI-47),

Two, measured, opén channel flow, veloclty proflles
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FIGURE IX-Vi-45
EFFECT OF STEADY CURRENT CN
FNEUMATIC BUBBLE CURTAIN
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EFFECT OF STEADY CURRENT ON PNEUMATIC
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at the flume centerline with no bubble currents present are
shown in Fig. II-VI-48. Although the profiles are character-
istically non-unifcrim in the region of interest,where b 1is
less than 0.25 H the prot'iles are reasonable uniiorm and are
the tabulated mean values used for calculation purposes. The
transversz profile was characterisﬁically non-uniform due to
the boundsry layer so that the centerline velocity was used

at the reference.

Next, an air flowrate of 0.436 cfs/ft was added in the flume
which‘would normally create a Up,, of 4.1 ft/sec vnder stagnant
conditions. Velocity profile measurements were then taken at
five locations upstream cf the shifted hubble eruption (Fig. II-
VI-49). The characteristic linear depth profile was still pre-
sent and the resulting surface current generated, Uméx still
de~ayed with distance from the centerline of eruption. This
test was carried out with a mean flow current V, of about 1.78
ft./sec. present in the open ehannel.

With the aid of Figs. II-VI-35 and II-VI-U42 the theoretical
stagnant bubble-generated profiles were estimated at each loca-
tion of interest and plotted as the triangular profiles in
Fig. II-VI-50. Note that b was estimated as 0.25H or about
1.83 £t for all cases. Next, the opposing mean flow, Vm of
about 1.78 ft/sec was superimposed at all locations. The result-

ing theoretical, surface current, U’ and depth to zero velo-

max
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city, b’ are indicated in Fig. II-VI-50.

Finally, the experimental results of Fig. II-VI-49 have
been added for comparison. There appeared to be excellent
agreenent betWeen theory and experiment for all surface velo-
cities of interest, Even the difficult estimation of b’ showed
falr correlation with the experimentally determined values belng
consistently greater than b’ theoretical. Similar results were
experienced for a different air flowrate in the 18 in, flume and
for shallower water tests in the two foot wave channel,

In Fig. II-VI-51 the principle of linear superposition has

been applied to simulate prototype conditions when H is 25 feet,
Umax generated is 5 ft/sec and the design two knot current opposes
the bubble current. The resulting estimated surface current,
U'max 1s 1.62 ft/sec and b’ 1t about two feet. The pretotype con-
ditions were not possible to achleve in the laboratory.
CONCLUSIONS AND RECOMMENDATIONS

Based on the limited scale and range of the laboratory tests
primarily discussed the following conclusions are drawn.

1., The continual release of air below water creates a

surface currcent of water near the surface.

2. The magnltude of the current at the surface decreases

approximately linearly with distance from the submerged

pipe. It is & maximum at a distance of around 0.3 to
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L.0 pive depths frem the pipe.
2. The wrivcity senerated Ly the lubbles decreases
arproxinztely linearls with water depth and is a

fzce. The velocity reverses

2
»‘
E
9
o F
,w
6

{curmernt 33 zsru) at 2 distance below the surface
whinh Is abaub qne-qua.s-tar of the pive depth.

3. Tre maxioam surface cm'ez*;t generaced is pmpol;tional
te the unit air fjowrate raised ic the one-third
ppﬁ:-r. The aonztant of pz-cperticnality is strongly
ae:ré:r;:.e.u on: derih of manifell uiue and practically

::1 sperndant of xenlfo ld kae bLe.

. The i‘olléwim forzsila was secorsmended for preliminary

desip_s,,‘ uurmseSf .
umax =15 L3 o (6)
6. The principle of linear ;azperpos,_.-‘.ant app'l ied
cambine stagnant é:—;a:: 3"&6 chammel flaw Zelar ,_J:;es,
was found %o hold.
Tt is racomeended to determine the effec*s o{ Mto‘ype
scale ~aometry and flow on the following results. |
1. Manifold debt‘n on the proporiionalitg cOr.si'.é,;ﬁ; q in
Equation (6). | |
= Hanifold deptq or. the rule that zerc generatedrcument
3s located at on e-—au:.rter the Dive deptb
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Intraduction

011 flowirgs over water is a complex phenamenon. Beling
lizhter than water, sravity forces "drive” the oil to "seek"
1ts owm urnifora level a2hove the water surface. Ik 3 system
open Lo She ztmosphere, the driving force is sclely the Lydro-
static pressure head of the oil, h. Thus a thick layer of oil
will nave a rrezber tendency tc serezd than the same oil of

0N

Once the flow commences, the gravily forces which origi-

naved the motion soon give way and are doxinated by viscous

shear at the interface, so that the viccous farces govern the

& 128 of the motion. Spreading decreases the oll thiclmess.
&t some farither point when the oil becomes of "£iIm" thick-

ness, surface tension forces becone domunant and this phencmenon

determines the manner in walch further spreading takes place.

Suverimposed wind and wave forces add considerable complexity

-t the situation.

Fortﬁnéteiy{ under equilibrium conditions that must pre-
vaii duringrdil éontainment, the 0il behind the barrier is
essentiallyrsfationary7so tuat vhe retarding viscous forrces and
surface tenéion forces are either not present or are very weak.

Hence, aralysis of the probiem reauces ¢o the .ase where e

ratio of gravity forces to lneriia forces descrite the behavior.
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.
: And, since two liquids of differing densizies are involved,
the ratio of the two forces iz characteristically described by
the densjometric Proude number, ®p, i.e.,
‘ ‘ gravity forces v !
. Po = = -21
D 7 jnentia forces ol i (vi-21)
P
where: p = dgensiometric Provde number, dimensionless
V = characterisiie raference valocity
g = gravity constant
3 L = characteristics refevence lensth
89 = p-Py = mass densitr differernce
: Dp = mass density of »oil
¥ pyy = mass densilty of water
Since
¥
o = Ybﬁu
Og = Vng , and
SGy = Yo/ Yy
vhere:
Vo = unit weight of oil
Yy = unit weight of water
kGon 2pecifliz gravity of oil
¥ Eguabion VI-22 can be written:
JUSESN !
| D ‘\lgL (1~ 5G5) ! (VI-22)
, ]

- R s o, RS

[
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For oil spill containment by pneumatic barrier, the maxi-
mum surface velocity generated by the bubbles, Upax determined
at a iocation appreximately 0.5 pipe depths, H from the center-
line of the submerged vpipe car: be used as reference. The charac-
Teristic reference length is naturally the mean oil depth con-
tained, h. Consequently, Equation VI-22 becomes for oii con-

tainment. -
max
F

D =qgh (T =357 (VI-23)

It is apparent that for a given oil as the driving force,
h, increases, the spreading tendency (velocity) increases. For
equilibrium to bte maintaired, a "retarding" force primarily com-

posed of the kinetic energy in the bubble-generated current

must also be increased. To be determined therefore, is the

critical ratio of Umav/dgh (1 - SG,) at the crucial point when

failure occurs or begins to occur. Letting o be a coefficient
equal to (FD) critical when failure occurs Equation VI-23 can

be written.

1
Upayx = algh (1 - 8G,) (VI-24)

It is the primary purpose of this task to determine the value

of the critical constant, o under stagnant water, wave and
current conditions.
The method of solution will be essentially experimental,

since the bubble=-generated velocities retarding the oll are
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not completely understood, particularly when oil is present in
significant depths near the barrief. It is anticipated that «
will be a true constant independent of the scale of the labora-
tory tests. Consequently, laboratory tests will be caretfully
analyzed to insure their similarity to prototyve scale conditions.
LITERATURE SURVEY

Only one unpublished report dealing with the explicit use
of pneuniatically developed currents to retain oil was uncovered.
This was the work of Sjdberg and Vernerl5 jointly undertaken by
Chailmers University and the Atlas Copco AB, in Sweden.

Both laboratory and prototype size tests were performed
under staghant water and uniform wave conditions.

Stagnant Water Conditions

Sjoberg and Verner 15 cited additional references indicating
that the critical constant, @ at failure was between 1.0 and 1.4,
Their own tests gave an ¢ equal to 1.2"....which is requireda to

stop leakage of oil through the barrier."

Waves

Two distinct regions of failure were noted with the addition
of uniform waves against the air barrier. In one region the
waves were such that they were practically unaltered by the
bubble-generated current against them. These waves were charac-

teristically long period swells with low values of steepness
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and the oil bobbed up and down on the water. SJoberg and Verner

obtained o values greater than 1.2 with this type of wave pre-
sent and a%tributed the slight increase to "....the pumping.
effect of thevwaves, which press the oil front against the
barrier."

The other, more critical case was characterized by waves
of high steepness ratio which when moving against an adverse
current created by ﬁhe bubbles broke against the front of the

bubble barrier (principle of penumatic wave breaker). The

potential energy in the wave is transferred to kinetic energy

and a slgnificantly increased surface velocity, Umax is needed
to contain the oil,

Tests by the authors indicated that the critical constant,
a increased to about 2.7 when the waves brokz at the barrier.
'hey also indicated that the coefficient depended on the depth
and profile of the generated current and the steepness cf the
oncoming wave train.

THEORY

An exact analytical solution i1s beyond tiae intended scope
of this report. However, it was felt that a one-dimensional
application of the equations of continuity, llnear momentum,

and energy using a control volume may give some idea as to the

expected range of possible critical « values,
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Conservation of Linear Momentum

Consider a control volume encompassing the surface current
generated down to zerc flow at depth b and containing oil at
depth h, For the case when h is much less than n, it is assumed
that the exit velocity profile beneath the oll is also zero at
b and approximately triangular in shape, so that entrance and
exit momentum coefficients for the control volume are identical.
The shear along the hottom of the control volume at depth b can
then also be neglected.

At equilibrium, the steady flow form of the linear momentum

equation for a unit width can be written:

F o= (T, - V) (VI-25)

where: m = mass flowrate per unit width

vl"VE = mean velocities at the entrance and exlt sec-

tions of the control volume, respectively.

Since,

Vi = Umax/2 (v1-26)
by continulty

VE B Umax/2 (E%H (Vi-27)

if the circulation in the o0ll 1s neglected.

Also
Umax
fh b (vI-28)

pw ——

i
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The forces acting on the control volume are essentially hydro-
static, hence
IF = = v, b2 - [ v. (bh - h®) 4% 2 lyn
=35 Y o ) {5 VPT- v bht 5 )]
lvi-29)
which yields after some simplification
T = h - - - - |
IF = yw.§ (2b - h) Y h (b-h) (VI-30)
Making the proper substitutions, simplifying and solving for

U tains:
max one obtains

hy hyo - 1/2
(h-6 (24 2(R)2. sg, {(1-7 (2)- ()3

(vI-31)
Equation VI-31 ir similar in structure to Equation (4) when
h/b approaches zero.

Conservation of Energy

When h is considerably less than b, the kinetlc energy of

the current can be expressed as the velocity head:

,(Umax)

2g

(VI-32)

where a’ 1g thz energy correction factor due to the triangular
velccity Jdistrlbution.

The total energy in the bubble-generated current to a
depth of water, h, equivalent to the oil thickness (assuming

a hydrostatic pressure dictribution) is thens
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2
Umax) L b (VI-33)

28
Since the oll is stationary, its total energy is simply the

o

pressure head of oil, P/Y6 or h.
Applying the convervaticn of energy and neglecting any losses we

obtain

+h, =_L£=n (VI-34)
o)

However, at equilibrium conditions
h, SGo = h (VI-35)

Consequently,

| § B )
Upax = de/a' Qgh (1 - sGg)

When o' = 1.0, the critical faillure, o is about 1.4. As ¢’ in-

creases due to the triangular shape of the velocity distribution,
the @ vaiue decreases. This range of critical fajlure coeffi-
cients 1s approximately those obtalned experimentally by Sjdberg

and Verner, )
EXPERIMENTAL TEST RESULTS

Stagnant Water

Initial tests were conducted in the two-foot wide wave
channel with two feet of water depth, T and the manifold located nhear

the botbom so that H/T wac about 1.0, With a constant aip

flowrate and Up . being gencrated, the oil deptnh baing contained

was gradually Increased untll tallure ccourred, Thei]gn (1 - SGO)
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value at fallure was then computed and plotted against Umax’
Fig. II-VI-52 with the [Jsymbol for these initial tests presents
the results.,

When the generated Umax in this initial test seriles was
ralsed near 2 ft/sec, fallure was noted at a much smaller oil
thickness than expected. It was discovered, however, that under
these ccnditions,'the oil failure thickness approached the
thickness, b of the generated surface profile (Fig, IT-VI-53).
Since this condition was far from that expected in the prototype,
high o factors for h/b conditions near 1.0 were considered to be
due to scale effects and no further tests were performed in this
range.

In the next seriles of‘tests the manifold was railsed off
the floor so that H/T equalled 0.5. These results are also
plotted in Fig. II-VI-52 for two different specific gravity oils.
In all cases, the critical o coefficients were found to lie in
the 1.0 to 1.2 range.

Finally, stagnant water tests were performed in the 18 in
wide flure with T about 7.7 feet to check fallure in the higher
Umax ange. These results are also plotted on Fig. II-VI-52
and appear to confirm those results previously obtained. In

the tests the critical h/b ratios were well within the limits

where no scale effects could be expected.
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Four experimentally determined data polnts taken from the
Chalmers University tests by Sjoberng and Ver'nerl5 are also
showr in Fig. II-VI-52 for comparison. Thére was excellent
agreemenr:t obtzined. Consequently a critical coefficient of
1.2 was recommended for preliminary design under stagnant con-
ditions. -

As noted on Fig. II-VI-52, failure was considered to occur
when masses ot oil droplets began to pass through the barrier

below the surface or when masses of oil over-toppred the barrier.

Waves

Design waves had to be scaled to model sizes for laboratory
vests., A wide range of wave conditions were specified and time
limitations prevented testing all combinations. Therefore, the
significant wave characteristics (height, length, etc.) were
chosen as most représentative for laboratory tests in the two-
foot wide wave channel.

If a prototype maniiold depth of 25 feet is assumed, the
geometric scale ratio used became 25:1, since the model manifold
was located one foot below the water surface. A maximum water
depth of two feet was used for the tests‘resulting in the genera-
tion of "shallow water" water forms. The following shallow

water wave characteristics were employed at the 25:1 scale ratio.
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'PROTOTYPE  MODEL

A ——— ot R

' 8ignificant Wave Height 10 £t G £t
Sigriificant Wave Period . 6 sec 1.2 sec
Significant Wave Length 185 ft 7.4 £t -

The mezsured model wave form is shown‘in Fig. II;VIASMf'
Aithoﬁgh,some_secondaf& harmonics existed, the wéve used was
essentially of a scaled size and.period &efy‘close to that re-
quired. Model surface»velocitiés.geﬁerated weﬁe near 1 ft/
sec which scaled-up to about 5 ft/sec in the prototype.'A

As previously noted in the literature, thé required Uﬁax
to contair 0il was also considered to depend on the height, H
and length, L,of the waves striking the barrier,(i.e., on the
wave steepness H/L), Waves of large steepnesé ratio approaching
breaking conditions were found to Iimpose additional forces on
the barrier.

In a theoretical analysis of a deep water wave entering
an adverse, uniform current, Unna?l suggested that when the
adverse current, U was about 25 percent of the wave celerity,
Cqs the deep water wave would be fully attenuated by the
adverse current (hydraulic breakwater). Wave theory states
that waves break when the steepness, H/L exceeds 0.14 in deep
water,

Dick and Brebner23 combined tnese resvlts and determined
the effects of an adverse current to aid 1in breaking waves.

Fig, II-VI-57 reproduces the combined effects and shows at

- 208 -

A gty g o -

1l e T e PSS o S

PP ipnay athpy




fan )

B T S

e

H6E69L0 N

OL6i

e R L 6 e T AR AL M ST A WO % e

Ydv Gl |
3AVM  H31VM MOTIVHS

o4 € i b TR e T B 4 b e Nt RS m ke i S AR s et haman f S ar =

+G-TA-LOld
14 02:=p

‘ON NNy
sz. a1
_

wT

7

09S/WW OG5 ~-——

‘+301=dH - B OP O = WH

99s 9=d] -09s2’i=w)

404 37id08d 3IAVM

}

y. AN AT

ﬂ N

JII \L\ j/

/! \\ 4/

-
——

/S /WG ~-—r

14 69,0

098 / WWIG —~—o

4 6540

_ | A L [y

=

—.
-
A R 1 A AT SR T M B T e e R T e A e R T b 4
. s it B - . . ‘. 3 PSR IE S JPW SRR S v g St

209 -

o o ermprr. - . W P Y

. g "




Fig. II-VI-55 Penumatic barrier operating in waves-

small wave tank. (01l retained on the right)
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Fig. II-VI-56 Pneumatic Barrier operating in waves =

intermediate wave tank.
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Filg., II-VI-55 Pernumatic barrier operating in waves-

small wave tank. (01l retained on the right)




Fig. IT-VI-55 Pneumatic Barriler operating in waves =

intermediate wave tank.
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what U/cl ratlos breaking occurs for varying wave steepness.

From the prototype design critcria in deep water, the wave
celerity Cq equals JEE;Eﬁror about 38.5 ft/sec. The prototype
steepness ratlo is about 0.0347 at significant height condi-
tions. Assuming Fig. II-VI-57 is conservative when the velocity
profile is triangular,(i.e. Unax 1s less than a mean) uniform
velocity, U, the deep water H/L versus Umax/ol point for the
prototype design has been plotted in Fig. II-VI-H7. A design
Umax of 5.0 ft/sec has been selected for this calculation.

Since this calculated point is far from the area where
breaking occurs, the large swells characteristic of the signhifi-
cant design waves were felt to probably have little or no "pump-
ing" effects on the pneumatic containment device.

Of primary interest for the laboratory tests was the case
with 01l located on the side from which waves were generated so
that the waves possibly moved the oll against the barrier.

Fig. II-VI-BS, 56, & 55 presents the results in the same Unax

versus /gh (1 - SG,) form used previously,

Surprisingly, the long swell wave form modeled in the tests
prodvced litile change from stagnant conditions. The crifical
a was still between 1.0 and 1.2. In fact, when the waves were
stopped during testing the stagnant condltions present were

noted to be closer to fallure than when testing with waves.
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Laboratory conditions permitted testing only uniform wave
shapes. Random waves present at sea would perhaps prcduce

entirely different results.

Based on these laboretory Tests, o equal to 1.2 is recommended

for preliminary design with waves.

Current

To test the principle of lineaf superpcsition of velocities

“discussed in detail earlier in this part, the 18 in. wide flume

was used with 7.7 feet of water which gave a mean velocity, Vm

of 1.18 ft/sec. A constant bubble-generated velocity was intro-
duced and the effects of the current were tested by adding oil
and noting .the mean oil thickness at failure. If the principle
of superposition should hold under these conditions, then a plot

of the effective surface velocity, Up.x (Umax minus Vm) versus

q gh (1 - 8G,) should also result in a critical coefficient o
of 1.2 near failure. Fig. II-IV-59 shows the results which
generally indicated that this i1s precisely what happens. Suffi-
clent time was unavallable to completely verify these results
particularly at small values of Umé%‘

As noted in Fig, II-VI-59, fallure depths were recorded when

masses of oll began to over-top the air barrier and move down-

stream. Significantly, it was also observed that a number of
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i8-INCH WIDE FLUME.

CURRENT TESTS
I8 - Umax —vs— Jgh(l-SGo)
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d=Vi6in
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1.4 Umax from Fig. 6 N7
{See Task 080200 o,
‘ o
® - h at failure when
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> .
:‘ top overtop barrier
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»
R
5 08 | °
06 | e
04
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i i I 1 ] ]
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Vgh(I-SGo)
]
FIG. -Umax versus vgh(l-SGo) WITH CURRENT
I-N[-57
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0ll droplets were entrained near the head region of the contained
0il and when located at depths greater than the effective barrier
profile, b{ were swept right through the deflected bubble region
by the current. Time was unavailable to record any rates of
this type of loss except to estimate that in all cases well over
95% of the oil remained contained by the air barrier,
CONCLUSIONS & RECOMMENDATIONS

In conclusion, the results of the stagnant water, wave, and
current tests were extrapolated to prototype condifions. Fig.
IT-VI-60 presents the combined results in the rferm of a prelimi-
nary design.chart. For any pneumatic generated velocity, Upaxs

the resulting mean oil depth contained can be determined for

the range of specific gravity oils of interest. A two knot proto-

type current (3.38 ft/sec) is used in the plot. No wind set-up
effects are included, but mean oll contairment depths can be
estimated with wind by using only 2/3 of the values indicated.

These results are tabulated below.

Barrier Design Mean 0il Depth
Velocity SG of Contained, (Feet)
Upax L/sec 011 No Wind Tncluding wind
5.0 0.75 0.225 0.15
5.0 0.85 0.379 0.295
5.0 0.95 1.140 SR
- 210 -
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It is recommended that complete veriflcation of all of the

above preliminary results be made under prototype conditions.

For lower prototype current (1.69 ft/sec) the barrier

design velocity is greatly reduced as 1ndicated in the table

below and in Fig. II-VI-61.

Barrier Design Mean 01l Depth
Velocity SG of Contained, (Feet)
Upax ft/sec 0il Ne Wind TIncTuding Wind
3.25 0.75 0.225 0.15
3.25 0.85 0.370 0.295
3.25 0.95 1.140 0.76
- 220 -
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IIT-I-1., Bubble Screen (Generator

The purpose of the manifold pipe is to carry and incrementally
release the alr that forms the bubble screen, The plpe will be
located about 25 feet below the water surface and will be supplied
with compressed air from above at given intervals. The hole
spacing aiong the pipe was determined in the hydrodynamics tests
and was recommended to be six to 12 holes per foot of pipe. 1In
this same part of the study, the alr flow rate was determined
to be in the range of 1 c.f.8. per foot of pipe for a surface
velocity of 5 ft/see. This flow 1s measured at standard tempera-
ture and pressure and requires between 5 and 12 horsepower per foot,
depending on the overpressure in the pipe. Frilctional losses
are negligible,

At the beginning of thls project, a considerable amount of
effort was devoted to finding materlals which would not be harm-
fully affected by marine conditions over a period of several months
without specilal treatment. This study was the basis for the
initial choice of polyvinyl chloride (PVC) for a pipe material,

Having chosen a material for constructing the pipe, the next
step was to determine the size of the plpe. This depended on
gseveral factors., The three most Iimportant factors were drag forces,
buoyant forces, and supply lengths. Flg, III-I-1 shows the drag
forces for various sizes of pipe 1In a 3 knot current., As can be
seen in this plot, the forces on the plpe become very large as
the dlameter increases,

The next ccnsideration is that of buoyancy. The pipe
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must welgh enough to sink or 1t must be welghted on location.
In elther case, the necessary welght must be transported to
the location. Thls necessary welght 1s plotted in Flg. III-I-2,

After considering the dynamics of wave acticns and the
sea conditions in whilch the pneumatic barrier 1is required to
operate, 1t was declided that the plpe should be rigid. By
beilng rigid, control of placement and floatatlion level would
be much less difficult and the necessary tensile load carrying
capability could be inherent. The method of floatation willl
be discussed later.

During one of the meetings, it was recommended that this
pipe be rolled onto a large drum much the same as 1s done by
some pipe laying concerns. Examlning the procedure of putting
the pipe on drums reveals that it 1s ylelded during wrapping
and then 1s reverse ylelded during remcval so that it will be
approximatély straight when unloaded. If the PVC pipe were
wound on a_lafge diameter drum in a relatively warm fab. -lca-
tion building and then taken out into a brisk BOOF wlnd to
be unwound, the unwinders would very likely encounter consi-
derable difficulty in laying the PVC pire in a straight line.

From this then, the most logical means of storing and trans-

porting the pipe was in short straight sectiong., For optimum

coﬁstr0ction aﬁd assembly procedures, the pipe sections should
be of the same dimensions. In this way, there would be no
rarticular order for packaging, storing, or assembling.

The next consideration for determining the dlameter of

the bubble mcereen plpe, 1s the length of pipe that 1s between

§
N
n
=
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BUOYANT FORCE (LB/FT OF PIPE)
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FIG. II-I-2 OF PIPE DIAMETER
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the supply polnts. From these supply points, the alr moves
along the plpe with a decreasing mass flow rate because of the
incremental release of the air forming the bubble screen.

For a given dlameter of pilpe then, the length between the
supply points is limited by the mass flow rate at the supply

inlet.

The mass flow rate at the inlet is limited by the sonic
velocity in the inlet air and by the cross sectional area of
the pipe. Thc sonic velocity of the air is a function of
temperature alcre and ié plotted in Fig, III-I-3, The cross
sectional area is proportional to the inside diameter squared.
Therefore, for a given temperature of supply alr, the length
between supply points is proportional to the diameter squared.

The deciding criterion for the pipe diameter was the
welight of an individual section. An arbitrary figure of 200
1bs. was chocsen us. the maximum weight if the pipe sections
were to be moved by hand. By heving a 7 inch diameter pipe,
the sections could be about 11 feet.long and weigh about 200
1bs. An 8 inch section could be 9 feet long, or a 6 inch
section could be 16 feet long. The diameter was chosen as
7 inches. This was about the largest that could be handled
in 1000 foot lengths with a 16,000 1b, bollard pull.

411 of the aforementioned design work had been performed
wlth the assumption that a suitable air mover could be obtailned.
Soon after design began and the necessary amount of air volume
per foct was realized, contacts were made for equipment that
would do the job. Two answers (letters III-I-1 and 2) to
these inquiries arrived during the week of May 18, 1970,

(See Appendix V),
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The first or these (letter ITII-I-1) isgabturbine-driven rotary
screw compressor weighing about 60,000§1bs. By welght

alone, this unit is ruled out. The ot%er answer (letter
III-I-2), lo frem Gas Turbine Power, Iﬁc., in Houston, Texas,
fer a Curtls Wright "Jet Air" Compressér package. (GTP 7850E)
A8 can be seen in their letter, this uhit 18 readily adaptable

to use in this program,

Using the "Jet Air" package changés the deslgn conditions
for the bubble screen pipe. It has a ﬁuch higher discharge
pressure than the plpe was designed fo?. One cubic foot of
air at conditlons at the bubble screenépipe level weighs 0,132
1bs,; 22,000 standard cubic feet of aif weighs 1,681 1bs.

In other words, one GTP 7850E can supply air for 210 feet ot
bubble screen pipe. Remembering that the sonic velocity in-
creases with temgerature (Fig. III-I-3) and that the density
increases with pressure (Fig. III-I-4), the discharge pressure
andf;emperature creatly affect the necessary diameter of the
bubble screen pipe (Fig. III-I-5). The pressure differential
is the pressure lnslde the plpe above atmospheric plus 25 feet
of water. The inlet alr veloclty is Mach 0.5, PFor these
conditions, the best plpe diameter would be about 4 inches.'

After some consideration as to how the PVC bubble screen
pipe was to be connected and how the large tension loads
were going to be carrled, it was decided best to construct
the pipe of steel. Since all the stee} is of the same type
and remains completely submerged, corrosion should not pre-
sent any problem., Pipe of the size and welght needed can

readlly be purchased frcm United States Steel, Pittsburg, Pa.
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The connectors to be used are of the hub and clamp type

and can be obtained from elther Gray Tool Company or Cameron
Iron Works, Houston, Texas. Thils hub and clamp unit was

chosen because 1t 1s definitely stronger than the bubble screen
pipe. Other types of quick pipe connectors are made by
Thornhill-éraver Company, Houston, Texas, and by Victaulic
Company of America, Elizabeth, New Jersey. Thelr connectors
aprpear as though they might be suitable but strength tests
would he required before they could be used. In anry of the
above cases, assembly would require a minimum of time.

.The umbilical pipe will be made by the Action Flex Division
of Schett Industries, Elkhart, Indiara. They have the facilties
for the manufacture of nylon reinfceciced necprene covered flex-
ible sleeves. These sleeves differ frcm tubes in the absence
of reinforcing wires which would hinder fast packaging of the
tubing. These sleeves are specially fzbricated to have rein-
forc2d ends for strength at the attachment voints and will
hold the design pressure. kach segnert is ccuplec¢ to another
through standard hese clamps acting on a rigid tube inserted
at the pcint of attachment. The crcss sectional area of these
sleeves will be twice that of the bubble screen pipe since
they will be connected in a "T" fashion feeding the vipe in

two directicns.

2

The butble screen pipe will havea primary anc¢ z seccndary
floatation system. The primarv system ccnsists cof flvidic
logic devices and air bags, The fiuidic logic device cperates
on the air supplied in the pipe und ‘detects tne depfih. When

the pipe sinks below 2¢ feet, the device switches the alr flow
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into the alr bapg, thereby ilncreasing the floatatlon of the
syotem., When the pipe rices to 2U feet, the alr supply to
the bay is switched offand it begins to sink again. This
tolerance can be reduced with some minor gsophisticatlon of
the loglc device. Drawings for the fluidic logic device are
shewn in Figs. ITII-I-6 through 11.

The secondary floatation system 1s composed of large
polyethylene flcats attached to the pipe with 36 feet long
nylon ropes to prcvide emergency floétation for the case when
the bubble screen nipe is not in operation., The material for
these floats 1s manufactured by Dow Chemical Co. and can be

obtained from Kirklend Sales, Dallas, Texas.
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2. Packaging
Tne Heavy Duty 3ystem will bLe stored in four subsystem
pacliages:

Package I - Machinery - This package will consist
of a turbine-driven compressor, & machinery hull, a cradle
and a pallet. The estimated weight will be 21,000 1bs,

Package I1 - Inflatable rubber fuel tanks. |

fladinpivhuiuied = A i)
Package III - Bubble Screen - This package will

contain a complete set of 200 feet of pipe sections, clamps,
one umbilical and floats. Approximate weight is 3,000

1bs,

Package IV - Mooring - This package will contein
four anchor and mooring lines to connect the bubble genera-
tors, and machinery hulls as shown in Fig. III-I-1. Approxi-
mate weight is 12,000 1lbs.

All packages will be secured to standard C-130
aircraft pallets. The packages will be removed from storage
and transported to the C-130 aircraft by a 25K aircraft
cargo loading truck,Fig. III-I-12. The packages will be

ground-winched onto the €C-130. Three aircraft will be

required for each 200 foot module of bubble barrier. The
aircraft will fly te an airport near a port close to the
0il spill. The packages will be offloaded onto flat bed

trucks for transportation to docks or Coast Guard station.

Packages III and IV will be loaded ontec a buoy tender.

Packages I and IT will be set in the water. Jet rfuel tank
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i
rruzke will lessd Lo ,000 gallons of fuél into the fuel bags.
i

This 1o an —dient day fuel capacity. Estimated time for
tromcport and losdinge will be twe to four days depending

on tne availabilicy of bugy tenders.

Hoeause o i rtowing cnaracteristics of the fuel tank,

(65}

for tendoore wiil roquire from six to 2!l hours to reach the spill

lste)l
. gest AV
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[IT-TI. STUDY OF SUITALLE MATERIALS

General Comment

Material :mechanical properties are, iIn general, dependent

upon temperature, time (rate of load application or time in

service), envircnment (chemical and organism effects), stress

state (tension, cempression, uni-, bl-, or triaxial loading

of load cycles, packaging forces).

In order to assess system strﬁctural‘integrity, it 1is
necessary tc know the structural behavior of the material
oﬁ/which the syvastem is to be constructed. Material structural
behavior is, as indlcated above, a function of the type of
sys;em, its loads, envircnmental situation, etc., in which it
is to be used.

Successful system designs result, therefore, from con-
tinuing iteration in design and materlals selection. Design
perturbations, fcrtunately, get smaller and smaller with each
successive lteration.

Materials study tasks, thusly, never become "finished"
until the "final" design 1s accomplished. Even then, and
especially as the desipns are implemented, servlce life data

musi continue to be accumulated so that both storage and

service life muy be rrecisely establlished.

Cbhjectlives

Genernl statement of the yrinecipal task involved 1n

[REEY
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material testing: To establlsh the material's rcépqgse to
mechanical, thermal, and enyironmental loading conditions,
and to assure structural integrity throughout the service and
storage life. In each case where published data was in
question or where data was lackinf,separate tests were
carried oﬁt. The materials study progran was in direct re-
gsponse and in support of each of the major tasks in this

program.

Speciflc Items to be Noted:

(a) Physical Propertigs

Density
Color (influences sunlight degradation properties:)

Refractlve index np

(b) Mechanical Properties

Tensile strength, p.s.1i.

Elongation, %

Tensile modulus, p.s.i.

Compressive strength, p.s.1i.

Flexural yleld strenzth, p.s.i.

Impact strength, ft. 1lb/inch of notch

Creep behavior

Fatigue life

Hardness

Flexural modulus, p.s.i. .
Compressive modulus, p.s.i. )

(¢) Thermal Properties

Thermal conductlvity, difference in temperacure. cal./
sec./sq. cm./1(SC/cm.)

Specific heat cal/ C/gm.

Thermal expansion 1/~C

Resistance to heat, °F

Deflection temperature, °F

lg 264 p.s.i. fiber stress
2) 66 p.s.i. fiber stress
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(d)

snhvironmental Reslstance Characteristics

Water absorptlon, 24 hr., 1/8 in, thick., %
Burning rate (flammability), 1in./min,
Blologleal fouling potential

Marline boring potentlal

Marine microorganism attack

Effect of sunlight

Compilatlon of Data for Material Selection

()

A product gulde was established for vendors supplying
metals and elastomers of potential-use in this program.

A directéfy of manufacturers, which when comblned with

the product gulde, relates a company to a specific

material and/or relates a material to'companieslsupplying,
and in what form (tubing, wire, sheet, foil, etc.).

An inventory of current literature available from
manufacturers having to do with design properties, codes,
design calculations, corrosion data, fabrication standards,
dimensions, cost data, technical descriptions, reference
tables, and sales offices,

A laminates chart cataloging physical, mechanical, thermal,
electrical, and chemical properties of polymeric materials.
Creep properties of plastics specifying the nature of the

test specimen, test condltions, and creep test data in

terms of the creep apparent modules.
Temperature dependence of plastics measured by dynamic
mechanical proper#ies, dynamic shear modulus and damping
factors versus temperature,

Charts of foamed plastics relating type af‘material to

mechanical,  physical, thermal and chemical properties,
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8. Plastics propertles charts listing processing character-
istics, physical, mechanical, thermal, and electrical
properties and the important rcslstance characteristics
such as water absorption, effects of sunlight, effect
of oil and other organic golvents.

9. Film.charts essentiaily cimilar te (&) but specifically
for film and sheets.

10. Effects of marine organisms including listings of coatings
and encapsulants useful for marine environment,

11, Modes and mechanisms of the deterioration of mezals in
a marine environment.

12, Charts of foaming‘agents for all types of plactics.

13. Extensive bibliography on marine, chemical ar.d mechanical

degradative influences on materials.

Less general compilations were as follows: (1) catalog

of wire rope and cables suitable for a marine environmenc, (2)
methods of welding plastics - heat welding, high freguency heat
sealing, and ultrasonic assembly, (3) plastic design guidcs
and (4) engineering reviews of plastics.

The use of plastics in the Texas A&H Heavy Duty Barrier

System necessitates that an evaluator hav: a scmewhat
sophisticated understandlng of plastics and their various
interlocking aspects. As it is not feasible te provide
insights into the boslcs of polymer science and technology at
every point within this report, the following briéf intro-

duction to polymer science is offered, It is designed to

provide a basic insight into plastics so that sssimilation
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of all that rollows 1s possible. A good general reference

for polymer scelence 1gs found In the Modern Plastics
Encyclopedla, 1109-1970, created by the publishers of Modern

Plastles Magazlne and offered once cach year as an encyclopedic

volume,
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ociated definilicns

What polymers are and a
The covalent bonding of carhon to catbon, starting with
relatively small chemical units {called monmwers) which
are capable of reacting with one another, resulis in relae
tively Targe molevules called polymers. The uniqae prop-
cities associated with these naterialy e due o sizeable
inteeactions between the molecules over exteaded Tengths,
amlover Large surfaces,

The repetition of the wnits o the makeeate niay ke steae-
wires fievar aanl chain feke, amd with o without appendage
sepments called hraaches, or crosdinked stiuctores which
fazm theeesdimensional. neowark-1y pe moleenles:

Lingor Branched Crossiinked

Jtshoudd he noted that the chain-like moleeules pay hase
degrees of Moxibiliny and that the primary intericions bee
tween the molecoles are physical-—cither in the forns of
weak van der Waals forees, or the stronger clechiical forces
assaciated with palar grovpa if thes ae present. The mole-
cules may also be physically entwined, one in another, os-
peciatly when they are quite foag and relatively coileld. Tn
this instance, they may he thought of as being represented
W a bowl of cooked spagheui.

The application of encrey in the form of heut to such
an assembly of melecules canses increased molecnlar mo-
fions, first 11 the form of segmentab motion and Later with
nereased heat. a ligquid-like tow where the malecules are
iree to stide over onc another. Such materials are referred
0 as theemoplastics. Common examples asc pohyethnlenc,
aolvstyrene, and nyvlan,

I, on the other hand, we consider the crnsdinded
trictures, where the individua! chain segments are chemi-
<ally aitached t onc anather, then the appliconion of ther.
fial energy does not result in oxiasise chain mobihiy, and
the polymiers do not wfier with heat. This type of matcial
s commonly sefeired 1o as a thermoset, Txamples aie the
rhenol or ures formablehyde polymers, and’ crosstinked
Polyethylene. These materials arc usually formed initially

in a finear, flowahle stape, and then et or crasstinbad into
final, intractable nonRowing foem by spitication of heat
and pressure. cadintion, o chotical crosdinbong

Our piention of the notion of nelecule feng
immediately raises the grestinn of quantifying this chanc-
teristic s thal sty Be sigril antly discessed dn woms of
cllecty on properties. The aceepted procedure for referring
1o this property s aongl e eolecntar yeeizhe (A1)
o degree of polymedization (DPY. The Latter s simphy
defined s the membee ot meneaner vty in the palumer
molecole. Trs velatianship oo melecubr weipht is os shown

of size

in {he folliaang expresion

MW fpalvmcry = DIF 20 MW onomer)

Since every polrmer samiple sotadly cony s of womnguse of
molecubar weiphts, oap congern s really wah e e cape
mabrcelar vocieht, Depondin: upomothe s el ef s
it we s obtain ¢
monhy comdderad are the o' or wveoapes Sy and e

cient aneta s THRE b peat coage

weight iverage. Mu The oo wodennad S measany
ments whach elfertnely connt the munbes of porticles, while
the Latter is based oa sl mcihods as Tiphit seidteng v heie
Jarge sieed particles contribere e stronehy o the obersad
effect. Vs the inveiene is voghted tesand Livhes s olues

vchore Wb melecutes are of the < me

For s idealized ¢
size, Mo owonhd equat Ma. bheseser, anze this is 6ot tioe,
Mw

Seopnes anindication of the
Mn
breadth  distribudion of melecula weight specics in a

Mw

sample. Asv -~ dacicases, the molecolar weight distisba.
M
tion is broader,
The DI or the moteculan wel
eflect on properties. As cithes incrcases, the meleculer size
mereases sond provides preater apportaeiny for meiccular

in prntce, the satio is of

i can hane animpenant

interactions.

For ahe wibe of arienttion. we muy emisilor o wrics
of lincar polymers basell on the pas calndene CIH CH:
In the low DP

rises, the producis become preases amd wany solids: onhy

the polymers are hgonds avahe DP

when we pet tooa DP et seseral bundred do s wart 10
achicve the characteontic propertics associzted  with a
phitic - foughness doog wah strenpth and fenabities.
If we avame o malecolar meded where each ethaylone unit
v Pihin dong a GO0 D molecnts Tty enteaded would
Mave a Jength of 29 feet One con now see B appeaprate
it is 1otk of these melecule s as oo, Jhicwlite o
chatin-lidoe strnciaess, and it becoras cane T vistatize that
a mass of such molecoles voull, indeed have geat probe

alality of phyacal entanglement and an
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Aricrpien poloreoy o et eabil stooctural onder
ateng e chnns Thae e net acgalar pcpeating spaoogs
a o dintanees botween the wojcqules Thee ]-nhnn-n are
vty nsnde up of elvcules wloch are o sphar i shape,
which canpot packoan an ondered Taodson, and sl iy by
thovgid of aca mass ot coched spaghettic

Crostdlone palvmn oy are Cheracterieed by the capatahty
of thew melecuton, or mefe correctis aeennms in their
medevnlos, to form threeadiemesnatly oadond aians ex-

hibstne vhoracte ot imters vt molecuba spacungs:

Chain foldes

trysichizatian crystgthzaton

{integ nahculor) {inter molesutar)
i

Bt oronsd he revaypnmize ¥k
L

4 bodatise of the Busths of dhe

erostalne peatbocntess petun o alimost e cohisae e

foov o enfor Cgnanatent b tiose obsoved i fow motoone

Bundte typ: .

L werght covstallone maeoabs, The aornald chain entangl
nienis, crosseners, gD Limbs whch, anondeate By, incrvase
with o repth or netecnly swepeht, caner g deeree of
disondes cven i polunecs wlieh e hgthly envatadhizable
Ty divondor o cpnvalent to amogpheny st tiree, and
ey cotnante s brom aboet S0 1 187 of the tetal ol
Farthor s nnt beoneted that e et of o crsstafbrahle
pebviar o be guendhed ceoolod rapandiv )yt temperas
tre bl toctho poret ot therd e freere i the dis
ordered anerphonn diacrore anveecnted with the mele B
the melecetes are thea kept o temperatuee where they
are vopabhe of Jamted e saental pietion fabove Teoas dine
cossed Jater) tlas wil! Goeataally geselt in developraeat of
cryatatliey.

bhe seeesshoape and amcant of Oastattne material wigh.

e pelviees plecan mopertant ele dnoatlecting properiies,
and will be deorsaed Liter

Avnther ampoant stneductl shate is onwenfed polyiver
molecoies, devidoped by subjecting the otecnles to umay

sl stross thetobs ahip o thenr i the iz ectom of the stress

i

This may be done with winorphous or civstalline polunters,
and an both coses the properaes in the sheection of wolegu-
Lar alipenent ditfer Gom these at aght Lngles o the Mign-
mienl direction This iy 1he Iuises ot fibers, where adognt,,
oo lahen of ugh speosthis o the daection of oarientation

achicved by sticivhing the poivmer fiisers

Mechanical propvaties
Tova Larpe extent polnwrs find thear usctotiess due 1o
there e hatacal proportes, amd these incdndy thaeir stiess-

A o tensdesclonzatieas b amd stress sobovation for ton-

PRG0N (raaceeny e of o tatey o0

ety L by

ared of ot d
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l"l(.‘.},: wple stressestran curves for ditlerent

types of plastivs niatetiols,

siletime} beliniors. The Litter often mamfests el
crecp propertivs, and is essentiadly o manitestation of the
visve clastic propends of polyvmers, The Tormer is sl
representest by stressestrain corves, amt pay comenonth
be sepatated it savions Bpes of behavior such as those
indicated in Fig b . .

It should be noted that soft. weab maetuds Gmorphous
pobymers ot wemperature above Tg) show fow stres
vatues flow temile) accompained by reltively low strain
(clongation), The nitial slope s rather shaflow, indicaring
a low modulis, In prahed contiasta bard, bragle mareriad
Jamogphotis: polymer bedow “Fg) shows maderate weanile,
but sery low clongation, and a lugh initial slope which
an inden that the medibis is very high, “The arew under the
curves is the integral of force acting threugh o distunce,
and therefore is an index of the energy abworplion ¢
hiliny ol the materiat Before failie, “the peoatest i
under o curve s for e ol aough eatenad which s
capable of having its chains siraightencd oct umler the
intlucnce of the steess, yet maintains enongh molecubaer
entungling points so as not e slipe thereby giviag high

, elongation along with high strength,

This Jatter tape curse iy most wsoglis Tound for high
molecular weight covstatline materiats, Hete the long chain
length maximizes cntangloment and tie points Fetween crys-
falline regions. The later, of coure. provide the high
steength because of the constructive effect of the intra and
inter molecular crystathine forces. Most of the oiher impor-
tant propertics nuy be cguatly well undenstoad an the busis
of the steucture of the polyner,

Hardnesy is related 101
materiah Chd 0 be hard becaine melecelar motion s
frozen . But abave T ihe matceiah tend o be softer For
crystaliing muaderials. however, becae of the chose packing
of chainy, hardness usually iy tetated 1o degiee of ceyvatatin.
ity Since lower molecular washt matenals may cnstat
liew more readily with o piven therowl treatment, thes temd
i be harder than aohipher miolecular weight sersiva of the
same polymer,

Fladiciey depends upon the alihies of diserored, hinked
chain seginents to be straightened out vader influence of
stress, and s associated with materials above Te, Thus highiy
crystalline materiaby would be evpectad 1o enhibit less
clasticity than would materials having lesser crystathnity,

amt crystatlinity . Bedow Ty,

Dpact seengeh is selared 1o wintipy absorphien. Natcnakh
below Tgare geacrally T in impact sireogth, There is a
notable exception in tisphenol polvcarbonate, which bas
hightimpact dreagth 2 room emperataee in spite of e
ing a Ty of ahour 180 C This phenomenan has been exe
plained by the encrgy absorpion capabihiy associated
with the rotation ol the phenyd nings i the huchbone

of the vhin

Frony a structinal properiy point of view, we may sim-
DU M nore inporfant propertios featnres as follows:

1Y Sl chatns (e containiong Lape side srovps of
phenst proups within the chain) tend o hove o huehee e
s 0 they e envataliizable, twead 1o have high el e
peratvess Chains that con ennatttze. and swhoh hase
polar eovaps, hove Bigho mcting ponts

DR
or simple reenlar sratant can creadablize mest poandily

B Bilecr ol pndlecr” L oweg e

A) ot oryvtallc caon oter Chaanes are mere inebale

alar Cins Ghioss hing deren reenlar siclore

and may cnvstallize oacs capndls ind toa pieater exent:

by on melt flow propains Longee ghuns base
sery farge offect on OMUTT) i ancreasine el saoeualy

) o phisaal praporey many properos wrd
denats, increae varly metecnbsr weight wmd roach relae
tively constant vatue at medeiaie moleeebar woighe
Touphness, hoveser, inctesses wath incicasine welocnlae
weight becarne of the preater tendency o have chan

intcractions.
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iod of gime. Figire 3 gives apparent mentuloy ve
tinte at roam temperatine foeabitierent rateriah

Crecp amt appaurent avrdulin van be osead 1o de-
termine deflections over a piven perind - A troe
creep tesistart material sweuhl bose ne denpe in
deflection, and ity ppperent medulus waetd b egead
10 e instartancous medelus Frgnees 2 asd dinde
cate that plastios materiabe ditler groativ aaad thar,
i creep v importiont for o particela ap;dicstien
the vanious mateeials sheald be checied 1o detess
mine which cocawl! give bostresnlis,

Tensile suondnluv: Vigire 4 shows hovw tenah

plastios and men. b oare valid ed'y for diect eona-
parsomy they have bitle value otherwee because
L fesishie of a4 finishied pait o pends <o
e on ot slapes impact aote, and other con
sefercfion CPeetots po testimee o L anare o tant

Alloviable wankicr sheages e peoctal, werks
10g slress valies are nob ncheled st e prep
et tharts, <o Tre S Gonsparcs sne ef the ens

moecnne platis aaoenhioe to vahies obtan g
fronn the v oo ponulecares I demenste e
the chances who boccnr wlon tosseegeten ik

rased, Fhe carves chow Low e ailoaable von

mndidas (hy ASTA proccdurest vanes from pla LU N B\ cress il LS
tic to plastiv. Temsile, compressive, Besural, and Peratare amd o the atfos bt Coptenn s stiesaes
shiear strenpths of these roaivniads s preatty with for plastiosine far bl RSAUNES R

vadues shewnon propottios chants Yot the G tae

temperature. ftanust he remembered that steength,
shown in property chants are instintancois valaes
at rooany lmperaiuge,

Tnpace: D onimpact steensths of various

WO At Tl e thee valaos b el N plianes
parts o e desned s shont e part falere s
to be avended
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DI

"'flh"”"'. foom has Povone eac of e

with an almest Linvitloss (o ~f chem
ical and naechamcal projw
Contnbuting W urethane o
Reas iy the simphicas with which it n
prodiced. The  Bgaid componenis
iy be mined by hamd o paper cen-

[ENSHIE

tainets and pantred Bt a cavity where
they Toam and adiee \‘.i:h great tenav-
iy o the B!y wells This foem can
be preared into a moid that has feen
treated with o wan or other oleasing
compound s mbiptable teoanss pos
ductien with the use of toam prodecing

nachiners: it e he spraved en hori-
rontal, vertival, op convalute surfaves,
orapplicd as preformed vab sk

Recuse of these quaditios am!? it
eare of applivation, e
bemng wed moscores of
where it has proved B ke ansurpassal
Fosa can b food ced that have
flenible, open vell sior o ke that
of foam rubber e g
cloaed cell structures 40t
complotely sigild

There are two h.m\ Ipes, pody-
ether-based and poliesterbased T he
policther class i penenlly les sisoep-
tikle 1o the effccts of humidin . the
polyenters are loving their ponitions ol
higher temperatuce stabulity and
steergtheto-weight ratro o the pewer
pohiethers. Both tipes may he pro-
duced in densitiés from less than X Mh !
o fr. up to the solid polymer werghing

751h R
<
“Rigld toams O\ \/

Rigidd feants have an excelientstength
to-werzht retio, extremely low thoom. of
conducnivits, and a range of remvath-
ahly usziul compresive, \,“'.lr, temsite,
and flevura! strengths
Othee quates which roke the ripid
foam desigalic i nrany fichhs are ity
wh dectectew strenpth, resistance to
faiie (with additivess, fons waler
SAPSL trasnine
tion, poed sibrnon resstane and re-
sistance Lo ovy pen el te nust sohents
and dibete acids s et wenacked by
funguy, ix incit and 1omeabensne that
will por adversels alizor sufntistes or
metals which o contadis,
Sure of s more o ol
tions include me tnthe crustble Lind-
ing pads of e Sarsavor nowen slnp
Goppere poser of

prethane iy
sendustrics

Quved with
tomd 1o he

eubic foot,

wr
o and swaber abhorp-

applica

for increavine (ke
el arnateat the vame fioe
i the STips tpanbable— fos sais

th
0

sunder WP or gorapaeat et

moatvnn vl wla, o s cenine

tivs of hogies
Urethiore foam's

iyttt and

ne ol asphication roan the i bl there
of

-

inea?

mant tensatile oderialy i the entire
spectrum ot plasteos, Foamn geacradly
ace preduced by aiiving o o meee
byunis whch evpam! to form the ool

Rabar structure. By vanang the prapar.

X )

meal ansadation. Bis the most efbicient
instlation Lnown 'mm) with a I Fac-
tor (Bt o s 10T broaa 750 FL)
ranging between O 1E amd 2.14 in dden-
utivs fzom 1 8- 3 dhfen foot

Almest equally important gitributes
ate stk etlective aperateoen as mei.
wred M preduction compatabihity
Coost m tme, Libor and ¢ocipy ol of
acyh, and eml e M-
teflectiveness, Loy ternt inteps
FONREANTE To Vations

which mean n

WY
Oy, Entemin.e,
conitommients, amnd elect on operational
Lnts), e which urethaoe insulation
oweh

These advantapes hove fad those -
dustries whese eflivient opendions are
hiphed ehnely te precne temperanire
contrel, to spevity urethane foam for
neathy alf therr inspliation necds. These
nnefactirees of
and freezers,

tndustrivs i hade

homsehald otiperatars
commerenl watkein ad reachin cool-
vis, n'!u;v..;h'd satis sid EHEw Y Cars,
hat and okd seevice rail and traek
tanhers, and storae veseh and piping
foe refineries, liquatied pas pleats, and
the ehenicad process industiies,

The nurine indistrios are incorpo.
rating rigid urethune foams for inls
tion and flotation inta hoth new \mvk
and renmation The constraction Ill-'
dustry is turning, although stowly, to
wrethane foams for . the “solution nl‘n
problems with which traditional m.nl«-
rials hase heen nnable to cope,

Flexihie foams

Flesitde foams to date have almost re.
placed Toam rabber s cushioning in
matlresses, pitloss, and in various oth-
cr applications, Fhis revolution in the
furmiture tichl wan broupht aboat by
the supenr chemizal and phsical
qualites o the flesible urethane, in
mueh the same manner s righd ore-
thanes Bave rephaced many materials
inother areas,

Seowith the rigid fagms, there are
two fpes of Qevibite Toan - pohyether.
Bt pead polvestors el Both hine
iy somlar progetties, but otten hase
wile diferences i fesistance o the

RTINS GO e n|~ in whivh they are
placend

Polvethers are oot for their rosil
ety e therefiee wsed primarity
o Tornitare cushionmg, whereas polys
efers are pnid nramy i pachaging be.
cotiee o8 therr sapenior shock ab.orte

g topstios

Phe otaties of hoth tpey pange
from about |3V By e s gy
Commititers 0wkl tang al ehiices
Foath feable poems are avedable as

e

x 1\

e e 5 g 0,

i

tings or compenents of the liguids, and

by the waddiaon of vazious additives,

foani s e prodeced wheh e
1 . A

donatios rany upwand o fess

ihun b v By about 70 Bhoend,

- M,‘»»uwmp—w

white o1 cotored slob stock dn sizes up
fln T6oin. wide by 30 in. deep in un-
Slimited lengihs, in o wide range of
Pdensitses amd fexibilitye, These Alabs, or
;"hun\." can b oot o any disiension
“within these Timitations and in thick-
fnesses down 1o Jess than Yeeinch, The
Ymaterials can he cut with o hnife or
fcommon woodworhing power h'(\l\.

hut more uswally are cut with spedi
designed shitters and can be cemented
together with wlmost any tpe of adhes
sive. Both fevible foums now alvo nay
be moided or Toaed-ineplace in brge
velume.

Chemical and phasical propertics
(which ande the twe of fMenille wre-
thune foatos so wdvantigeons include:

1 Light weight and high strength-to-
'v«cnghl pation an even cell structre and

smooth tenture: o high resificnee and
elastivity under  dynamiie presares,
with eaecHent resistance o fearing,

and Neneral stresses.
Tounn

ahrinion, crecp,
There s litle compression el
My seifer me permanent degrdation
W phtsical propertics from expostire
o temperatures from 30 250° 1.

Polyethes-hnad foams have heen
the veneral choice in the Turniliee in-
dustry over the pant several years bhe.
cine they are less lammable, and have
greater sliffness amd tensile strength
than svnthetic rubber foams, Flame
retardants nes be added 1 hoth poly -
ethers amlb polyesters o that they can
be ehessificdd as Oself-extinguishie
i Unlike rigid foams which generally
have the same overall resistange to vir.
jous chemicals and sofvents, the two
types of fevible Jowms 1ot i difter.
ent derees o various chemival en
virenments, oth foams are swollen
when immiersed i chlotinated solvents,
romatios, hetones, exters, amd alephol,
hut generally return to their ariginal
shape when remosedd Trom thewe Higuids
and drieil. Polyesters hinve a better re-
Givtanve to (hese sofvents than poly-
cthers, and are relativels imaffected by
hydiovarhons and serel ible mibs. Both
foams ane comiderahly dangal hy
strong wids amd hases, nften 1o the
point nt destruction. Revinne of their
Better soltent resistance -and, there
fore,  cleanahility- potyester fevible
Foaris e widely wsed i testiles
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Marine spplicatiens
The extraondinary flotation propwrtivs
of rys inethune foam accoudt for its
wilespread tee an the maane fickd,
Twoedbh denaty wrethane has about
60 I8 ol busvancy for every ca foot
Teis not aftectad By sali water, pasaline
or ¢l gt i orhs o woter,

It is now aaed an b conviniction nrae
tenal for Foatspontoons, bueys, and

oty and Jdodia, peoetally in conjune-

oo wiil o pobvesterampecpneted plass
fiber covcring

The potentia? of the Jowm i this ar.
ca has proven b b so provocative that
V'S

one of the baug poals of e N
new SUALAR was the testing of are-
thane an vnderaater  cnviremments

Maost of the tests corrzernad the saly
of hoats aircratt, amd othor eqrupirent
from the ocvan fleor. All of these 1o
proned siceessful

N

Mivcellancous spplications

Miscellancous tses of wrethand shoane
legion Tt s posw being usald o con-
struct hphtwersht rotor antennas up to
60 11 in Jian
olutivnn, cuse of nLuntenance, wud the
advaatere of brnp manatachiahe on-
site, I ool arces, with apprepriate
nuchencry, In moie than 200 mings
throughout the nehion urethane woap-
phed by the spray method to inluhit
weathering of codd nls o impiove
septilation by sealing off arcas of pas
seepage. tor presenting the ficvsmg of

ter wod having bigh res-

pipssy sluning wanter, for cauthing
shafts, 1or crecting fire seals, e

The foam alsa iy o iy imispenaa-
ble owstesnal Ior vresting such diverse
producty as model terrans, replaciog
papicr prache, s is used as o medium

by »ulptois L and even as i fishing
ure. . Lece of flesible urethane ime
progmited with crshied salmon cpps
has been found to be ireanistible o
stecthead trout ’

Urethane alw s proving its worth in
the oil industrs, Hot off Linds amd as-
sociafed  equipment areincrensingly
being imsubated with veethane, ither
by applying batiens o the tanhs or by
spravang the tinks with toam. T one
test, distiflate purmped into a orethane
imulired tonh nuiatained o reguired

!

tensperature of 1807 T or ahbove for
Yk, without the company having to
activate ity steam heating equipmant.

Though relatively more expensive
thas cnnventional pachaging materials,
urcthane  foans- both Bevble and
rigid —-are slowlv invading arcas of the
packaging ficl! where theis phasical
properties are needed, or where the
foam-in-place twediniqoe v advantas
gents A special frivdsle Toam i used to
packs Large abects containing deli-

cate equipment, The foam crishes ot o
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predetermined  rare [ during  heavy
shock, ™ yotecting parts from de-
structive ¢ dation. The packaging of
the Poluris missife is an example.

A new method of packaging miti.
tary cquipment destined for areas with.
out docking facilities has been devel
oped. The equipnent s placed m o«
seafed polyethylene bug sospeded in a
carton, and the veids around it ore
foamed in-place. Steh o carton puay b
ettisoned overboard durning 20 inves
ing tide, and witl float ashore —nd




F U LR L L R R IR P N A T

e a s amy

Summary of Properties

POLYTETRAIIJKH«ﬂETHYLENE‘(TEflcn)\

Specific gravity (density)
Specific volume,cﬁ; in./1b.
mensile streﬁgth, p;s.i.:
Elongation, %

Tensile Modulus, 10° p.s.i.

Impact strength ft. ib./in. of notch
(1ZOD Test)_

Harduess, Rockwell

-5 0
Thermal expansion, 10 5/ C

»Resistance fo heat, OF continous

Water absorp., 24 hr., 1/8 in. thick %

Burning rate (flammabiiity), in./min.
Effect of sunlight

Effect of organic solvents

2.1
12.9
2000

8.0 -
400_
0.01
None
None

None
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200. - 400
0.5

No break
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POLYURETHANES

Specific gravity (density)
Specific volume, cu. iﬁ./lb.
Tenzile strength, p.s.i.
Elongation, ¢

Tensile modulus, 105 p.s.i.
Compressive strength, p.s.i.
Flexural yield strength, p.s.i.

Impact strength, ft. 1bs./in. of notch
(1ZOD Test)

Hardness, shore
Flexural modulus, p.s.i. x 102
Compressive modulus, p.s.i. x 105

Thermal conductiViﬁy, lOJ‘l cal./sec./
sq.cm., / 1(degrees centigrade./cm.)

Thermal expansion, 10-5/°¢C

Resistance to heat, °F continuous

Water absorption, 24 hrs., 1/8 in. thick %

Burning rate (flammability), in./min.
Effect of sunlight

Effect of organic solvents

'
ot

1.11 1.25
24.0

22.0
5,002 - 9,000

10 . - 650
6.1 - 3.5
20,000

700 - 9,000

.Does not bfeak

485 - 8Ch
3.2 - 3.5
0.C4 - 0.02
1.7 - 7.4
10.0 - 20.0
120

0.7 - 0.¢
Slow to self
extinguishing
None - yelldws
slightly

Resists most
solvents
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POLYETHYLENE

Specific gravity (density)

Specific Vvolume cu. in./1b,

A}

Tensile strength, p.s.i. ' o

Elbngaticn,%
Tensiie Modulus, 105 b.s.i.
Compressive strength, p.s.i.

Impact strength, ft. 1bs./in. of launch
(IZOD Test)

Harédness, shore
Flexural modulus,p.s.i. x 105
Thermal‘expansién, 1075/°C

o] .
Resistance to heat, F.continuous

" Water absorption, 24 hrs., 1/8 thick %

Burning rate (flammability), in./min.

Effect of sunlight

Effect of organic solvents

0.941 - 0,965

29.6 - 28.8
3,100 - 5,500
20.0 - 1000.0
0.6 - 1.8
2,700 - 3,600
0.5 - 20
D60 - 70
1.0 - 2.6
11.0 - 13.0
250

less 0.01

- Very slow to self

extinguishing

Unprotected material
crazes rapidly.
Requires light for
complete protection
but weather resistant
grades are avalilable
in natural and color

Very resistant to oils
and seawater below
80°¢

e
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NYLON

Specific gravity {density)

Specifié'volume;cu: in./ib.
Tensiie strength p.s.i.

Elongation,% .

Tensile modulus, 105 p.s.i.

. Compressive strength, p.s.i.

Flexural yield strength,p.s.i
Impact strength, (IZOD Test)
Hardness, Rockwell

Flexurcl modulus,p.s.i. b4 105
Compressive modulus; p.s.i. x 105
Thermal expansion, 10~5/%

. o
Resistance to heat, F contlnuous

Water absorption, ol hrs., 1/8 in. thick %

Burning rate (flammability),in./min.

Effect of sunlight

Effect of organlc solvents

- 257 -

1.12 - 1.14

o4.8 - 24.2
7,000 - 13,000
106 - 320

1.1 when czturated
with water to 4.5
when dry

6,700 - 13,000
5,000"- 15, 000
0.8 - 5.5
R103 - R119

0.8 - 1.4 (2.5% Heo)
to
3.7 - 4.0 (0.2% HQO)

2.45 - 2.48
8.3

175 - 250
1.3 - 1.9

Self extinguishing
Discolors slightly

Resistant to oll
and seawater
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POLYVINYIL CHLORIDE

Specific gravity (density) 1.35 - 1.45
Specific’ volume, cu. in./lb, 20.5- - 19.1
Tensile s£rength, p.s.1i. 5,000 - 9,000 )
Elongation, % 2.0 - bo,0
Tensile mbdulus, 10° p;g.i. 3.5 - 6.0
Compressive strength, p.s.1. 8,000 - 13,000
‘Flexural yleld strength, p.s.i. 10,000 - 16,000
Impact strength, ft, 1bs./in. (IZOD Test) 0.4 - 20 -
Hardness, Shore A: | 50 - 100
Thermal expansior. - 1072 o¢ 7.0 - 25,0
Resistance %o heat,'oF continuous :'150 - 175
Water absorption, 24 ars, 1/8 in. thick # 0.15 - 0.75
Burning rate (flammability) in./min. Slow to self

extinguishing
Efféct of sunlight Sligbt

Effect of organic solvents Extremely resistant

to alcohols, allphatic
hydrocarbons and olls
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III-IXI System Characteristics

1, Barrier's 011 Retention Capability

The pneumatic barrier prcved to be substantially effective for
the iﬁposed environmental conditions specified by the U, 'S.
Coast;Guara. ‘The depths of 611 contained for different
pneumatic barrier design conditions and for three different
oil specifié gravities are presehted iﬁrFigs. III-IIi-liaﬁd
IIT-III-2, For example'in Fig. III-III-1 which is valid for
the design cdnditions, the depth of oil contained will depeﬁd
greatly on the specific gravity of the oll as -shown in the

following table:

TABLE ITI-III-1.1
FOR 2 KNOT CURRENT

Specific Gravity of 0il Depth of 01l Contained (ft.)

0.75 0.225
0.85 0.370
0.95 1.140

If a 50% deslgn current value is used (or a current of
1 knot instead of 2 knots) the following depths of oil will

be contalined:
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1G. ITi-I1TI-3

barrier operating in waves and currents. 01il
Note that a few droplets of water

cugh the barrier (this cccurs at
al conditions than the design

. Pneumatic

contained on the left.
encased in oil pass thr

more severe environment

conditions}. -
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compilation of critical data and, iIn many <ases, through

Kair Ficats

Pclyurethzrie
Polyetnrliens

FlexIblo steel tubing, :
Plastiec insviators

. Low carben steel pipe

‘Nozzles for Maln Manifold

Polytetrafliuorcethylene (teflcn)
Polyamide (nyloen)

Main Manirold Stresses

Stress calcvairuticns were performed for all components

-of the 7 inch diameter steel pipe. It was found that the

maximum stresses in all of the parts were well below the al-

lowable. Since the present trend is to decrease the diameter

-

to 4.5 inches, the stresses will rot te ary prchlean. This is
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due to the decrease¢ in drag force from 18 pounds per foot to
11.5 pounds per foot and the decrease in the rigidity of the
pipe. Final stress éaléulations‘will te performed when the

procirement of an air supbiy'allows final sizing of the pipe.

N

Plots of Stresses as a function or span ror an 800 ft.,

1000 £4.; and 31200 ft.klength of pipe are presented in Figs.

III-III-4, 5, and 6. Stresses as a function cf length for
various bollard pulls are alsc summarized in Fig. III-IIJ-7.
Similar stress calculations'may“be performed for any

size of pipe finally_séleetéd in Stage II of the study.
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L 3. Deployment Capability

It is estimated that the Heavy Duty System can be deployed
é in four to seven days depénding on the availability of Coast
Guard vessels at the time of the spill and the availlabililty
~of elght C-130s to provide air tranéport. These estimates
are based on the following times. Approximately one hour is
requlred for the loading of each of the four packages on the

C-130 for each 200 foot module of bubble barrier. The air-

craft wlll then fly to an aliport near a port close to the
oil spill. The time for transport and loading for packages

would be two to four days depending on the avallability of

buoy tenders. Because of the towing characteristics of the

fuel tanks, the tenders will require 6 to 24 hours to reach

an oil spill site at the reduced speed requlred for towing.
At the site of the spill, approximately four hours deploy-
ment time will be required for each 00 feet of bubble

barrier. It is estimated that the barrier can be deployed

i o o i K B b Ty i

in seas of up to ten foot significant wave height,

R TR TR

A e
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4, Reliability Standards

The rellabllity of the overall system for the retention
of oil 1s very high dvue to the redundancy of the gas generator.
At maximum capability, a gas turbine is required for every
200 feet of pipe. The loss of a single gas turbine
would reduce the effective back current and total amount of
oll that can be retained but it would continue to act ag an
effective barrier and would have the ability to retain oil,
Redundancy of anchor systems 1s provided by the use of two
anchors on each end of the system. (Fig. III-III-8). The
fluidic valves to adjust the depth of the pipe are also
deslgned so that 1f one falls the pipe 1s rigid encugh to
bridge between the next two fluidic devices which have a
capaclty to replace the failled fluidic device. A major
problem would be the maintainence of the inflatable rubber
fuel tanks during high seas. However, if the tanks break
away, they can be replaced with other tanks or attached by
a fuel line to the tank at another compressor station until
repalrs can be made, No reliability capacity has been
established for the operation of the gas turbine aengine under
possible breaking wave condltions. However, 1t 1is not |
antlcipated that sufficient spray can enter the englne to
impair 1fs operation. It injects large volumes of fuel

and air under normal operation.
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5 " Blological Effects

General Comment

If materials are to perform their service function in a
marine environment for an extended period of time, they must
withstand (a) mechanical forces, (b) chemical activity, and
(c)'biological activity. Where short service life is the only
requirement, the resistance of materials to mechanical forces
and chemical attack may be the only considerations necessary.
Ability to withstand biological activity becomes an important
consideration where extended service life is required. As a
part of the materials task, a literature survey has bheen con-
cluded to insure that bilological considerations are recognized
in tbe materials selection process for an oil spill containment
barrief. Some of the more important considerations are discussed
below.

The general effect of detrimental change in materials
appearance or characteristics caused directly or induced by bio-

logical activity is referred to as biodeteriloration. Limiting

this review to the marine enviromment, biodeterioration may be
considered to include (a) biological fouling (b) boring and (c)
microblal degradation.

Bilological fouling

Biological fouling 1s the accumulation of adhering organisms
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on the surface of materials exposed Lo sea water. The most
familiar example of fouling is the ascumulation o bLarracles
on the subsurfac.: hulls of ships. However, any objlact exposed

to sea waler is sutject to fouling unless its surface wiil not

~ allow the adherence of organiams;'t‘e materizal itself is toxic

to the orgzanisms, or the surfice has been coated with a toxic

-

material. Biological fouling may héve the follcwing effects:
1. Reduced functiogal éfficien@y.
2. Acceleration of localized corrosion.
3. Destructicn of corrosion protection coatings.
Firstly, aécumulation of organisms obviously
changes the design surface geometry and increéses frictional
drag. In a Pneumatic Barrief System, dependent on release of
compressed aif throngh small orificés, fouliﬁg might cause
plugging of the orif}ces as én example of functional impairment.
Secondly, accurulation of ba}nacles or other
or_anisnms onra metal surface would very likely lead to the
creation o' lecalized anodic areas beneath the shells, greatly

accelerating pitting type corrosion in an aerobic, salt water

enviromment. This wculd be particularly true for ferrous metals.

Thirdly, barnacles or other hard shell organisms
may destroy a ccrrosion protection coating by wedging into the

ccating as they grow. Also they may become so firmly attached
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as to cause peeling of the protective coating if they are

inadvertently broken locse.

Factors Contributing to Fouling

In genefal, fouling may be expected o be most severe and
buildups occuf most rapidly in shallow, near-coast waters and |
particularly in the warmer climates; Waters musf provide
suffigient nutrients for organisms growth, but heavily polluted -
waters apparentiy decrease tﬁe grbwth of fouling organisms{m
Although the shallow, warm waters may contribute to most seﬁere

fouling condicions, it nevertheless will occur in all sea waters

and at depths below 5,000 feet.

Control of Fouling

Copper or cppper—nickel alloys are e}fective antifouling
metals unless the copper is rendered passive by coupling to zinc
or iron to form a galvanic couple. For other metals an anti-
fouling coating may be required. TFouling may ve effectively
retarded by the application of toxic copper or mercury contain-
ing paints. The formulation for extended periods of protectibn
must be such as to allow slow 1eaching_of the toxic substance;
for copper this may be not less than 10 micrograms per square
centimeter per day. A successful paint system used on Navy

ships consists of one coat of wash primer (Mil-P-153281B),
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mglt;plexcoatsrof red-lead vinyl primer (Mil-P-15929B), and

two costs of vinyl antifouling paint (Mil-P-15931B). | -

Mafine Boring

Bofihg quanisms in marine waters are the principsl

’ causes of wood deterioration, although test plastic specimens of

various types bave also shown some damage when placed in couple
with a wood bait specimen.  The primary specie is a crustacean,

Limnoria tripunctate, although various molluscan species in rocky

and coral areas zlso may cause severe wood damage.

Control of Boring Organisms

Wood piiings, the most susceptible material to borer deterio-

ration, is generally pressure treated with coal-tar creosote.

This is effective against Teredo and Bankia, but provides little
protection against Limnoria or the rock boring mollusc, Martesia.
A toxic wood preservative effective agalnst the latter organisms
is lacking. Barrier systems on wooden pilings consisting of
flexible PVC sheet (20 to 30 mils thick), 90:10 cupro: nickel
alloy and concrete have been found to be effective in preventing
attack providing stagnant conditions are malntained between the

barrier and the piling.

Marine Microorganlsms
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Of the many species of microorganisms which inhabit the sea,

probebly the most damaging to materials, particularly metals, is

the sulfaté—réducing bacterla Desulfa%ibrio desulfuricans, Through

1ts metabolic activity; this organism produces highly corrosive

hydrogen sulflde gas. It 1s a strict anaerobic bacteria, however,

and therefore the most effective barrier against it is an aeroblc
enviroﬁment. It would not flourish in shallow waters unless such
waters were so polluted as to be devold of oxygen. With a Pneu-
matic Barrier System, employing continued aeration, anaerobic
bacteria would automatically be controlled, Aerobic bacterial or
algal Torms would probably not attack metals directly, but might
establish colonies or anchor on any surface, as do the larger
fouling organisms. They would contribute to metallic corrosion
through the creation of localized oxygen concentration cells or
through the excretion of acidic metabolic products. Antifouling
paint should also be an effective barrier agalnst such micro-
organism activity.

Most plestics are reslstant to mlcroblal activity unless the
extracellular enzymes can hydrolyze the polymeric bonds. Micro-
organisms may, however, bring about some changes in properities of
certain plastics, (as may grades of polyvinyl chloride), by
attacking the plasticlzer molecules, Before specifying PVC for

use in an environment conducive to microbial growth, information
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should be obtained‘on plasticizer resistance. This would pre-
sumably be true also of other plasticized polymers. Butyl
rubber and natural rubber have been shown to support aerobic and
anaeroblic microorganisms, the aerobic ones being also able tb

attack the rubbers GR-S, GR-A, and neoprene.

Related studies

Investigations in the field of biodeterloration have receilved
considerable impetus since World War II. The followlng biblio-
graphy 1s, of necessity, not complete; however, it is felt that
the necessary information as it is presently known 1s avallable
within the references cited below. Also many further references

may be obtained within these books and articles.

Marine Fouling and Its Prevention

Prepared for Bureau of Ships, Navy Department, by Woods Hole
Oceanographic Institutlon, Woods Hole, Mass.; Unlted States Naval
Institute, Annapolis, Maryland (1952)

| Thils is a somewhat dated, but very comprehensive, compila-
tion of 22 articles concerned with the problems of fouling, the
bilology of fouling, and the prevention of foullng. A basic

reference,

Matebials Performance and the Deep Sea
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ASTM Special Technical Publication 445, American Soclety
for Testing and Materials, 1916 Race Street, Philadelphia,
Penn., (1969) |

A symposium presented at the Tlst Annual Meeting ASTM,

San Francisco, California; June 23 - 29, 1968. Contains 10
articles at least three of which are concerned with biodeterio-

ration. One article includes effects of boring organisms on

plastics,

Biodeterioration of Materials

Microbiological and Allied Aspects, Ed. A. Harry Walters
and John J. Elphich, Elsevier Publishing Co., New York (1963).

Contains 67 articles concerned with many aspects of bio-
deterioration of a wide range of materlals, but it is not con-

cerned specifically with the marine enviornment. A basic

reference,.

The Microblology of Fabricated Materials

J. N, Turner, Little, Brown and Company, Boston, Mass.

(1967).

Eleven general discussion chapters on the microbiolcgy of
timber, woodpulp, paper, textiles, hides and skins, plastics,

rubber, paints, and asscrted materials. Contains NUNEerous

11terature cltatlons,
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Marine Boring and Fouling Organlsms

Ed, Dixy Lee Ray, Unlversity of Washington Press, Seattle
(1959). A Friday Harbor Laboratory Symposium Volume primarily
dealing with the blology of the boring and fouling organisms,

Contains thirty-nine articles.

"Effects of Marine Organisms", J,S3, Muraoka. Machine Design,

184-187, Jariary 18, 1968, A short, but informative, paper
on the effects of fouling and recommendations for protective

treatment.

"Protective Coatinge", J,R. Saroyan, Machine Degign, 188-

192, January 18, 1958, This paper provides some specific
information on coatings application for corrosion and foulilng
retardation,

"Coatings and Encapsulants - Preservers in the Sea", J.R,

Saroyan, Ocean Energy, 1, 435-456, Perganon Press, Great

Britain (1969)., Extensive and very specific information
for anticorrosion and antifouling coatings application.
"Bacterlal Corrosion", G.H. Booth, Discovery, 24-27,
May 1964, A general discussion of the mechanisms of aerobic
and anaerobic microbial corrosion and recommendations for its
prediction,
"Deterioration of Orgsnic Materials by Marine Organisms",

Waldimero Coscarelli, Principles and Applicatiocn of Aquatic

Microbiology, Ed., Heukelekian and Dondero, Wiley and Sons (1954),
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An extensive report of lnvestigations by Bell Telephone
Laboratorles on the resistance of over 70 materials in-
cluding natural and synthetlc f'lbers, plastics, rubbers, and
casting compounds to marine boring and microblal organisms,

Additional references are listed as No. 27 to 128,

Microblologlcal Degradation

The microbiological degradation of organic materials,
and particularly of natural micromolecular substances, such
a8 cellulose or rubber, is now a well established area of
study. An understanding of fhe durability, utility and
appearance of any part of the oll contalnment system requires

some knowledge of the affects on biological systems on thege

materials.

The entlre phenomenon of microblal degradation of materials,

including polymers, hinges on the natural food cycle of

marine life, A constant solubllizatlion operates to reduce

all materlals to some stage In which they can be utlilized as
nutritional elements. In conjunction with the basic physical
and chemical degradation mechanisms of polymers, the microbio-
logical component—veétor cah be considered as one with a

minor or major role depending on circumstances, The dynamics
of total degradation can properly be consldered as continuous,

involving chemical, physical and blological conversions among
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the chemical forces, arbltrarily lsolated from the physical
forces, that contribute to the shortening of the useful life
of commerclal and experimental plastics, One can recog-
nize such processes as hydrolosis, oxldatlon, cyclization,
etc, Among the physical forces are high energy radiation,
pressure or vacuum, flexural stress, thermal or mechanical
shock, and diffusion, which 1llustrate in part still other
possible degradative influences,

All the components of any plastic system may be ranked
for specific resistance to microbiologlcal degradation,
Plasticisers, extenders, mold release agents, binders, lamlna-
ting materials, resins, and other substances or components
or inclusions have been studled in this respect, Plasticizers,
in particular, which have been extensively evaluated in

rankings by speciflic venerabllity, are available,

Testing of Polymers

The essentlal philcsophy of testing the resistance of
plastics to microblal organisms is sultably expressed in
the American Soclety for Testing and Materials (ASTM) docu-
ment (D 1924-63) entitled "Recommended Practices for Deter-
mining Resistance of Plastics tc Fungl". This procedure
was published as a tenta®ive method from 1961 until 1963,

at which time it was adopted as a recommended practice,
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This technlque has also been approved as American Standard

K 65.20-1965 by the American Standards Association.

Effect on Polymer Properties

When piological attack occurs, elther in nature or 1n assay
procedures, several groups of effects may be cbserved, 1In
the event of purely surface type attack, the growth of a
fungus or fungl will produce staining, discoloration, opacity,
and possible etching, where an imprint of the fungus as it grows
across the surface of the test material, Where a heavy growth
occurs, a Serious loss of plasticlisor or other property modi-
flers may occur and flexlbillty, weight, or dimensional losses,
and similar voiding may result., Attack on specific ingredients
in the formulation, the accumulation of metabolic products of
bacterial growth, and the absorption and retention of moisture
by the fungled mat, may create and maintain regionslof highly
localized moisture attack on the material where none before

existed.

Corrosion

Corrosion is defined as the destruction of a metal by chemi-
cal or electro~-chzmical reaction with its environment. Corrosion
as a chemlcal reaction 1s a characteristic of metals that goes

along with the freedom of the valance electrons, It is this very
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freedom that produces a metalllic bond and allows electronic con-
duction to take place, Hence, the property which makes metals
so useful also accounts for their main weakness.

Being loosely bound to their atoms, the electrons in metéls
are usually removed 1n chemical reactions. In the presence of
non-metals such as oxygen, sulphur,bor chlorine, with thelr in-
complete valance shells, there i1s almost always a tendency for
metals to form a compound, Sfated another way, the free energy
of such compounds 1is almost always lower than that of the metal
in the metallic state. C(Consequently, only the most lnactive or

noble metals like gold or platinum are found in the metallic state.

Ko SRR St R A s i St e

The rest are almost always found in the form of ore in which the
compounds are bonded by covalence or ionic bonds,

The constant tendency of refined metals to return to their

54 A A w6 s et R s

natural state accounts for corrosion. The rate at which cor-
rosion reactions take place 1s governed largely by the relative
activity or passivity of the metal which in turn depends on
many factors., As already mentioned a few metals like gold and
platinum are found only 1n metalllic states because they are
t»uly lnert, Other metals, because of their electron struc-
ture, have an apparent tendency to be passive, Still others
are frequently made passive by the product of corrosion 1tself,
Some of the products of corrosion are usually deposited on

the corroded surface and interfere to some degree with the
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e further progress of corrnsion., The degree of interference

1s extremely variable, However, under certaln conditions a

tightly adhering, impenetrable film of only a few angstroms

thickness is formed at once, effectively stopping further

S N

corrosion., Under other conditlons the corrosion products

are loose and porous,., In corrosion by liquids the products
may be precipitated at some distance from the surface being li

corroded. Thus the progress of corrosion is primarily a sur-

face phenomenon, although the reactions involved at the start ﬁ
depend on the electron structure of the atoms in the bulk

of the material,

Because of the constant thermal agitation of the ions

in a metal, there is always a tendency for some of the sur-

face ions to escape into the surrounding medium, The p¥e-

sence of ilons and molecules of a liguid at the metal surface

causes significant numbers of the metal ions to escape or
dissolve in the liquid. The loss of positive ions leaves the

metal with a slight negative charge., Thus the metal ions

are attracted back to the metal, and an‘equilibrium is reached

in which as many ilons return as leave. The negative charge

on the metal 1s known as the solution potential, ]
If two different metals are placed in contact with a

liquid they willl dissolve at different rates and set up By

* different potentials,
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The relative oage with which metnals lose their valance

electrons is shown by the electromotive force series (Table

below).

Electromotive Force Series

METAL
(anodic)

Lithium
Potassium
Calcium
Scéiumr
Magnresium
Beryllium
Aluminum
langanese
Zine

- Chromium
Gallium
Tron
Zadmium
Tridium
Thallium

METAT.

Cobalt
NMickel
Tin
Lead
Hydrogen
Bicmuth
Copper
Mercury
Siiver
Palladium
Platinum
Golad
(cathodic)

Those at the beginning of the list are more prorne to

dissolve in electrolytes hecause it is easier for the ions

to break away from their valence electrons.

Galvanic Cells Involved in Corrosion

in many unsxpacted ways.

t with electrolytes form galvanic cells

The most obvious situation would

probably be two dissimilar metals, connected and immersed

in the same solution, Ships' propeller shafts made of steel
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and running in bronze bearings immersed in sea water, which

makes an excellent electrolyte because of the dissolved
salts, constitutes a most destructive corrosion cell.
Corrosion can ﬁake'place when only one metal 1s involved

through differences in the electrolyte, A single electro-

_ lyte can vary from one location to another by having differ-

ent cpncentrations of ions, Generally speaking, at the place
whefe the concentration 1s lowest the metal becomes snodi:,
forming a galvanic cell, This type of galvanic cell 1s
called a concentration cell, It occurs in places where the
electrolyte is flowing past discontinulties., TIons tend to
concentrate in corners and holes, and the difference in
concentration produces corrosion,

Many factors complicate the oxidation of metals. For
detalled information on oxidation of specific metals in specific
environments the student 1s referred to the Corrosion Hand-~

book , *

Protection Against Corrosion

Corrosion-Reslisting Materials: Copper and copper alloys have

Long been used 1n applications where the corrosive environ-
ment consists of water or salt ailr, Other metals, such as

stainless steel, monel metal, and lead, are used in special
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environments. Newer metals include titanium and zirconium,
which are outstanding in their resistance to chlorine and
chlorine compounds as well as certain other media. The high
first cost of such metals can be more than compensated by

the increased service life and resulting lower annual replace-
ment costs.

Nommetallic materials are also becoming available in
larger numbers as replacement for metals. Plastics in
general are highly resistant to many of the corrosive environ-
ments which attack metals.

Coatings: It is frequently impractical to use the most
corrosion-resistant materials because of high cost, lack of
strength, or some other limitation. An alternative is the
use of protective coatings. Coatings can be classified as
those offering purely mechanical protection, separating the
electrode from the electrolyte or atmosphere; those offering
galvanic protection by being anodic to the base metal; and
prassivators, which in effect shift the base metal toward the
cathodlc end of the electromotive seriles.

Cathodic Protection: In corrosion of metals by liquids,

galvanic cells are formed in which certain areas become anodes
and others cathodes., Blectric currents flow from anodic to
cathodle areas throuph the electrolyte. As the currents

flow, the metal at the avoede i dissolved or corroded.
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Cathodic protection reverses these currents and thereby makes
cathodic all the metal to be protected. The mechanism 1s

to insert a new anode In the system, the potential of which
is adjusted to overcome the potential of the original anodes
plus the resistance of the circuit elements (electrolyte,
metal parts, connections, etc.). In this way corrosion is
concentrated in the new anode, which can be replaced from

time to time.

The Weatherability and Aging of Plastics

The term weatherability, although commonly used in plas-
tics technology, 1s a poorly defined concept since it refers
to long term service under complex and variable conditions
and because different properties of a plastic are effected
to different degrees by a given enviromment., Improvement
in the abllity to predict weatherability, therefore, requires
careful redefinition of the problem as well as a refinement
of' experimental technique. A review of the extensive litera-
ture on outdoor and artificlal exposure of plastics shows
thaﬁ no simple correlation exists between these two modes of
testing. Further, because the rates and mechanisms of
deterioration are different when produce: by visible light,
ultraviolet, heat,~or moisture, an arbitrary'accelerated"

weathering test willl distort the balance of responses cbserved
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in the slower., actual, in-service exposure of plastics.
Analytical approaches to predicting the resistance of plas-
tics to degradation are consldered at some length in an
applied volymer symposia paper written by Musa R. Kamal and
Robert Saxon (Plastics and Resins Division, American Cyana-
mlde Co., Wallingford, Connectticut - within the text entitled
"Weatherability of Plastic Materials" edited by M. R. Kamal
1967 Interscience Publishers, Division of John Wiley and
Sons).

In the procedures suggested by the above authors, the
effects of specific weathering parameters are established
for specific properties of a given material using controlled
artificlal environments; the make-up of the enviromment at
any given location is analyzed in terms of tThe critical para-
meters; and finally, by sultable mathematical models, the
results to be expected on an exposure of this material to
a given composition of enviromment can be computed. While
this approach is admittedly complex, its feasibility has
been demonstrated. There are no universal artificial weath-
ering and aging tests. Thus, materials for which long term
behavior must be determined must be themselves subjected to
the actual environment In questior and théir responses

recorded,
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Creep Properties of Plastics

Creep properties aré fundamental, mechanical engineer-
ing properties of plastics because they realistically pre-
dict plastics rigildity and strength under constant load as
a function of time which is an in-~use condition for nearly
all applications of plastics. They bave the same primary
importance in measuring performance of plastics that stress-
strain tests have for steel and similar Hookean elastic

materials.,

Definitions and Terminology

Creep: When a rlastic is subjected to a constant load
such as in storage or in deployment it deforms quickly to a
strain roughly predicted by its stress-strain modulus, and
then continues to deform slowly with time, indefinitely, or
until rupture or yielding causes failure.

Creep Rupture: In a tensile and usually in a bending
creep cast at relatively high stresses -~ i.e., close to the

shert time yleld, tensile, or flexural strength - a plastic

wlll fail after a short time under load elther by catastrophic

rupture or by ylelding followed hy rupture, depending upon
whether the plastic tends to be ductile or nonductile at the
temperature of interest. If the test 1s repeated at a lower

increment of stress, the time to fallure increases until at
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some stress it becomes indefinite, beyond practical testing.
By making creep tests at several stress levels we can deter-
mine a creep rupture inflow wnilch broadly establishes the
useful working stress range of a plastic at a particulaf
temperature.

Creep (Apparent) Modulus: To discuss creep modulus, it
1s first necessary to define what we mean by creep strain.
In polymer sclence 1t is convenient to visualize the defor-
mation of plastics umder load as being made up of the sum
of Hookean elastic (1like steel) components and time dependent,
liquid like (viscus) components. In the scientific litera-
ture the term creep is sometimes used to mean only the time
dz2pendant components of formation. However, for engineering
purposes it is much more practical to work with the total
deformation at any time, regardless of the polymer mechanisms
that give rise to 1t. In the following discussilon, as in
plastics engineering practice generally, the term"creep
strain" means total deformation iIn a creep test, and its use
permits us to define a simple creep modulus,

Data taken from creep curves of creep strain vs. time
are awkward to use in design hecause in the most frequently
used mechanical design formulas, the materlal constant re-

quired is a modulus, not a strain. Therefore, It 1s advan-
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tageous to convert creep strain curves to modulus curves,
This 18 readily done by dividing the initlal applied stress
by the creep straln at any time in the cases of tension and
compresgsion, or by substituting measured deflectlon at any
time in the beam ending formula for modulus in the case of

the simple beam test,

Use of Data in the Creep Modulus Table

All of the data and information listed in the table
for each grade of plastic was contributed by the manufacturer
of that grade exactly in the form which it appears, except
for some nominal editing, The creep modulus data is presented
in tabular form for the sake of clarity. Where extra calcu-
lation 1is required, the data should be plotted on logarithmic

coordinates and the best fit line drawn thrcugh the data.

Factors Responsible for Polymer Degradation

Ultraviolet, Radlant Energy

Sunlight is a major source of radiant energy. At ground
level, the wave lengths which cause the most degradation of
polymers (oxidation, scission, cross linking) are in the
near ultraviolet, 3000-4000 A,, even though these comprise
only about 5% of the total sunlight at tho earth's surface,

In order for radiant cecnergy to initinte such chemical
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reactions, it must first be absorbed. The solution, there-
fore, to the ultraviolet radiant problem 1s to shield or J?'

screen the material from sunlight,

Ongen

Residual double bonds in some molecules such as poly-
ethylene are especilually susceptible to attacks by atmospheric
oxygen, although most polymers react very slowly with oxygen.
However, oxidation is greatly promoted by elevated temperatures
and ultraviolet radiation, and the reactions of polymers
with oxygen under these conditions can be very complex, Most
degradation phenomena cccur at the surface of the plastic
which is in equilibrium with its environment. The solution

to the oxidation problem 1s straightforward., All polymeric,

B L e e e i s sl IR RS

and for that matter, metallic materials composing the oll
containment system are to be bagged in an opaque material

filled with an oxygen free inert gas such as argon,

Molsture

Water can have at least three kinds of effecte which are
important for the degradation of polymers. One 1s chemlcal,
hydrolysis of labile bonds such as those of polyesfers or
pclyamides; a second is physical, destroying the btond between
a polymer and a filler llke glass fiber or pigment and result-

ing in chalking or fiber bloom; and a third is photochemical,
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Involving the generation of hydroxyl radicals or cther reac-
tive specles which car then promote a host of free radical

reactions. To solve the moisture problem the same packaging

material used to exclude the ultravioclet radlant energy and - .
oxidation.can also be used and expected to exclude moisture. ' 4
If the oll containment system is stored in a dry envircnment

these long term moisture effects will be eliminated, i

Thermal Energy

Under extreme outdoor exposure conditions, a plastic ii'

sample may reach 170°F, 1In an opaque and thermally absorbent

package the 1internal temperatures may reach 200 to 250°F.
Thermal energy is generally not sufficient to promote long
cleavage of any structures likely to be found in commercial
plastics. However, the principal role of heat in the degra-
dation of plastics is 1in accelerating processes otherwise
induced, such as hydrolysis, sécondary photochemical reactions,
or the oxidation of trace contaminates like hydroquinome.
Thermal effects will thusly be minimized if not eliminated f R

hy the simple expedlates of packaging which eliminates ultra-

violet energy, oxygen, and moisture, all of which would have
to be stimulated by increased temperatures., The problem genera-

ted by the temperature is that of long term creep or permanent

. e AL 7 00 < p Lo e

set within the packaged oll containment system.,
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6. Maintenance

General Comment

Maintenance and storage is affected by a number of

factors, some of these are of environmental and some of

" physical, or physico-chemical nature. The information is

summarized in the following order:
(a) Blological éffects
(b) Micrcbiclogical degradation
(¢) Corrosion
(8) Weatherability and aging of plastics
(e) Creep properties of plastics

(f) Factors responsible for polymer degradation

The Storage Problem

In extended storage in a humid environment, materials
may be subject to biodeterioration caused by fungal growths.
This has been particularly noted with regard to plasticized
polyvinyl chloride polymers, where che fungus grows at the
expense of the plasticizes, thereby causing a detrimental
change in the mechanical characteristics of the materlal.
Virtually all organic material, however, have been observed
to support fungal growth to some degree.

Control of such fungal attack of stored materials must

be based con blocidal or environmental methods. The biocidal
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method of control suggests the inclusion of a preservative

within the material.

Formulation

Organotin compounds are used as stabilizers for plastic
compounds.and as rodent repellants and fungicides. Mercapto-
Eenzotheazole and other organic suliur compounds are rubber
stabilizers as weil as fungicides. The selection of a speci-
fic fungicide is in many céses based on trial and error screen-
ing techniques with a large number of chemicals. There has
as yet beenkno direct methoa déveloped for relatiﬁg toxicity
to molecular/structure. General classes of compounds which
may serve well as fungicide, however, are organometallics,
pafticularly organotin or organomercurials; chlorinated
phenol derivative, pentachlorophjl esters, and some organo-
sulfur compounds.

Environmental control may be effective if the packaging
environment is completely dry and anaerobic, In a completely
inert atmosphere, maintained at low humidity through the use
of desiccants, fungal growth would be inhibited. A very
effective system for fungal control would incorporate a
blocide in the material formulation with environmental

control cf packaging and storage conditions.

Factors Influencling Storage and Service Life
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Pietors which could influence the storage and service

life of the system have been identified and solutions for
each potential problen area have been formulated. Some of

these frctors and solutions are:

Problem: Radiant Energy -- ultraviolet

Solution: Opague packaging for storage and solar incorporated
within the plastic formulation to minimize effect.

Problem: Oxygen

Solution: ©IFxclude it ir packaging through use of an inert
atmosphare, O0Oxidation is relatively slow and will
aot influence in-service life.

Protlen: Moisture

Solution: Exclude it in packaging through use of a desiccant.
In-service saturation will constitute o problem
in mechanical strength although some swelling of
various components can occur which, in fact, can =
be argueq as baing beneficial, not detrimental.

Problem: Thermzal energy

Solution: Packaging sbould be highly reflective so as to
" minimize heat retention. Packages of dark colors
can reach 200° tc 250°F in direct sunlight. In-
service conditions never reach temperatures high
srough to zver cavse degradation., Packagling will
ba such as to minimize shavp and [lat folds which
could permanerntly set,

Problem: Iicrobiolegical degradation
Solutior: 3Siocidss znd desiccants., During in-service con-

iticns, = biccidzl z2nd antifoulling paint will
rrovide protection.,
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f Problem: Corrosion

Solution: Knowledge of the nature of corrosion - cathodie
protection where necessary and avoidance of
dissimilar metals in contact in sea water or ,

in packagzing.
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7. Suitabllity

The Heavy Duty System has been designed so that it con-
sists of packages small enough to be handled by existing Coast
Guard alrcraft, A 25-K alrcraft cargo loading truck is re-
quired to load the paliets aboard elght C€-130 alrcraft., Com-
mercial trucking equipment is required to transport from the
alrport to dockside. Docksld=z cranes of 13 ton capacity are
required to off-load the equipment into the water or onto the
deck of the buoy tender, A 180~fout or larger Coast Ghard buoy
tenders are required for towing and transportation of the sub-
systems to the oil spiil site. A commercilal tank truclk to
deliver the jet fuel for filling of the inflatable fuel teul s
is required. The inflatable fuel tank would be the type - .t
has been developed by the Coast Guard for off-loading tankers.
If the Heavy Duty System is required to operate for more than
elght days it will be necessary to refuel the inflatable tanks
which would require a tanker of 12,000 barrel capacity to trans-

- fer jet fuel at the site of the installation.
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8. Physical Characteristics

The exact dimenslons for the component parts of the
bubble screen generator are very dependent upon the type
of alr supply. The size of the plipe will be between four
and seven inches, depending upon the pressure and tempera-
ture of the outlet alr from the compressor, Since the size
has changed several times during the project, the procedures
for determining the other variables are wsll known and can be

obtalned soon after knowing the compressor size.
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9, Deployment and Pilck-Up

fter the system has been towed to the logation of the
01l spill and the location of the deployment position 1s
established, the deployment will probably take the follow-
ing procedure:

1. Open Package IV (mooring), and secure two anchors
to the bottom or secure a mooring line to the mooring.

2. Open Package III (bubble ctcreen), remove a first pipe
section and secure it in Deck Vise One in the aft éection.

3. Secure the mooring line to the first pipe section,
Thils will have a nlugged end and an attachment for securing
the line. Clamp second pipe section to the first pipe sec-
tion and then secure this section in Deck Vise Two.

5. Release Deck Vise One from the pipe.

6. Fasten a pillow float to the first pipe section.

7. Move Deck Vise Two with captive pipes to aft station.

8. Reset Deck Vise One in forward station.

9. Clamp third pipe section to second pipe section and
secure this section in Deck Vise One. Proceed in this manner
to connect and extend pipe sections until 200 feet
of pipe has been connected. Use pillow‘floats to support
each section of pipe as it is deployed on the seé surface.

10, Connect a Tee~secticn and umbilical in a similar
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manner. - The blower end of the umbilical will have a plug and
a float so 1t oén be receptured for éttachment later.

11l. Continue to connect pipe sections, umbilicals, and
mooring lines as befcre. When the last pipe section ol the
last set is in a Deck Vise at fhe aft station, connect 1ts
plug and mooring line and drop the two remaining anchors;or
heave the line to another mooring tug.

12. Using an additional tug, move the machinery and
fuel tank into position at the first set point. Secure the
mooring line to the hull, retrieve the umbilical and connect
it to the blower. Start the prime mover. Continue this
procedure with each machinery hull until the complete heavy
duty barrier is deployed.

13. Release the pillow float to allow the bubble screen
generator to descend to operating depth.

14. Commence station keeping.

The pick-up procedures would —everse the deployment pro-
cedures. The pick-up ﬁrocedures would be to pull the two
anchors, have a diver carry a pillow float package and com-
pressed gas bottle to the bubble screen generator and déploy
pillow floats on each pipe section inflating the floats with
compressed gas. After the bubble screen is floated to the

surface, 1t would be brought on board, clamped in the Deck
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Vises and eéch section removed from the adjacent section.
The tugs would separate the machinery hulls and fuel tanks

for towing back to the appropriate dock.
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IV-I Technical Problems

One technical problem 1s the final sizing of the pipes,
clamps, and umb;lical tubes, This can be done rapidly after
the declsion is made on the alr compressor to be used,

Another technicai problem 1s the deployment of the fluidic
logic flotation device. This wlll be subcontracted to a com-
mergial firm which 1s active in this fileld,

Finally, an important technical problem remaining is to
locate the most suitable and economical alr mover. Considerable
effort has been expended in searching for a compressor or blower
that W111 provide a sufficient alir supply. The type of compressor
or blower required is a unlt which will deliver a large volume
of alr at low pressure, Only one unit which will be suitable
for this application has been located to date. Another unit
was located but its weight would prohibit deployment by C-130
aircraft. Further inquiries will be made before final choice
is made for the air mover. No doubt more commercial interest
willl be generated when acquisition funds are available, It
appears from contacts with industry that such units will be

avallabtle on a rental basls for field testing.
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IV-1I Future Studiles

A, Mechanics of 01l Set-Up

At the conclusion of Stage I of the project, a number of
questions concerning oll set-up and barrier failure remain
unanswered. More specifically, due to time limitations in
Stage I, if was not possible to study thoroughly the oil loss
rate due to entrainment or the draining action, if any, near
 ﬁhe phéumétic barrier. Further testing will be conducted
during Stage II. Although it is doubtful that these factors
will affect the pneumatic barrierrdesign, they will affect
the volume of oil containment and, tﬁerefore, should be doné
as early in Stage II of the project as possible,

On the Basis of our findings in Stage I, an éffective and
efficient test program can be planned and executed. However,
due to the great complexity of these phenomena, full-scale
velocities and siz¢ ., should be used in these tests.

The phenomenon of entrainment was found to begin at current
velocities of approximately one knotrand increase with 1ncfeasing
velocity. Since the scaling of this phenomenon depends on
such a large number of factors - including current, oil viscosity,
wave motion, surface tension, density and set-up length, -~
the most efficient route to understanding thils problem is
through full-scale laboratory testing. For this purpose the
five-foot wide channel will be used with a pneumatic barrier.

A representative group of c¢ils will be tested and the rate of

01l loss will be measured as a function of velocity.
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A second group of tests will be used to evaluate the
combinea effect of the pneumatic barrier in waves, current
and wind. These additional experiments will- be conducted
1n_the Hydromechanics Lahoratory in the three-foot deep glass
wuave channel and in the 1C~foot deep wave channel. Also,
it ié'proposed tc continue evaludtion of the effects of
waves of various steepness ratios (H/L) on oil containment.
Of particular interest is whether the pumping action signi-
ficantly changes the apziiype values obtained in Stage I,
since tberé\was some discrepancy with test results reported
by Chalmers University.

Further tests'are also planned to confirm the linear
superposition principle to combine current and air bubble
velocity profiles. Additional tests to support the oil
failure depths determined under current and air bubble
conditions are also proposed.

The efficiency of a two-manifold system with manifolds
placed in "parallel" will also be investigated briefly to
see if passage of entrained oil can be eliminated. This
would involve a second manifold, perhaps with a much lower
discharge rate, placed below and offsef from the main mani-
fold. The objective of this and other stuvdies should be
ailmed at reducing the total air discharge and horsepower

reguirements for satisfactory retention of oil.

B. Preliminary Field Tests

Preliminary field tests will include a full-slze secilon

of the pneumatic barrier, but its length will be restricted
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to not more fhan 150 feet. Such tests can be conducted at
Lake Somerville (25 miles from College Statior) or at another,
sufficiently deep-water lake located near College Station,
Results of these tests will be incorporated, as needed, in the
main testing program,

The reasons for these tests are as follows:

1. To investigate the effect of manifold depth of pro-
totype scale (25 to 30 feet) on the maximum surface current
produced, Up,y. Maximum laboratory depth was 8.8 feet.
Surface and depth velocity profiles will also be checked.

2. To study the scale effects, if any, on the oil
failure depths under stagnant conditions as determined in
the laboratory. These can be performed on a two-dimensional
scale using a bilo-degradable vegetable oil.

3. To study the current effects on the bubble velocity
profile under nearly prototype conditions. (The outlet works
st11ling basin of the dam will be employed for these tests.)

4, To familiarize operating and technical personnel with
the equipment to be used in the main testing program, 1In
particuiar:

a. Test plpe connection technique;
b. Test umbilical connection;
¢, Test power package, blower;

d. Make flotatlion checks;
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IV-III. Srsten Perfogsmarce

T™he poeumatlc system will basically sat’s.y the design
criteria, in that it will rotalr anticipated cii wiumes
urer giv:en envircmenizl cvonditions of wind, weves and
currents. - Some iy icsses of ¢i o7 enirzinment .—.a::' ccour.
Poerther tests are riamrezs T betier 2vziuzte tneje gquantitlies
ard tc seek rossidlie zelhcds of redusing ¢r elininziing

in

ertrainwent losses as menticned
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The prizary trada-offs in the design of the bubble screen

manifolé weor: bafyeen the plipe size and the alr supply pres-

[ JD
G bl

i sure, The lowsy the supply pressure. the larger the manifold

pipe raguired and the larger the supply pipe reouired. Alsc,

the larger ths pipe size, the greater the weight of the pipe.
érter severz) conferences with the manufacturers of air

moving eoulpment, it was found that th~ suitable size J(and

-t e~
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weight) cozprecsor or blower wculd supply only about 20C

ol i

feet of pnoumatic brezkwzter, But, the output pressure was

4 . N
" Yong. 2 oo o
L i "

higher tharn that reguired for release of a2ir bubbles, so that

the diameter of the manifold could be substantielly reduced.




s
o

W T

| | 4
87084 0u0 L8 AD g0 B RSP Mo ALNS $HCA.  yB ¥ PPUE B 2 40 ) I vk 4 RACN 1 w0 BTy 3 SADIAST § 8 #4 M SRS TRy A WS

"

B R

_ Section V

Plan for Detailed Design for Construction
of the Pull-Scale Prototype
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Detail=d plans for the design of a full-scale prototype
are described in Part IT of the report (Proposed Final Manage-

ment Plan) under Tasks 3 - G.

2]

pecifications Tor variouas parts of the prieumatic barrier

suclt as the manifold pipe, umtilical, supply pipe and connectors,

pewsr plant, fluwidic logle, anchors, etc., will be prepared
as soon as various tasks ars cqmpleted.

Xo préblems of zcgquirirg or fabricating the ?érious parts
are anticipated, The air mover wili be ranted from the manu-
facturer; 1t is anticipatad that the Jo.r zir mover units

requirad te previds 21r for 2 1000 foot pncumatic oll contain-

ment @aviece xil1l1 b2 mads availakvlie in three to five months from

the award of the contract. ons zir mover will bve reguired for
preliminary tasts at FTakes Somerville. IXf the alr mover is
rot avzilable in Ttime Tor this praiimin test, other types

=

of corprassers will b2 rentadé for this oreliminary test,
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d :
11 RUN 27 RUN 29 ;]
§ - U=1.2631ps 2078 5=v.8k5 U=1.082fps  ¢_/#=0.806 ;

g X{in} hiin} iiin) h(in) X(in) 5l 3n) :
34 1 0.425 50 21.27¢ i G.30

) 2 2.851 55 23.50% 2 c.b8

: 3 1.276 50 25.532 3 .73

: b 1.702 65 27.660 5 3.92 -

1 5 2.128 67 .51 7 - ©.95 ;
 § 6 - 2.553 70 G737 14 3.99 :
e 7 2.573 Ts 31.539 15 .90
i 8 3.h0k . 20 9.95 :
g S 3.830 25 1.Co :
§i 16 § 255 3C 1.96 P
P 11 4.681 35 1.12 i
! i 5.10€ =y 1.2 7
H 15 6.383 xS 1.15 ;3
§= 16 6.880 1.20 :
i 17 7.2 55 1.25 :
i 18 _7.660 5G l.12 3
# 19 - 8.385 65 i.x0 )
i 20 8.:11 ) 70 1.2C 3
3 2 6.935 ~ 8 1.2¢ g
15 . 22 9.362 9G 1.20 s
i 22 6. 787 10G 1.51 g
L oh 10.13 163 1.k0 : ]
P 25 10.633 104 1.31 :
¥ 26 31.054 105 1.25

3 27 12.539 160 1.12

i 28 11.315 107 - 1.1¢0

: 29 12,350 108 1.10 :
30 12.766 105 1.00 :
33 3 13.191 119 6.9C :
P 32 13.617 111 0.9 :

33 14,042 112 0.90
36 15.319 113 0.85

: o  17.021
. s 19.149
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RUN 58 (Flume #3)
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§
% 3 RUN 30 ' RUN 31
U=1.291 0o/ Py=0.81 U=1.568 Po/P,=0.810 4
Y(in) h(in) X(in) - h(in)
1- .3 1 .50
2 ! 2 .70
3 .43 3 .78 \
L .52 i .81 3
5 .68 5 - 1.20 ' - e
8 .75 6 1.31 : ~
12 1.23 7 1.25
- 16 .09 8 1.25 5
20 .90 9 1.50 ,
25 1.30 10 1.60. -
30 1.h45 11 1.80
40 1.65 - . 15 2.30 a
50 1.68 18 1.65 i
60 1.80 21 1.39 :
65 1.88 oL 1.40 . 13
67 1.70 o7 1.62 |
6 1.62 30 1.85 Bt
' 69 1.35 35 2.15 ' '
70 1.20 4o - 2.10 248
71 - 15 2.10 i
72 1.10 48 2.05 EH
73 1.15 L9 2,18
Th .S0 50 .2.30 '
i 75 .85 51 2.29
: 76 .80 52 2.09 i3
: 77 .90 53 1.75 i
‘ 54 1.70 i 3
: 55 1.50 Ei
: 56 1.50 !
57 1.49 13
58 1.30 it
| |
} ;
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,k i RUN 59
- U=1,695fps
g - x(£t) (hjin
2 1/2 4.5
§ 1 4.6
2 11/2 3.4
2 2.2
3 21/2 3.6
3 3 3.7
3 31/2 3.5
3 4 2.7
: bi/2 3.0
1 5 3.2
3 51/2 3.2
1 & 3.7
| 7 3.4
¥ 8 4.4
2 i g 5.1
i ic 3.7
H 11 4.6
1 12 .h
i3 13 5.5
11 14 4.0
{3 15 5.0
1 16 5.0
17 L.8
18 L.8
19 5.4
20 5.0
21 b
22 4.8
23 3.8
24 3.3 -
25 b6
c 26 L4.5
27 5.0
? 28 6.2
! 29 4,6
‘ 30 5.0
31 5.9
4

|
| ¢ SN

RUN 60°
Po/ Py=-90C U=2.261fps  #o/Py=.900
X(ft) n(in) x(ft) h(in)
32 6.0 1/2 6.5
23 .9 1 6.c
— 11/2 5.2
2 5.2
21/2 6.0
3 L.3
y k.5
5 1,0
6 6.9
7 5.3
8 6.8
9 7.4
10 7.6
11 5.9
12 h.g
13 7.3
14 5.0
15 T.2
16 7.1
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APPENDIX II

OIL DEPTH PROFILES

Run # 1-1-1
x (Ft) 29.416 19.478 9.54
d (ft) 0.223 0.195 0.173
Run # 1-1-2
x (ft)  35.167 26.229 16.291  6.353
d (ft)  0.216 0.194 0.166 0.134
Run # 1-1-3
x (ft) 40.33  30.39 20.45 10.51
d (ft) 0.201 0.173  0.160 0.131
Run {## 1-1-4
x (ft) 45.92  35.98  26.04 16.10 _ 6.16
d (ft) 0.190 0.172 0.152 G.124 0.082
Fun # 1-1-5
x (ft) 48.25 38.31 28.37 18.43  8.49
d (ft)  0.176 0.158 0.139 0.1%4 0.90
Rﬁn # 1-1--6
x (ft) 56.83 46.89 35.95 26.01L° .16.07 6.13
d (ft)  0.159 0.147  0.129 0.111 ©0.089 .061
Run {# 1-1-7 _
x (ft) 61,77 ~51.83 41.89 31,95 22,01 .12.07 2.13
- d(fty 0.145 0.133 0.121 0.106 0.090 06.068 .033
"Run # 1-1-8
x (£t) - 20.5 10,56
d (ft)  C.53  0.32
Run # 1-1-9
X (fr) 22.92 12,98
d (fr) 0.293° 0.266
- 42a -
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] 3
i | *
3 Run # 1‘2-1 ) E
3 Cx _(f©)_47.33 37.39 27.45 17.51 7.5 |
3 d (Fty  .267  .237  .212  .176  -134 3
E Run # 1-2-2
1 Cx (Ft) 49.20 39.26 29.32 19.38  9.44
3 d (ity  .256  .232  .205 .178 .143
2 Run # 1-2-3
5 x (ft) 57.60 47.56 37.72 27.78 17.84 .90
i d (£5)  .23%  .2\3  .199  .167 .139  .104
: Rua # 1-2-4 (a)
3 x {ft) 63.69 53.75 43.81 33.87 23.93 13.99 4.05
- a(fr)  .219  .201 .183 .160 .134  .107 .070
; Run # 1-2-4 (b) i
; v (ft) 63.50 53.56 43.62 33.68 23.74 13.80 _ 3.86 E
¢ d (Fty .220  .204  .185 .164 - .139  .111  .065 “
f Run § 1-2-5
x (ft) 40,17 30.23 20.29 10.35
» d (Fr)  .239  .258  .229  .195 ,
Lo !
3 Run ¢ 1-2-6
3 x (£6) 35.25 25,31 15.37  5.43 ;
S d(F0) 30 287 257 .230 g
Run # 1-2-7 !
Ve
| x (£t) 33.00 23.06_ 13.13 §
- d (Ft) .3z .308  .278 ]
| *
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Run § 1-3-1

B0 s W Y e S a0 B o 451 B

36.35  26.41
203 .167

44.70 34.76
228 202
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Run # 2-1-1"

x (£t)_ 60.03 45.70 12.75
d {ft) 0.068 0.059 0.037

Run § 2-1-2

x (£r) 59.54 45.21 12.26
d (Ft) 0.069 0.059 043 0.033

Run # 2-1-3

il

x (ft) 56.63 9.35
d (fe) 0.072 » ¢.034

Rin § 2-1-4

S e, e A AL A L wea ke A, 9

x (ft) £3.9
d (f2) ©¢.078

Ren # 2-1-5

52.29
) €.3%9

= {ft
d (£t
Run ¥ 2-1-6

x (fr) 51.67
d (ft) 6.074

Run # 2-1-7

= (fr) 47.25 32.92
d (fr) 0.030C 6.(a7

Ron & 2-1-8

x (1) 55.17
é (i) 0.097

Ren # 2-1-9

xi6t) 3317 13.85 _ 9.61
4 {fey 9.193 §.872 0.058
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Run #‘2~l-10

x (ft) 32.08 17.75  7.92
d

(ft) 0.115 0.087 0.063
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Run # 2-2-1

x (ft) 60.67

46.34

36.51

26.47 13.39

d (Ft) 0.149
Run § 2-2-2

x (ft) 56.25

0.132

41.92

0.125

32.09

0.104 0.086

22.05 8.97

d (ft) 0.164
Run # 2-2-3

x (ft) 54.83

0.143

40.50

0.133

30.67

0.106 0.077

20.63 7.55

d (ft) 0.181
Run # 2-2-4

x (ft) 49.58

0.155

35.25

0.136

25.42

0.104 0.072

15.38  2.30

d (ft) 0.184
Run # 2-2-5

x (ft) 47.00

0.162

32.67

0.143

22.84

0.109 0.07:

12.80

d (ft) 0.294
Bun §# 2-2-6

x (fr) 45.83

0.163

31.50

0.146

21.67

0.098

11.63

d (fc) 0.208
Run # 2-2-7

x (fr) 43.00

0.169

28.67

0.145

18.84

0.096

d (ft) 0.215
Run # 2-2-8

x {(fr) 41.50

0.176

27.17

0.099

17.34

d (ftj 0.223
Run # 2-2-9

x (ft) 38.50

0.183

24.17

0.146

14.3%

d (fv) 0.238

0.183

_48a..
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Run # 2-3-1
x (££)  61.67 47, 3_1.__3/ 51 _27.47 14.39
d (ft) 0.220 0.207 0.191 0. 152 0.124
Run # 2-3-2

x (ft) 58.17 42.84 34.01 23.97 10.39

d (ft) 0.237 0.213 0.188 0.158 0.126

Run # 2-3-3

x (ft) 56.50 42.17 32.34 22.30 9.22

d (ft)” 0.256 0.220 0.191 0.155 0.108

Run # 2-3-4

54.50 40.17 30.34 20.30 7.22
75 90.233 0.190 0.1i55 0.103

x (ft) 52.75 38.42 28..9 18.55 5.47
d (ft) 0.277 0.232 0.192 0.150 0.1G5

Run # 2-3-6
x (ft) 52.50 38.17 28.3%: 18.30 5.22
d (ft) 0.273 0.226 0.205 0.156 0.101

Run # 2-3-7

x (ft) >51.67 37.34 27.51 17.47 4.39
d (£t) 0.283 0.238 0.193 0.148 0.077

x (fr) 59.25 34.92 25.09 35.65 1.97

d (fry 0.306 0.238 6.202 0.i55 0.073 -

Run # 2-3-9

x (ft) ;q 17 33.8% 24.01 13.97 0.82

d (ft) ©6.313 9.250 0.193 0.1%8 9.968

- 49a -
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Run # 3~1-1
x (E£)  51.50 40.46 29.67 20.21 7.17
d (£t)  0.114 0.094 0.076 0.064 0.043
Run # 3-1-2
 x (Ft)  46.10 35.06 24.27 14.81 1.77
d (ft) 0.129 0.101 0.085 0.071 0.032
Run # 3-1-3
x (£t} 39.17 28.13 17.34 7.88
d (ft)  ©.132 0.110 0.093 0.069
Run # 3-1-4
x (ft) 30.50 19.46 8.67
d (Ft) 0.155 0.126 0.105
Run # 3-1-5
x (ft) 29.17 17.13 6.3%4
d (F0) 0.165 0.139 0.107
Run # 3-1-6
x (£t)  25.17 14.13  3.34
d (f0) 0.18  0.i60 0.1U
fun # 3-1-7
x (ft) 21.83 10.79
. a (f) 0.205 0.164
Run # 3-1-8
x (£r)  19.25  8.21
; d (Ft) 0.233 0.138
% Rua # 3-1-9
;
L x (fr)  17.50  6.46
g d (£0)  0.269 0.198
) 50a -
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Run & 3-2-1

x (fr)  55.25 43.21 33.42 23.36 10.92

iondind s L. i

d (f0)0.187 0.166 0.145 0.126 0.092 ' i

Run # 3-2-2 g
x (fr) 57 17 _41.13 30.35 20.88  7.8% i1

d (Ft) 0.192 0.162 0.154 0.126 0.097 1

Run # 3-2-3 {
x (ft)  50.75 39.71 28.92 19.46 €.42 B £
d (Fft)  0.20% 0.177 9.155 0.133 0.092 ' j]
¥

Run ¥ 3—2—-’;~ ]
) E
x {fr) 46.58 35.54 24.75 15.29 ;
d (it) 0.21& 0.ish 0.160 0.137 {i
Run & 3-2-5 4
x {fr) 52.67 31.53 20.84 11.38 {;

d G 0.719 0.1S1 0.167 0.133 ]

Run 7 2-1-6

| x (fr)  49.50 33.86 27.67 18.21
t d (fit) 0.225 0.20L 0.175 0.138
i Run # 3-2-7

x {ft) 33.30 27 46 16.67 7.21

d (fr) 0.239 0.203 0. 183 0.137

Run # 3-2-3

(fr) 37.53 26.79 1i6.00 6.54
93

X
d (fry  0.266 0.223 0.1 0.135

Run & 3-2-9

_ (fe) .75 19.21  3.32
(f

£y 9239 9.2 0. 363

Raa £ 3-2-10

L ! x_(fe) 2832 17.338  4.59
E d () 0.5aT Bion DII3
.

- 5la -
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Ruu # 3-3-1

x {fr) 6%.08 53.04 32.25 32.79 19.75 7.91
d (fr) 0.239 0.212 9199 .13 6.157 3.995 S~
' 3
Rua & 3-3-2 04
: 3
x {ft)  60.50 49.36 33.67 29.21 15.17 - 4.33 53
d (fr) 0.245 0.223 9.202 ©.179 §.i1:6 ©.992 13
3
Kun # 3-3-3 é?
x (fr) 63.53 52.5% &1.75 32.29 19.25% 11.41 E
d (fr) 9.2% 0.22i 0.2(3 0.1 0.i45 0.)6% {3
Fua § 3-3-4 :
x (f1)  60.33 42.29 38.50 29.0% 16.C9  3.16 E
d (fr) 6.253 9.228 0.2G8 ©0.1s1 €.157 0.103 1
Rua # 2-3-3 Ef
v 3
x (frj  51.2% 46.10 35.4} 25.35 i2.91 :
d (ft) ©.265 0.23@ 9.215 0.137 0.15 :

Run # 3-3-6

x (fr) 53.67 43.583 32.3%4 23.38%8 1&.3%
d {fr) 0.279 0.251 ¢.221 $.i33 ©.133

Rua # 3-3-7

x (£r)  50.50 33.4% 23.57 16.21 6.4 g
d (fry 0.301 0.259 0.225 9.i%% 0.147 T3
_ 3
Run # 3-3-8 * 3
.~
x (fv)  55.92 3483 25.09 :5.63  1.59 ]
d (St) ©0.327 ©.279 0.250 0.201 0.113 3
Run ¥ 3-3-9 3
x (f)  45.25 33.21 2252 32.96 §i
d (ft) 0.33% 0.287 0.23%) G.200 i
» Run § 3-3-10 -

tftarvie
I .

x (fY)  39.00 27.96 17.17 1.7l ;
a (ft) 0.373 0.313 0.8 0.208 fj
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. _ ] ‘ APPESDIX

: VELOCITY FRoFiLES

: Run £ 1-1-1

: G (fps) 25.30_25.30 0.1 31.50 32.50 3193 3110

‘ -y (f) OSB3 - 018 0.Z89 ©.335 0.333 C.553 0.688
E | : A 31.95 3148 30.37 28.3% 78.35 27.21 10.00
e - .73 0.453 ©0.95% 1.038 1.158 1.258 1.338

: Ron § 1-1-2

Z € (foc) 2450 27.40 25.5) 28.55 30.20 30.20 29.01

i Y (T 063§ 0.155 9.28% 0.358 0.553 0.553 0.688

27.92 26.10 24.60 31.60
"1.088 1,188 1.238 1.388

s b B " B

c o7 U (fes) 2138 24.55 25.066  26.22 26.4% 26.22  26.57

2.3
L¥-LFE D8R3 033 5.285 9.355 0.488 5.588  0.688

oL mey ’5 0 2539 2380 2.15 12.20

Run § 1-1-4

4 Li  24.55

538 2.688

%
s
v {fr} 3038 8.123 G.253 5.355  &.%33 0.

S ¥ (fes) 2020 22.55 2336 23.5¢ 23.%0

24.55 1*'*1‘ Y2260 22,81 31.%2 39.92 11.23
0 7#3 32385 0.933 1.6%5 1.i3s l.ﬁJa' 1.238

R § 1-1-5

E (lga) 5.0 i3.00 I0.i0 23.43 29.48 26,75 20.¢ s

¥ EE) D.EEs G.188 003RT0.i58 9.995. 0.583 6.638

20.00_ 2075 30,37 19.59 x3.66 17.30_10.%7
§.7:3 LU RS i e S ) R ¥ S ER 3-253 l.,—ﬂ
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Rna‘fvi-l—

U (frs) 18,38 26_00
¥ (g;) T5.098 938
13,30 Iﬂ 20

- 2. 153‘ 0. 3

37. ‘3 l?'3§“x}:k“7

u,z-*..s R Jsan 3.3

13."4 17.98 18075
‘J 'lkta ‘ i'.- 3 .‘. ’\3

«.5: ia.;; BENCH

) 13.31
y (ft) 0.338 0.13d

'b ss oL 35& 8. s:s

15 »-'14-"&'

Ren § 1-1-8 .

B(fpsj 3540 _17.68 35.%5 38.35
SV 2280 0.35G . .388

y {fv) LS

-\._

33.60 3162 3i.zd
G738 9.833 ©.993 1.033 I.:%9

Run # 1-3-9

U (fpé3 : 35.35

y (ft) %132

22, 33.28  2L.E 30,85 39 “0 Z.5¢
6,783 D.835 (.68 1303 1.133 :.;nﬁ 1.3

Rua ¥ 1-1-10

U (fps) 28.32 32.74)

y (fr)  2.08% a.138

33.9

?.3:3

54a -

18.} zé 18.30

KT c;fa"s"s

25 39,48 A5 37-42 32

-J_,_‘:. 5 0. nz,s

T )
1IN 1388

2 A-«c EIRTE
959 u.ggs

5,50 12.52

Ar e AW Cantrgd
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14,75 ”9.ii
1.25% 1,333
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A

"t
G

o

x (£x)
d (i)

56.23 %6.29 35.35

. 3/%

Eilfsﬁ._ifi;ﬁi,_;; 3
Jd-(£e} .23

'\‘)6

16.47

6.53

203

33.76

.143

14.88

.098

54.94

.202

312.43

142

12.55

.092

2.61

-
et
.235%

201

.137

10.47

-390

0.53

-135

9.22

) f““""——‘iiif'”"E?““'Téns 173 134
§§n ? I-3-6

x (Ft)  56.42 46.38  35.3% 26.50 16.66  6.72

a (it) W7 Zis | .16 .2:3 175 126
Rup 7 1-3-7

x (ft) 49.92 3998 33.95 20.10 10.16

d (ft) 5312 .38, 253 L7227 1%
Run f 1-3~8

x (Fr)  49.33 "39.3% 29,35 19.51  9.57

4 {0) 335 U795 253 21y .198

Ran 7 1-3-9

X (1:)
¢ (fr)

_”"5 J3

L3827

.086

Lk e

BN 2gepioss

RSN

Ldifeny bt e it



Run # 1-3-10

x (ft) 30.50 . 20.56

d (ft) .485  .405

- 56a -
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Ran # 1-2--1

U (rps)  23.00 20,20 30,62 32,40 32.95 33,80 34.40

y (t) 0050 70150 0.250770.350  0.450 0.550  0.650
VA0 34,05 3 .50 32,40 31.21 31.19 19.20

0.750  0.3850  0.950 1.050 1.150 1. ‘su 1.350
Run # 1-2-2

U (fps) 23,02 25.03 28.20 29.70 30.20 31.40 31.10

y (it) 0.050 0.130 0.250 0.350 0.450 0.550 0.650

31.10 30,80 .15 28.96 28.20 26.50 15.30

0.750  0.850 0.950 1.050 1.150 1.250 1.350

Run # 1-2-3

U (fps) 19.20 .’3 40 24.85 25.70 26, 60 27, 40 28.80

e m et e —— e ———— o

y (f£)  0.050 0.150 0.255 0.355 0.455 0.555 0.655

28.60  27.20  26.92 )6 .00 25.30 23.00 15.40

0.75) 0. 35 0 0,950 1,050 1.150  1.250 1.350

Run # 1-2-4 (&)

U (fps)  17.90 21,10 22,05 22.80 _23.70 24,12 _24.15

Ty () 0,050 0,150 0.250  0.350  0.450 0.550 0.650

2 24,01 23,80 23,10 22,70 19.22 12.74

u 7Jo ssn" L0950 1,050 1.150 1.250 1.350

Run # 1=2-4 (b)

U (fps) 17.90 21,30 22,20 23.15 24.00 24.10 24,80

y (ft)  0.030 0.050 0.250 0.350 o 4)0 0,550 0.650

2h.75 2200 23,90 23,05 27.20 21,40 36.85

0. 70 0.850 T 0L as0 T us0 L as0 ”?go 1.350

Ran # 1=-2-5

G (fps) 200000 31,40 ‘33 38 34 35 34.80 35.78 36.30

y (It) 0,050 0,150 0,050 0350 0L A507 0. 55070650
30,22 35,61 34.02 0 33.29 32, 10 30,70 9.72
0.75)  0.250 0,950 1,050 11500 1,250 1.350
- 57a - “3605?
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Run # 1-2-6

U (fps)_27.80 34.08 ,}9_09““39“90 37.20 37.18 36.80
y (ft)

0.030 0.150 0.250 0.350 0.450 0.550 0.650

35.80  35.40  33. .90 31.60  30.20 MLLLQZ

0.750 0.850 0. 9)() l (J_)O CLLTS00 1.2500 1,350

Run # 1-2-7

U (€ps) __ 35.00 37.00 38.05 39.03 39.05 38.04

y (F£) 7 T T0.150 0.250 0.350 0.450 0.550 0.650

37.25 35.58  34.60 33.45 32.20 31.40 g_z?

0.750 0.850 0.950 1.050 1.150 'zsb .350

- 58a -~



Dan # 1-73-1

U (Fps)  20.71 21,70 26,61 )7 70 28.40 )9 10 29.58
y (1re) 0,050 0.150  0.250 0.350 0 450 0. 0.0650
29,042 20,20 28,60 27,00 25.90 7) 82 10.47
0.750  0.850 0.950 1.050 1. 150 )30 1. 350
Run # 1-3-2 ..
U (fps) 21,50 26.60 28,40 28.65 29.70 30.12 30.70
y (fe) 0.050 0.150 0.250 0.35) 0.450 0.550 0. 650
30.60 30.09  29.30  23.60  27.60 26.40 _ 8.20
0. 7':»0 0.850 0. 9.)() 1. (bl') 1. 150 1.250 1.350
Run # 1-3-3
U (fps)_ 23.70 23.80 29.70 30.80 31.60 32.00 32.10
y (ft) 0.050 0.150 0.250 0.350 0.450 0. 550 "0.650
31, *Q,_}}.M‘ZQ 31.00_30.04 ?_.. 95 _27.20 11.08
0.750 0. 850 0.950 1.050 1.150 1.250 1.350
Run # 1-3-4
U (fps) 24.25 28.10 31.30 33.10 33.28 33.65 33.80
y (ft) .0.050 0,150 0.250  0.350 0.450 0.550 0.650
33.70 33.28 3’_./10__-31 53 _30.20 28.90 11.90
0.750 0. ‘3)() 950 0)() 1.150 L.250 1.350
Run # 1-3-5
U (fps)  23.90  30.40 32, oo 33.60 34, >0_,_3_.__z) 35.40
y (ft) 0.050 0. _)O T0.250 0.350 0.450 0.550 0. 650
35.95  35.45 34.20 33.40  32.40 30,50 ___”_J .60
.750 0. 550 0,950 1. O e ] l_)() . )_‘)0 . 350
Ruan # 1-3-6
U (fps)  24.95 31.32 33.40 35.20 35.00 36.90 37.10
y (1t) 0 050 0.150 0.250 0. J>() 0.450  0.550  0.650
36.90  26.50  35.60 34,80 )3 30 ”N 00 29.40
0.750  0.3%0 0. ))O . ())() 150 . 250 J J)O

59a -




Run # (-3-7

38,35 38.50
0.550 0.64%0

32,90 1722
T 1.250  1.350
39.55  39.95

0.550 0.550

34.40 14.55

1.250 1.350

40.40 40.25

0.550 0.650

34. 06
1.250

_10.08
1.350

1.15 41.08

O 550 0.650

~15.50

36.2G

U (fps) 26.18 34.30 35.90 16.90 147.80
y (FO) 0.050 T0.150 0.250 0.350 0.450
38.12 52:()_ 37.10 35.50 34.060
0.750 0.350 0.950 1.050 J 150
Run ¥ 1-3-8
U (fps) 31.60 34.20 35.90 36.60 QBMQO
y (ft) 0.100 0.150 0.250 0.350 0.4590
39.60  39.20 38.05 37.30 35.82
0.750 0.850 0.950 1.050 ’1 150
Run # 1-3-9
U (fps) 28.00 33.60  37.40  39.60 40.49
y (ft) 0.100 0.150 0.250 0.350 0.450
39.50 38.80 57.20 “}ﬁh?ﬂ_mjﬁ_I]
0.750 0.850 0.950 1.050 1.156
Run # 1-3-10
9] (gngl 33.70 37.20 40, ﬁQu“£Q"9)
y (ft) 0.150  0.250 0.350 0.450
40,50 _39.40 38.50 _37.65 37.00
0.750 0.850 0.950 1.050 1.150

- 60a -
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Run # 2-1-1

- 6la -

U (fps) 7.04 7.66_7.94 7.94 7.94 7.94 7 94 ___7__'.(3.6 7.66
y (£6) 0,094 0.19% 0.29% 0395 0,494 0,594 0.694 0.794 0.894
7.66 7.66 7.94  7.66_7.36_7.04 6.72 6.38 €.38
0.994 L.09% 1.194 1.294 1.394 1.494 1.594 1.694 1.794

Run # 2-1-2
U (fps) 7.36 8.21 8.21 8.21 8.50_ 8.50 8.21 8.21 7.94
y (T€) 0.09 0.194 0.29% 0.394 0.494 0.594 0.694 0.794 0.894
L6 2.9 .66 7.6 7.6 7.36_7.04_6.72 6.38
0.994 1.09% 1.194 1.29% 1.374 1.594 1.594 1.694 1.794

Run # 2-1-3
U (fps) 8.50 8.76 8.76 8.76 8.76 9.02 9.02 9.02 9.02
y (£€) 0.094 0.19% 0.294 0.394 0.494 0.594 0.69% 0.794 0.894
8.76_8.50 8.50 8.21 8.21 7.94 7.66 7.36 6.72
0.994 1.094 1.194 1.294 1.394 1.494 1.594 1.694 1.794

Run # 2-1-4
U (fps) 8.76 .9.26 9.51 9.5L 9.51 9.51 9.51 9.51 9.5l
y (££) 0.09% 0.194 0.294 0.394 0.494 0.594 0.69% 0.79% 0.894
9.26 9.02 9.02 8.76 8.50 8.21 7.94 7.66_ 7.04
0.994 1.094 1.194 1.294 1.394 1.494 1.594 1.694 1.794

Run # 2-1-5
U (fps) 7.36_ 8.2l 8.76 9.72 9.72 9.72 9.72 9.5L 9.5l
y (£t) ©.094 0.194 C.294 0.304 0.494 0.59 0.694 0.79% 0.894
9.26 8.76 9.26 8.76 8.76_ 8.76 7.66  7.66— 7.04
0.994 1.094 1.194 1.294 1.394 1.494 1.504 1.694 1.794

Run # 2-1-6
U (fps) 9.51_9.51 8.50 10.40 11.62 11.23 11.23 11.62 9.51
y () 0.004 0.194 0.294 0.39% 0.494 0.59% 0.694 0.794 0.894
9,02 9.02 l;mg} 9.51 10,82 9,51~ 9.02 10.40 9.51
[994 L7094 1.19% 1,394 1.39% 1.494 1.59% 1.694 1.794



(continued Run #

2-1-6)

_8.50
1.894
Run # 2-1-7
U (fps) 6.70 9. 0?_}9_§2 ~9.96_9.51 9. 9§vhﬁ_92019~§2____29_
y (ft) 0.080 0. 180 0.280 0. 380 0.480 0.580 0.680 0.780 0.880
10.409.96_ 9.51 10.82 10.82 9.96 _9_*5)“_‘9_, 51 8.50
0.980 1.080 1.180 1.280 1.33 0 1.48 U ..580 1. 680 1. 780
7.36
1.880
Run # 2-1-8
U (fps) 9.96 11.23 12.02 12.02 12.40 12.40 11.62 11.62 11.62
y (ft) 0.080 0.180 0.280 0.330 0.480 0. 580 0.680 0.780 0.880
12.40 11.23 11.23 10.82_9.96_9.96 9.51 9.02 7.94
0.980 1.080 1.180 1.280 1.330 1. 480 1.580 1.680 1.7€&0
Run # 2-1-9
U (fps) 10.82 13.45 14.08 14.40 14.40 14.08 14.40 13.45 13.45
y (ft) 0.080 0.180 O 230 0. 360 0.480 0.530 0.680 0.780 0.880
13.75 13.06 13.75 13.08 13.08 12.73 12.02 11.23 9.51
0.980 1.080 1.180 1.280 1.380 1.430 1.580 1.680 1.780
Run # 2-1-10
U (fps) 13.45 15.60 15.19 16.47 16.47 16.19 16.19 15.89 15.89
y (£ft) 0.080 0.180 0.280 0.380 0.480 0. 530 0.680 9.780 0. 880
15.89 15.60 15.60 15. 0_1__1_4__79_14 40 13.75 13.08 12.40
0. 980 1.080 1.180 1.280 1.380 1.48 530 1. 680 1. 780

~ 62a -




Run # 2-2-1

U (Cps) 14.70 16,19 16.73 17.00 16.73 16.73 16.73 16.47 16.47

y (fr) 0.10 0.20 0.30 0.40 T0.50 0.60 0.70 0.80 0.90

16.73 15.89 15.60_15.30 15.01L 14.08 13.45 11.62

1.00 L.10 1.70 1. JO A0 L. 50 1.60 1. 70
Run # 2-2-2

U (Lps) 15.83 17.50 17.78 18.26 LS 26 13.54 18.26 17.97 17.78

y (Fr) 0.10 0.20 0.30 0.40 .50 0.60 0.70 0.80 0.90

7.50 15.70 17.31 16.74 15.88 15.31 14.46 12.74

7
.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70

I-*!r—'

Run # 2-2-3

U (fps) 17.50 18.73 1921 19.21 19.21 19.02 19.21 19.02 18.54

y (ft) 0.150 O 2)0 0.350 0.450 0.550 0.650 0.750 0.850 0.950

18.26 17.97 17.78 17.50 17.02 15.88 15.02 13.12

1.050 1.150 1.250 1.350 1.450 1.550 1.650 1.750
Run # 2--2-4

U (fps) 18.54 19.21 20.35 20.35 20.35 20.35 20.35 20.35 19.50

y (f£) 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850 0.950

19.02 19.02 18.26 17.97 17.78 17.31 15.88 14.46

1.050 1.150 1.250 1.350 1.450 1.550 1.650 1.750

Run # 2-2-5

U (fps) 19.68 21.68 22.35 22.06 22.06 22.06 22.35 21.68 21.49

y (ft) 0. 150 0.250 0.350 0.456 0.550 0.650 0.750 0.850 0.950

0.83 ’9_35 19.97 19.50 18.54 17.50 15.88

) 2
) 1. “'d 1.250 2.350 1. 450 1.550 1.650 1.750

Run # 2-2-6

U (fps) 18.54_19.47 21.49 22.06 22.06 22.35 22.06 22.06 22.006

y (ft) 0.150 0, 250 0.350 0.450 0.550 0.650 0.750 0.850.0.950

22.35 21.37 21.49 21.30 ?l .02_20.35 19.97 17.97

1.050 1.150 l 250 1.350 1.450 1.550 1.650 1.750

- 63a -
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I AT A RN gt WA

Bun § 2-2-7

U (fps) 21.6F 22.92 28,06 25.20

I3.49 2 69 25.49 _25.0

y {ix) 0.150 0_156 9.330 3.350

28,32 2858 24.25 23,52 2

1958 1157 1358 1350

em £ 2-2-8
(fgs) 20.6% 22_.35 23.87 21,25 2_'_._'_9“2_5.63 23.68 23.87 25,65
X y (ft) G.150 D.3259 9.350 4.350 6.3 0.950
25.49 25.00 24.82 35.61 78.96 I3.48 22 955 19.68
3056 2.iSO 1230 133D o= .53 1.656 . 750
s § 2-2-9
B {fes) 25.63 2‘_’:1;7 33 28.3% 28 X2 2 .00 2¢._22 28.53
5 {fv) €.250 0.330 $.55G 9,550 6.530 4 _ 50 ¢.85C 0.9230
25.24 I7.38 7.0 -5 SF 23_37 25.1 23 e 22 .49
1.938 1.350 .25 :.35a P. 430 1530 oS0 1. 750

Y AT

beittrr

LI NELE L BT YY ¥ R PN R I




—

Run # 2-3-1

U (Ips)
y (

Yt)

Run #f 2-3-2

U (fps)

y (fu)

Ruan # 2-3-3

U (rgs)
y (Le)

Run # 2-3-4

__(i)b)

y (ft)

Run # 2-3-5

U (fps)
y (tu)

Run # 2-3-6

U (rps)
y (1)

- 65a -

'o 12 21, 22,45 23,05 23.05 22,87 22,87 22.65

J150 0 ))U 0. J)O 0. A)O 0.550  0.650 0 750 0. dSO
)) 22 21,90 21,02 21,02 )0 80 19.45 18.50 17.00

L9500 L.050 1150 1.250° 1.350 1.450 1.550 1.650
21.22 22.65 _’ 3.80 24.60 24.00 23.30 23.80 23.41
0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850
12 47 22,22 22,08 21.43 21.02 20.38 19.45 18.50

L9500 1,050 1.1800 1.250 1.350 1.450 1.550 1.650
_22.87 24,60 25.30 25,80 25.80 25.80 25.42 25.15
0. 150 0.250  0.350 0.450 0.550. 0.650 0.750 0.850
”4 ﬁo_jf._ 20 M?g_,ﬁ_l___g;;_ 41 22.87 22.22 20.60 19.45

0.950 1.050 1.150 1.250 1.350 1.450 1.550 1.650
20.38 22.45 23.61 24.60 25.00 25. 15 25.15_25.00
0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850
26.80  24.80 24,80 24.20 24.C0 23.61 22,45 21.22
0.950  1.0507 1.150 1.250  1.350 1.450 1.550 1.650
23.41 25.15 26.55 27.68 27.55 27.20 27.20 26.65
0. 150 T0.250 0.350 0.450  (.550  0.680 0.750 0.850
26,00 25.61_ 25.00 24.60 24,00 23,41  22.45 21.02
0.950 1.050  1.150  1.250  1.350 1450 1.550 1.650
);__r»_“ 25.42 26.65 27, 33 S 27.68  27.82  27.55  27.00

L1500 0.2500 0.350 0,450 a.550 0 0.650 o 750 0.850
m 65 26.20 25.42  25.15 __:zj._.;._nwd_a_.:_z_:‘_ 22,45 21.22

S0 TToR LT Sy 1,350 1,450 1.550  1.650



23.153 27.53 38,53 8.7 lAE0 28.53 28.02
D232 GUI50 T30 9,332 00559 0.730 0.850

U (fes)  23.2Z 2335 27.53 IS.53 Is.7) Ao
¥ ( ?

Jhoea 25013 25009 2381 272,08

2 53
I.G3 1.1 3.2 1.3 1.3 15339 1.85C

£ 27.68 27.68

£T)  0.350 S.359 0.3532 0.450 ©.550 0.650 C.750 0.850

a3) 22,22 330 35.81 2a.2G IIL25

27.38 27.38 7.1 TR.S3 IA.ED 2542 24,80 22.87
1357 .43 1,358 1.850

U(fps) 2789 22,61 I a3 W5 T3l 29.57 29.10
¥y {ft D133 UG.T3 933 QiR S NG ¢.a3g U730 6.350

3§81 I LAY O2F. 2T T OSELCA OZR_I0 25,80 23.61
TOG.95) ILOSY oI LTSS LI (330 L3S 1,630

|
7
e
¥}

[
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o
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Bun 4 1-1-1

o(rps)  aohg a0/

y (tt) (0,

ny
1)
Run 4 3-1-=2

U (tps) 10,
y (rey 0

Ry
0

Run # 3-1-3

U‘ _(.l';)_:i_)‘ 1o,

y (re) 0.

3.
0,

Run # 3-1-4

U (rps) 15,
y (re) 0.

17.
0

R2uin # 3-1-5

u ‘(‘I' p.v.v)_ 7.
vy (ft) 0.

P

19,
0.

Run # 3-1-6

U ('I' ns)
y (re)

9

.25
.95

N

"

LD

D, 1hH

“). ’H)
Fouh

104

'”_~/|(]
O, 20

1)
.15

A0 12.040 12,40

N

0

0.15

RESUAS

1.05

0.25

A

04 l ~/i‘ . l()__l:’_.l_.;’»(

05

0.15

77 13,45
95  1.05

05

-

09

05

.95

95

0.15

RS

18,50

L6 .».""3

0.25

[

,
I~
Ut

—
(3]

35 17.51) 15,50

0.25

15,20

19.95

13,610

11

10,50
(3,359

10,40

1.729

11,25 11.7

13.00

0.35

) 19,95
0,15 0.25 0,35

1750

1.25

) ,I;:,' . (){0_ _| _2 ._/s_() 12, /0()___1.' .

FOLA0 10,40 10,82 10,40 10,40
QA% 0,05 0,065 0,75 0,85

-2

Q.00 9,00 3,50 7,45
1.3 1045 1,55 1.65

»

2
0.45  0.55 0.65 0.75 0.8%

11,25 10,32 10.4

L 0 8.50
135 1,045 0 1.55 71,65

CLALG0 1ALA0 14,40 14,60 14,10

0.45 705506577075 70,85

12,40 12,40 12,40 10,82
.35

L.45  1.55  1.65

18,50 18,50 15.50 13,50 18.00
D45 055 0,657 0L75 0083

15,90 15,35 15,01 14,10
L35 1uhs 1055 1.65

19,95 19,50 19.27 19.02 19.02
0.8 055 00,065 0,75 0.85

17,50 16,72 15,90 15.35

L.35 1045 1.55 1.65

22an 2o, 10.272.10 2 ]'L(’s. 21.65
.55 00505 0.65 0,75 0.85

S0LAG 1927 10,02 17,80
I D BT S

Best Available Copy
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1.55

Run # 3-i-7
Y (ips) 21.87 23.85 24.40 24.90 24.5G 24.65 24.40 23.65
v (fv) 0.15 0.25 0.335 €.45 Q.55 0.65 9.25 0.85
23.53 23.45 22.50 22.3) 21.87 21.65 21.0) 20.19
0.95 1.05 1.1> 1.25 1.35 1.45 1.55 1.65
Run # 2-1-8
U (fps) 25 .40 26.35 27.20 23.20 Isllé_zﬁ.IS 28.28 27.65
y (£2) 0.15 9.25 0.35 9.45 .35 0.65 0.75 0.85
27.20 27.20 26.57 25.10 25.15 23.35 23.30 22.30
0.93 1.05 £.i5 1.25 1.35 1.45 1.55 1.65
Run # 3-1-9
U (ips) 25.90 27.90 23.53 29.25 29.25 2v.25 29,25 28.80
¥ (ft) Q.15 0.25% 39.35 0.45 0.55 0.85 0.75 0.85
28.23_2?.15 25.00 27.31_27.90 26.57 25.20 24.4C
$.9> 1.95 1.15 1.25 1.35 1.43 1.65




£ il

Run

Run

Run

Run

Run

7 3-2-1

C (fos)

18.62

y (fr)

# 3-2-2

¥ {£os)

&

0.30

17.90

19.35

1.10

b 4 (E;)

0.19

12.65

0. %)

26.93

21.55

21,55

21.55

¥ 3-2-4

U (fps)

¢.10

0.30

20.50

0.40

19.77

0.50

19.35

1.10

22.05

Sx.20

1.30

21.55

21.45

iy

wevtre s

y (fr)

# 3-2-5

U (fps)

0.30

20.71

0.70

18.83

0.80

18.40

24,

25

1.10

24.42

1.50

24.25

1.60

24.25

y (ft)

# 3-2-6

.20

.90

0.30

23.72

24 .42

o
=]

22.98

0.70

21.19

0.80

20.22

.00

.10

1.10

%S
~l~
rnlrn

.20

.82

1.30

26.10

25.55

1.50

25.90

j.60

25.90

0.50

23.35

0.60

22.75

0.70

22.05

0.80

20.71

.00

1.30

1.40

1.50

1./0

[T

s wees

L

AH ,
v rs ek M xia L PR e PR




PO ween 0 47 apte §rg BT O NI £ 8 YRS M 1 W (O SE. § - TSI M ST TSRS B SR uss it I ® B R 4 e s a3 O I ey ot
" nadh ot : f ; : .
‘. .

———— T e

Rue 7 3-2-7
J (fpr) 24.42 26.21 25.91 27.10 27.42 27.42 27.42 26.%8
g7 (ft) 0.10 9.29 .30 0.320 0.5¢C 0.¢60 0.720 9.80
26.21_25.10 25.10 25.16 25.52 23.55 22.75 21.55
5.9 r 1.10 1.20 1.30 1.4 1.50 1.60
Run # 3-2-8
U (fps) 24.25 Z6.51 27.75 23198 2%:93 23.08 27.96 27.75
y (ft) 0.10 0.20 0.30 ¢G¢..C¢ 0.50 6.6)  0.70 C.80
- 22,42 27.52 27.10 26.43 25.35 22.25 23.i2 22.5?
0.90 1.09 1.10 '1.20 1.39 .40 1.50 1.6C
Run § 3-2-9
U {(fps) 23.79 23.20 30.08 30.20 30.20 395.08 29.60
y (fr) 0.20 0.30 0.4C 0.50 0.60 0.70 0.80
: 29.452 29.31 23.75 23.66 25.90 26.9)} 25.75- 29.75
0.90 100 1.10 1.20 1.30 1.40 1.50 1.60
-Run # 3-2-10
U (fpc) 27.42 20.43 21.59 31.80 31.80 31.90 31.80
y (ft) 0.20 0.30 0.40 0.30 0.60 0.70 .80
31.16 -30.55 30.43 30.20 30.03 28.290 29.31 27.i8
0.9 1.00 1.10 1.20 1.30 1.40 1.5 1.60
- 70a -

R AL . e ¥
ORI (R AR s L o 2 TS

vy s

Y.

1

T ——



(—

_(£fps)

21.65

22.96

23.30

Run #

U

(fr) -

3-3-2

(fps)

0.19

21.30

0.20

21.65 ~

0.40

21.00

0.90

22.9€

1.00

254.05

1.20

25.65

Run #

(—]

(fc)

3-3-2

(£os)

<.-10

25 .4C

0.20

23.65

9.50

27.30

22.10

0.90

1.20

_24.90

.30

1.46

23.85

Run #

(fr)

3-3-4°

(£fps)

=1V}

0.40

23.30

0.60 -

21.65

23.565 .

25.52

1.20

25.70 -

1.40

25.52

<

Run #

[—]

(£2)

3-3-5

(fps)

0.10

25.52

0.30

24.40

0.40

23.85

0.70

21.65

0.97

25.30

1.10

1.20

>

' 25.82

26.00

1.50

26.00

26.20

Run #

(=]

(£t)

3-3-6

(fos)

0.20

25.20

24.96

24.65

0.50

24.40

6.60

23.4%5

0.70

22.30

0.80

21.30

24.05

1.00

26.57

1.10

27.38

1.20

27.57

1.30

27.65

1.4

28.090

1.50

27.87

1.60

(fe)

0.10

27.20

0.20

26.90

0.30

26.20

0.40

26.00

0.50

24.96

0.60

24,22

0.70

23.30

0.90

1.00

1.10

- 713 -

1.20

1.30

1.40

1.50




Ak’ Adaed il o o

i

Pun # 3-3-7 3
u (fps) 26.57 28.00 28.30 29.08 29.0R 29.32 28.80 : !
7 (fo) 0.20 0.30 0.40 0.50 0.60 0.70 0.80 ;
| . - }
28.80° 27.97 27.5/ 26.71 26.51 24.96 24.65 23.65 %
.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 : ]
: Rua # 3-3-8 . ; 3
U (fps) 26.90 29.05 30.42 30.52 30.10 30.00 30.00 4
E y (ft) 0.20 0.30 0.40 0.50 .00 0.70 0.80 i
g 30.10 29.30 29.08 28.68 27.75 27.02 25.67 24.75 i)
: 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 1
Run # 3-3-9
. 4
v (fps) 26.43 26.75 30.42 31.12 31.i2 31.12 30.98 $4
; y (ft3 0.20 ©.30 0.40 0.50 0.60 0.70 0.80 B
[ :1
’ 30,52 30.10 29.03 29.05 27.5u0 25.94 26.60 25.60 4
6.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
Run 4§ 3-3-10 ] ‘
U (ps) 26.9¢ 29.6z  31.38 32.09 32.40 32.20 3%.00 ¥
y (fr) 0.20 0.30 0.40 0.50 0.60 0.70 0.80 §:
- ¥
32.90 31.60 31.38 30.30 30.10 29.71 28.03 26.9 !
) 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60 iy
i
i
!
!
V }
}i
P !
, '
. {
p { )
5
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- APPENDIX "IIT
Table of Tests Performed

WATER ORIFICE MANIF  VELOCITY _

FLOME TEST RUN TES1  DEPTH  SIZE  DEPTH PROBE REMARKS

JIDIH - NO. NO.  TYPE T d H 1OCATION, x

2.0 1 i Stag 2.0° 1/8 " 23 1/4" x=11 5/8" Depth Profile
" " 2 " " " " 4 vary Surface Profile i
" " 3 " " " " ’ vary " n
" " 4 " " " v vary " " -
" " 5 " " - " vary ©
" ” 6 " " " " 11 5/8" Depth Profile
" " 7 " " " 11 5/8" q-vsVUgay
" " 8 " " " " 11 5/8" "

2.0' 2 1 Stag 1,00 1/8" 11 1/8" 5 9/16" q-vs—Upax :
" v 2 " " » " 7_ 5 1/8" Depth Profile )
" " 3 " " " " vary " "

o " b " - " " vary Surface Profile

2.0' 3 1 Stag 2.0'  1/16" 23 1/4" 11 5/8 a-vsLUpax
" no 2 "o " " " vary Silfface;l’rofile
. " 3 " " " " vary " M .
" " 4 " " " " 11°5/8 Depth Profile B
" " 5 " " " " " 23 1/4 " "

" " 6 " " " " 11 5/8 " “
" v 7 " " " " 11 5/8 q-vs-Upax

2.0 4 1 Stag  2.0' 0.04" 23 1/4" 11 5/8 q-vs-Upax
" " 2 " " " " 11 5/8 Depth Profile .
" " 3 " d - " 23 1/4 " " 4
" " A " " " " 11 5/8 q-vs-Upax >

2.0° - See Task 0R0402

2.0° See Task 080402

2.0' 7 1  Stag 2.0 1/16" 12" vary Surface Profile :
" v 2 " " " " vary " " é
" " 3 " " " " 12" q-vs-Upax %
" " 4 " " " " 12" " - 4

2.0' 8 See Tasx 080402 )

2.0' 9  See Task 080402

2.,0' 10 1 Stag 2.0' 1/16" 11 5/8" 11 5/8" q-vs-Upax

- 732 -
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c WATER ORIFICE MANIF. VELOCITY
FLUME TEST RUN TEST DEPTYM SI1ZE DEPTH PROBE REMARKS :
WIDTH NO. NO. TYPE T d H LOCATICN i, X : ‘ ‘

}
0 " 2 " " " T " :
" n 3 n 1" n " void ,_
n L L] 4 " ~ 1" 1] ” VOid —
2.A' 11 1 Current 2.0' None None Near Marif. Current Profile
" " 2 o e " " ot "
" n 3 [1] " u 1 1] [1] R 113
" " 4 " " " " " Surface Profile
" " 5 Lotk " 1/16" 12" +0.5 ft. Depth Profile
" " 5 : ) " “w - m -1.0 ft. " i ”"
n IIT [1] !! ‘n " -1.5 ft. ] LU
n (1] 8 " " " " ~1.5 ift. "n 1]
: ) . .5 ft.
" "9 . " " " * vary Surface Profile
[T " 10 u n " " n " "
2.0 ‘ 12 1l 2.0 1/16" 12" void
w ‘n 2 u n 1" void
2.0 13 See Task 080{!02 ) _
8 .o 1l 1 Stag 13 5/8" 1/16"_ 13 3/8" 5 11/16" q-vs=Upay
" " - 2 " 13 5/8" " " 5 11/16" " Depth Profile
"w_ n 3 " 13 5/8" " " 5 11/16" " n
" " 4 " 13 3/4" " 13 1/4" vary Surface Profile
" " 5 " 11 1" 13 1/4" Vary " "
" " 6 " n 1" 13 1/4" 5 11/16" q__vs_Umax
" " 7 " " " ' 13 1/4" - "
11} 11} 8 " n " 13 1/4" - "
" 2 1 Stag void
" 3 1 Stag void
5.0 1 1 Stag 8.5 1/16" 4.3 4.3' Depth Profile
" 11 2 n 8 . 6 11} 1" " " "
5.0 2 1 Stag 8.6 1/16" 4.3 vary Surface Profile
" " 2 " 8.7 " " 1" " "
5.0' 3 1 Stag 8.7 1/16" 4.3 4.3 q-vs=Upax
5.0 4 1 Stag 8.3 1/16" 8.3 4.3 Depth Profile
n n 2 " " " 8.3 " " "
5.0 5 1 Stag 8.7 1/16" 8.7 vary Surface Profile
" n 2 " " n n n " "
5.0 6 1 Stag 8.3 1/16" 8.3 4.3 q-vs-Upax
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FRIVOPIERIR TS

WATEKR ORIFICE  MANIF. VELOCITY -
FLUME TEST RUN TEST DEPTH  SIZE  DEPTH PROBE REMARKXS
WIDTH NO. NO. TYPE T - d H LOCATION, x
: on  near
1.5 7 1 Current 7.4 None None manifold Depth Profile

n 1] 2 7" 1 1] 1" 1] ) 1] 1"

" " 3 " " " ":; * . Cross Sect. at Surf.
1.5 2 1 Stag 7.4 1/16" 7.4 3.8 q--v8-Unax
1.5 9 1 Both 7.7 /16" 7.7 Variable  Depth Profile.

" ", 2 " " " " :‘Since n "

: Current -

" " 3 ] ] 1 1] 11 . " Deflects 11 [1]

" " 4 fn " ”" " ] ,Bubbles " "

1] "n 5 " 1] " " 1" ”
1.5 10 See Task 080402
1.5 11 See Task 080402
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TEST NO. 1 | DATE February 19, 1970
KUN NOo. 1

Stevens Current Meter
q 0.019¢fs/ft
MANIFOLD DIAMETER 1 in. : _ ‘ i
ORIFICE SPACING  1/2 in. | 3
. . '
‘.Hzo 18.6°C

CAGE READING AT SURFACE .490 ft. ' : . éf
LINE PRESSURE .94 psig. | |
tar 70 °F | 1
GAGE  DISTANCE. FROM
READING  SURFACE - VELOCITY
(Ft) (£ REV/SEC  (fps)  REMARKS
439 051 .9 .83 *
.391 .099 .9 .83 ¥
\342 .48 .67 .65  Stevens Current
Meter
.291 .199 .5 .48 1
245 .245 .33 .34 9° blade H
.245 .245 .27 .28 | H
440 .050 94 .85
.291 .199 2.8 .34
.291 .199 2.8 .34
.240 .250 2.33 .293
.240 .250 2.33 .293 :
1192 .298 1.5 214 {
.192 .298 1.5 .214  60° blade ' 4
141 .349 1.0 167 %
141 .349 84,150 §~
.091 .399 1.53 .28 ! ]
.091 .399 1.2 184 %
.439 .051 .9 .82 | | i§
439 .C51 .8 .75 :
,392 .098 3 .70
.392 .098 .8 75 g0e biade
.339 151 53 L3
.339 .151 57 .56
.292 .198 .6 .57

- T6g -
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TEST NO. 1
.- RUN Na, 1
: Stevens Current Mcter
q 0.019%fs/ft
MANIFOLD DIAMETHRQ 1 in.
ORIFICE SPACING 1/2 in,
~thy,0 18.6° C A
GAGE READING AT SURFACE .490 ft.
LINE PRESSURE .94 psig.
tair 74°°F

2

i ki L A s Vi o

DATE  February 19,

et BT L e el k3R b % T

GAGE DISTARCE FROM

READING  SURTACE
(ft) (ft) REV/SEC
.292 .198 6
. 242 .248 43
.242 .248 14

90° blade

*At a distance of .199 ft below the water surface and

below the current began fluctuating and only clicks

registered by current away from the air pipe were

counted.

o
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- TEST NO. 1

RUN NO., 2

Stevens Midget Current Meter

q 0.019cfs/ft
MANIFOLD DIAMETER 1 in.
ORIFICE SPACING  1/2 in.

tg0 20 °C

GAGE READING AT SURFACE -490 f¢.
LINE PRESSURE .92 psig.

tysp 74 °F

DATE February 19, 1970

GAGE DISTANCE FROM

READING SURFACE b4 VELCCITY
(ft) (ft) (in.) REV/SEC (fps) REMARKS
443 .047 53/16  1.02 .93 *
443 047 11 5/8 1.03 .93
443 - 12 - -
443 .047 15 9/16  1.03 .93
443 .047 18 1.03 .93
443 047 23 1/4 .8 .75
443 - 24 - -
443 047 30 .77 .64
443 .047 36 .6 .58
443 .047 48 b 40
443 - 60 - -
443 - 72 - -
443 047 513/16  1.13 1.02
443 - .047 11 5/8 1.00 .91
443 - 12 - -
443 .047 15 9/16 .93 .65
443 047 18 .83 .75
443 047 23 1/4 .87 .80
443 - 24 - -
443 047 30 .63 .60
443 .047 36 .57 .55

* Using Stevens Midget Current Meter (9° blade).

Alot of static was encountered on readings over

36 in.

- 77a! -




TesT ®0. 2 NIE Tebreary 19, 1920
i—“ nx N, 3 )
< Stevens C-n'ént Neter

q 0.019 cfssfft
MAXIFOLD PINEFER ! im.
ORIFICY SPACINS 3/

Iy
[ 4
4]
'

[Kzo 26.2 'C
CAGE READTIC AT SRFME  .350(r.
LINE PRESSRE .95 psig.

=1 L ]
Lair 3 °F

agia b i)

TGAGE  LISTUXE FRo:

AATADTE SO AP WA 5 w9 & 18 B ST

A\l

FEADIZC  WREME x VELOCETY
ft) (i2) _{ex}  xpvisec  (fps)  REMARKS
A3 007 - T YRR 3.2
.583 007 9¢7 1.3 1.1 Using Stevems
477 013 1,45 1.25 1.1°  Curremt Meter
A1 .ou3 1.5 1.3 1.36- (9" blade)
.&77 .013 1.95 .9 X -2
477 .o13 2.5 37 .70
477 03 3.0 &2 .59 :
577 .013 4.0 .44 31 Used 60° blade
.583 007 488 1.2 1.08
.483 007 967 1.53  1.30
477 013 1.5 1.03 .%3
A77 0 a3 15 1.07 .57 Wheel half in &
477 .013 1.95 .87 .83 %alf out of water
477 .0i3 2. .67 .63
537 .o13 3.0 .73 .69
477 13 4.0 2.5 .31

3
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IIEST . 1

R ND. 4

Stevens Ridget Corremt Meter

q -029 cfs/fe

MAKJFCLD DIAMNFIER 1 im.
VEIFICE SPaCING QM2 im.

t'zn 2.2 °C

CACE READIEC AY SIRF2CE -49C 1.
LIZE PRESTURE 1.C1 psig.

tair I3 *F

DPATE Febzaary 19, 1970

ALY DISTALE bt
READING SURFACS = :
(fc) (£33 Gn; REVSSEC

VELOCITY
(fp=}

EEXARES

-A%C .01 11 5/8 1.57
.30 01 P 916 1.63
.480 .0 1.5
AN R & ide 1.4
477 13
&7 013
-&77 oL
ATF .013
‘ ’ 3/16

5/8 1.57
9/16  1.57

/5 1.3F

L EUSRE LB EREE

L) q
PO )
~ N
- o~
© ©
[~
w W
s &
-}
(¥ ]
. .
[- a0 - )
) =

1.3%
1.43
1.2%
1.25
1.1K
.95
.30
30

Too cfose to air
Tsing Stevens

Current Yeter
(9° wlade)

Too close to air

; 4
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| TESY N9, 2 nATE February 19, 1970
ol * REX X0, 5
o - Stevens Midget Cucreatr Meter B

q .038 cfs/tft

MAKIFOLD DIASTER | in.

GRITILE STacixe M2 hr.

50 28.2 ¢

GAGE. READING AT SURFaCE .490 fr. A

LISE PRESSQURE 1.16 psig. _
 J 75 °F

24X

GAGE  DIiSTANCE FEOX
| READING SURFACE x » VELCCITY

(iv) () @a) REV/SEC  {fps)  REMARKS
o : .470 .32 11 5/8 1.43 1.27 Using Steven
" .570 .02 15916 1.23 1.1¢ Midger Curreat

- 470 .02 18 1.07 1.15 meter (9° tladed
;- .470 .0z 23 16 1.07 96 .
L &3 .0z e .80 .75 : o
E 4S9 .03 36 & .50
: .ASG K] i8 .73 .7¢ - :

.480 .01 60 .33 .33

.470 .02 11 5/8 1.3 1.18

470 .02 15 9/16  1.37 1.21

- .470 .02 18 1y 19

.£70 02 - 23 1/% .93 .86

L4706 . .0z ) 1.0 .91

.459 .G31 36 .99 .82

.480 .01 58 .89 .73

.480 .e1 60 .33 .33

- 80a -

e 3 P P, Ty T gy




4

Ty

P SN 10 - B LR GRS SN B4 T IR A W% TP WEEIDE I B IR A W SRR, GRS i,
o e B 3 et s e

e e, wrt
i L

s

[P ORTR TP RIERPT PR

| (R ST P

TESY RO, 1

R KO. 6

XANOMETER EITH 1:5 SLOPE
q 038 cfs/it

NARIFOLD DIAMETER 1 ja.
ORIFICE SPACIRG /2 in,
to 19.4“C

GAGE READIXG AT SURFACE 2.34 fr.

LIXE PRESSURE 1.16 psig.

Lair 73 °F

DAYTE February 29, 1970

. GAGE DISTARCE Fas

READING  SURFACE

(1) (e
1.277 .067
1.2 .121
1.174 .176
1.123 221
1.078 .256
1.021 .323
0.971 £77
- 0.926 .618
0.872. 472
0.825 .519
0.750 -
0.814 .530

&N VELOCITY
___(fr)  (fps) EDRBRRS

.04 1.58 Diff = R.R.-
.0316 i.40 L.K. - I.D.
.0183 1.06
.0133 0.51 1.84 fr. depth
.0117 0.85 at gage reading
.0033 0.72 1.184 ft.
.0050 9.56
.0033 0.4%
.0033 0.46
.0017 0.32 -

o 0

- 81a -




TEST NO. 1 : NATE February 20, 2970
_RUR NO. T : '

Manometer Slope 1:5

MARIFOLY DIANETIR i  ia.
ORIFICE SPACING 172 in.

tHy0 19.4 °C

GAGE READING AT SURFACE 1.34 ft.

/

LINE CAGE q

TRESSURE  tair READING (cfs) &N - VELOCITY
(psig) (F) _(f0) ft (£t) (fps)  REMARKS
1.16 74°  1.275 0.0383 .0322  1.45
.95 74°  1.275 0.0192 .0216  1.15
1.04 74 1.275 0.023% .0300  1.36
1.41 75°  1.275  0.0467 .0425  1.66
1.95 75°  1.235 0.070 .0533  1.82
2,50 75°  1.275 0.0934 .0600 - 1.94

0il begzn seeping into the
floumeter when a flow of 8.4
was being measured. Meter was
cleaned and tast resumed.

3.52 °  74° 1.2?5 0.117  .0650 2.03
4.35 74° 1.232 0.14 .0624 1.98
5.30 74° 1.232  0.164 .0700 2.11 ] -
6.64 74° 1.232  0.187 .0783 2.24

8.20 75° 1.232  0.21 .0833 2.31

- 82a -
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TEST NO. 1 DATE 21 Fedb. 1970 ) 1
RUN NO. 8 : i

Manoweter Slope 1:5

MANIFOLD PIAMETER 1  in.

ORIFICE SFACING 1/2 in.  ORYFICE DIAMETER 1/8 in.
th0 18,6 °c o :
GAGE FEADING AT SURFACE1.363t. - . 1 ]

LIN: GAGE q

T

" PRESSURE  tyir READING - (_t_:_f_s_) ~ 8H  VELOCITY i
(psig) (°F) (ft) fr (ft) (fps) REMARKS ]
0.91 74 1,308 0.0192 0.027 1.29 3
1.00 74 1.308 0.029 0,032 1.4 4
1.12 74 1.308 0.0383 0.040 1.58 .
1.00 74 1,308 0.0234 0,033 1.43 ]
1.15 74 1.308 0.035 0.040 1.57 ;
1.34 74 1,308 0.047 0,045 1.67 !
1.55 74 1,308 .0.058 0.050  1.77 3
1.80 76 1.308 0,070 0.055 ~ 1.85 ;i
2.10 74 1.308 0.082 0,058 1.91 i
2.4 74 1.276 0,093 0,060 1.94
2.75 75  1.275 0.105 0.062 1.98 1
3.10 77 1.276 0.117 0.067 2.06 §
3.40 79 1.276 0.128 0.070 2.11
3.90 81 1.276 0.140 0.073 2.16
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TEST KO, 2
Rux XO, 1
#anometer with Slope 1:5

DATE 21 Feb. 1970

HAMLIFOLD DiAMETER 1 dn.
ORIFICE SPACING  1/2.in.

ti,0  18.4 °C

GAGE READING AT SIR¥ACE -7 fr.

LINE GAGE ¢ N

© PRESSUKE  taiy RUADING ccfs)  AH  VELOCITY

Gsig) (P () ) g (fps)  RmiaRks
: 0.50 74 .357  0.0192 0.020 . 1.11
0.58 74 .357 0.0287 0.025  1.26
0.70 74°  .357  0.0383 0.0317  1.41
0.49 76 .357  0.0234 0.023%  1.20
0.68 7% .357  0.0467° 0.0283  1.32
0.8 ° 74  .357  0.0583 0.035  1.48
1.0 7% .357  0.0700 0.0367  1.51
1.36 .74, .357 0.0816 0.0383  1.55 s

1.73 75 - .345 0.0933 0.0383  1.55

- 8l4a -
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TEST NO. 2 _
RUN NO, 2 -
MANOMETER WITH 1:5 SLOPE
q .0383 cfe/ft

DATE 21 Feb. 1970

MANIFOLD DIAMEFER 1 in. ~
ORIFICE SPACING 1/2- ijn,
tHZO' 19.2°¢C
GAGE READING AT SURFACE .400 ft.
LINE PRESSURE .70 psig.
tair 74 TG-F R
GACE  DISTANCL FROM
READING SURFACE Ml VELOCITY .
(£e) {f1) (£r) (fps) _ REMARKS
.345 ~.055 .0267 1.29
311 .089 .0183 . 1.06
.280 120 .010 .79
.251 149 .0067 .65
.222 .178 .0033 .45
.190 .210 .0033 45
160 240 - -
) b = .254°
~ 85a -
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TFST Ne, 2
RuR X0, 3

CMANOMETER WIiil 1:S SLOPE

q .07 cfs/ft

MANIFOLD DIAMETER 1  in.

ORIFiCE SPACING 1/2 in. -
t1,0 19.4°C

GAGE READING AT SURFACE .399 ft.

_LINE PRESSURE 1.35 psiyg.

tair 78 °F

DATE 21 Feb. 1970

GAGE DISFANCE FROM .
READING - SURFACE Ali VELOCITY

(fps)

(ft) (ft) (£r)

.63 ~.036 .030

341 .048 .0292
.310 .089 .0284
.282 117 .0183
.257 142 .0150
.222 177 .0117
.193 © 206 .0083
.162 . L237 .005

.150 .249 .0033

1.36
1.34
1.32
1.06
0.96
0 85

REMARKS

0.71 -

0.56
0.45

- 86a -
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. TEST NO. 2 DATE 21 Peb. 1970 i
=~ RUNRO. & H
" MANOMETER WITH 1:5 SLOPE | i ]
- q 0.07cfs/ft _ | ’ : , N | %
MANIFOLD DIAMETER 1 in. ) L 3

ORIFICE SPACING 1/2 in.

tH0 19.4°C

GAGE READING AT SURFACE .399 ft.
LINE PRESSURE 1.35 psig. . ~
tair 82 °F . '

-

GAGE DISTANCE FROM

READING SURFACE x A VELOCITY
(£t) (ft) (ft)  (ft)  (fps) REMARKS.
.329 .070 - 464 033 1.43
.35C .049 .928 .03 1.36
.350 .049 1.85  .0117 .85
350 © .049 2.5 .0067 .65 ‘s
] : .350 .049 3.0 :0033 .45 i
| 8
i
I 3
1
;
;
] i~
%
T B 3: VA
- 87a - -
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TEST NO, 2
RUN No. 1

Manometer Slope 1:5

MANIFOLD DIAMETER 1

in.

ORIFICE SPACING 1/2 in. ORIFICE DIAMETER 1/16 in,
to 19.6°C -
GAGE READING AT SURFACE 1.41 ft.

pATE 21 Feb 1970

- PRESSURE

LINE

(psig)

tair

(°F)

GAGE

READING

(ft)

q

cfs
(;{0

AH
(ft)

gggs)

VELOCITY

* REMARKS

DL O N bt b e b e = O O

86
.99
.12
.32
.11

.35
Bl
.97
34
75

2

9
L

77

75
5
75
o
[
75
™
75

5
76

(7
81

1.350

.0096
.0192
.0288
.0384
.0233
. 0350
.OL66
.0583
.0700
.0816
.093U
1050

L0133
.0216
.0333
.0399
. 0266
.0366
.0ke2
. 0549
.0582
.0632
.0682
.0682

- 88a -
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.91
.16
R
.59
.28
.51
.73
.85
.91
.0

.08
.08
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TEST NO, 3
RUN NO, 2

MANOMETER WITH 1:5 SLOPE

q 0.04 cfs/ft
MANIFOLD DIAMETER

ORIFICE SPACING

GAGE READING AT SURFACE 1l.4lfg,
LINE PRESSURE 1.30 psig.

1 in.
1/2  in.

DATF, February 23, 1970

taiy 74 °F

GAGE  DISTANCE FROM =

" READING SURFACE ‘ M VELOCITY
(ft) (Ft) (in) (ft) (fps)  REMARKS
1.368 042 11 5/8  .0350 1.48 -
1.368 .042 17 7/16  .0334  1.44
1.368 .042 23 1/4 .030C 1.36
1.368 .042 30 .0234 1.20
1.368 042 36 .0200 1.11
1.368 042 48 .0133 0.91
1.368 042 60 .0100 0.79

- 89& -
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TEST X0. 3 DATE23 Feb 1970

iu 7R Ko, 3

DAROMETER WITH 1:5 Sisil

¢ 0.07 cis/ft

MARIFOLD DIAMETER 1 in.

ORIFICE SPACING  1/2 jn.

tyoo 2.2 °C ;

GAGE READING AT SURFACE .92 fi.

LINE FRESSURE 2.37psis.

Atair 77 °¢

GAGE DPISTANCE FROM

READING  SURFACE x AF  VELOCETY
{ft) () Gn) (fr) (fps) REMARKS

- .876 .046 60 .0083 .72

.86 .056 48 .0133 .91

.85  .066 . 36 023 121

.856 066 20 0333 . 1.44

IR 856 .066 23 1/4 .0350  1.48
' .856 .066.- 17 7/16 .0617 °© 1.62
.856 066 11 5/8 .0500  1.77

5 13/16 In 2ir bubbles

- 90a -
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TEST K0. 3

nro. &

HARGHETER WITH 1:5 SLOPE
q 0.05 cfs/ft

MARIFOLD DIAMETER 1 in.
ORIFICE SPACING 1/2 jn,
tu,o 20.2°%C

GAGE RFADIKG AT SURFACE -92Z gt

LIZE PRESSURE 1-62pcig.
tair 80 °F

DATE 23 Feb. 1970

GAGE DISTARCE FROH

READING SURFACE A VELOCITY
_(f¢) (ft) (f1) ({ps) _ RFHARKS
.856 .066 .0367 1.5
.826 .096 .0334 1.44
.800 .122 .0217 1.16 )
775 .147 .0217 1.16
.752 .170 .015 .96
.726 .196 .0117 .85
.700 .22 .0083 .72
.675 - 247 .0067 .65
.650 - 272 .005 .56
.625 .297- .005 .56
.600 .322 .005 .56
.575 .347 .0033 .46
.550 .372 .0033 .46
.525 .397 .0017 .32
.500 . 422 .0008 -
475 44T - -
- 913, -
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TEST N0, 3
RUZ ¥, S

PATE 24 Teb. 1970

A
, » MARGEITER WITS 135 SLOME
3 q 0.07 cfs/ft
; MAXIFOLD DIAMETER
' ORIFICE SPACING 1/2
tyyo 20.2°C |
L GACE READLNG AT SURFACE .97 ft. .
- LINE PRESSURE 2.32psig.
)
g o TGAGL  DISTANCE VROM -
; READING  SURFACE Ai  VELOCLTY _
§ (fr) (f1) (fr) (fps) _ REMARKS
; .910 050 0383 1.55°
\ .880- .090 .0333 1.44
E .850 1200 - .0300 1.36
i .820 .150 .0267 1.29
.790 ..180_ .0217 1.16
.760 .210 0167 1.01
.730 .240 .0133 .91
.690 .280 .0133 .91
. .660 .310 .0083 .72
L .630 .340° .0067 .65
% 600 .370 .0067 .65
§ .570 . 400 .0058 .60
i .540 .430 .0050 .56
: | .510 460 .0033 .46
.480 490 .0033 .46
450 .520 .0025 .39
420 .550 .0017 .31
.390 .580 b= .58"




Catransar B e D

ORIFICE SPACING 1/2 in. :
; t 20.3° '
- 0 3°F , -
: GAGE READING AT SURFACE .970 ft. |
; LINE PRESSURE 0.96 psig. ) 2
h; tagy 77 °F ' |
GAGE  DISTANCE FROM
READIRG SURFACE Al VELOCITY g
(ft) (£t) (ft) (fps)  RIMARKS E
.930 .040 .0225 1.18 :
.900 - .070 L0175 1.04 ;
.870 .100 0142 .93 gV
.839 .131 .0108 .82 i ]
. .810 .160 .0092 .76 5
f .780 .190 .0067 .65 !
:
§ 750 .220 0042 .51 g
| .720 " .250 .0033 .46 g'
.69 .280 .0017 .31 |
.66 .310- .0008 - E
.63 .340 .0008 - 5
.60 .370 .0008 - ;|
. !
.57 .400 .0000 .00 ;
[
b= .4 E
é
[
§
- 93a - ‘
|
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TEST No. 3

RUN NO. 6

MANCMETER WITH 1:5 SLOPE

q 0.02 cfs/ft ] -
MANIFOLD DIMMETER 1 in.

DATE 24 Feb. 1970
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TEST NO. 3

RUN NO, 7

Manometer with Slope 1:5
MANIFOLD DIAMETER 1 in,
ORIFICE SFACING 1/2 in. |

ti,0 20.2 °C |

GAGE READING AT SURFACE .985 ft,

DATE 24 Feb. 1970

LINE GAGE q
PRESSURE  toqy READING (cfs, AN VELOCITY
(psig) (°r) (ft) ft (ft) (fps)  REMARKS
.98 78 .941  .0176 .0250  1.24

1.15 78 941  .0184  .0283 1.33

1.42 78 941  .0364  .0350 1.48

1.35 78 932 .0291. .0384  1.55

1.86 77 932 .0466 .0467  1.70

2.50 77 932 .0619  .0567 1.88

3.27 77 916  .0794 .0617  1.97

4.38 78 916  .0584  .0667 . 2.06

5.40 79 875 117 .073&  2.17

6.14 82 .875  .128  .0750  2.19

7.21 83 849,143 .0817  2.29

8.20 84 .84  .158  .0891  2.59

8.21 _ 88 849  .206  .0950  2.47

9.41 88 .858  .214  .1032  2.57
11.80 88 858 .224 L1182 2.69
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TE NO. 4

4
.

g Ao mporn

3 pATE 26 Feb. 1970
': RUN NO. 1
’ ilanometer with Slope 1:5
- MANIFOLD DIAMETER L1  in.
»E ORIFICE SPACING 1/2 in.
; tH,0 19.4 °C
] GAGF READING AT SURFACE 1.05 ft.
; | CTLINE GAGE q T
i FRESSURE  t,ir READING ,cfs Al VELOCITY
psig)” (M) (g G (o) (fps)  REMARKS
.90 72 . 1.004 .00555° .0008 .2
.99 72 1.004 .00912 .0017 .32
.91 72 1.004 .00595 .0008 .2
1.05 72 1.004 01064  .0008 )
1.29 73 1.004 01611 - .0075 .69
1.52 73 1.004 .02066 .0117 .85
1,81 73 1.004 .02476  .G317 1.40
2.14 73 1.0046 .02866 .0383 1.55
2.49 73 1.004 .03246  .0400  1.59
2.98 73 1.004 .03734  .0433 1.65
2.14 73 1.004 .02326 .0383  1.55
4.52 73 1.004 .04354  ,0500 1.77
11.00 73 .955 - .0667 2.05
7.19 74 955 .07720  ,0584 1.91
14.49 75 .955 - .0766 2.21
19.1 77 .955 - .0850 2.33
24,46 79 .955 - .1000 2.53
27.75 . 80 .95 - .1050 2 59
- 95a -
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 TEST NO. 4

RUR NO. 2

MANOMETER WITH 1:5 SLOYE
q .047 cfs/ft

MANTIYOLD DIAMETER 1 din.
ORIFICE 3PACING 1/2 in.
tn,o 19.4°

GAGE RGADING AT SURFACE 1.046 ft.

LINE PRESSURE 4.3 psig.
tair 81 °F

DATE 26 Feb. 1970

GAGE DISTANCE FROM

READING SURFACE M VELOCITY
(ft) (ft) (ft) (fps) REMARKS
.45 .596 .0000 -
.50 .546 .0008 .2
.55 .496 .0017 .32
.60 446 .0033 46
.65 .396 .0033 46
.70 .346 .0067 .65
.75 .296 .0100 .79
.80 . 246 .0133 .91
.85 .196 .0150 .97
.90 . 146 .0217 1.16
.95 .096 .0417 1.62

1.00 .046 .0516 1.79

- 968 =
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TEST NO, 4
RUN NO, 3
MANOMELER WITH 1:5 SLOPE

DALY, 26 Feb. 1970

- {.";la -

q 047 cfs/ft )
MANIFOLD DIAMEFER 1  in,
ORTFICE SPACING 1/2  ju,
ty,0 19.4°C
GAGE READING AT SURFACE 1.05 ft.
LINE PRESSURE 4.20 psig.
taiy 85 °‘F
GAGE  DISTANCGE ¥R0M .
READING SURIACY Al VEILOCITY
e (£ (0 (£ps)__ REMARKS
.500 -+ .546 .00 -
.55 .496 .00 -
.60 . 446 .0017 .32
.65 .396 .0017 .32
.70 .346 .0050 .56
.75 .296 .0083 g2
.80 . 246 0117 .85
.85 196 .0183 1.06
.90 146 .0200 1.11
.95 .096 .0283 1.32
1.00 .046 .0350 1.48
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TEST No. &

RUN NO, 4

Manometer with Slope 1:5
MANIFOL.D DIAMETER 1 in,
ORIFICE SPACING  1/2 in.
tHy0 19.4 °C

DATE 26 Feb, 1970

GAGE READING AT SURFACL 1.05 ft.
LINE GAGE q
PRESSURE  taiy READING (cfs)  AH  VELOCITY
(psig) °r) (ft) ft (ft) (fps)  REMARKS
.87 84 1.00 0.72 ,0083 .72
.98 83 1.00 0.97 .0150 .97
.90 83 1.00 1.36  .0300  1.36
1.11 83 1.00 1.20 .0233  1.20
1.30 83 1.00 1.33  .0284  1.33
1.67 82 1.00 1.48  .0350  1.48
2.24 82 1.00 1.62 0417  1.62
2.81 82 1.00 1.70  .0467  1.70
2.06 81 1.00 1,51  .0367  1.51
4.29 80  1.00 1.85 .0550  1.85
7.62 80 .969 061 .0684  2.09
11.84 82 .957 .074 .0766  2.21
16.65 83 .957 081 .0900  2.41
27.35 83 .957 010 .122 2.79
23.10 87 .930 .096 .0984 2.5l
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TEST NO. 7

RUN NO, 1

MANOMETER VITH 1:5 SLOPE
q 0.07 cfs/ft

MANIFOLD DIAMETER 1  in.
ORIFICE SPACING 1/2 in.
tH90 20 °c

GAGE READING AT SURFACE 1.67 ft.

LINE PRESSURE 2.4 psig.

tajr 83 °F

pATE 1 April 1970

GAGE DISTANCE FROM

READING SURFACE X AH VELOCITY -
(£t) de) (ft) (ft) (fps) REMARKS
1.60 Original
1.60 .07 5 .0367 1.51
1.60 .07 1.0 .0350 1.48
1.60 .07 3.0 - -

1.60 .07 2.5 .005 .56
1.60 .07 2,0 .005 .56
1.60 .07 1.5 .0100 .79
1.60 07 1.0 .0267 1.29
1.575 .095 .5 .0367 1.51
)
- 9948 -
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. TEST NO. 7

DATE 1 April 1970

SR Y i UM M g il Ao & e WL 3P

. Q’ RUN NO. 2 \ A
; ) MANOMETeR ‘h'['l'H 1:5 SLOPE
i i q .013 cfs/ft
3 MANIFOLD DIANETER 1  in.
ORIFICE SPACING 1/2 in.
GAGE READING AT SURFACE 1.66ft, -
LINE PRESSURE .64 psig. - .
tair 76 °F ) *‘
} < 3
GAGE  DISTANCE FROM : '
: READING SURFACE x AH  VELOGITY _
(t) L (fr) (ft) - (ft) (fps)  REMARKS
‘ - Original
1.630 .03 3.5 .005 .56
1.630 .02 3.0  .005 .56
'f 1.630 .03 2.5 .005 .56
1.630 .03 2.0 .008 .705 -
1.630 .03 1.5 .008 ©.705 i
1.630 .03 1.0 .0100 .79 g
1.630 .03 .5 .0117 .85 £
1.630. .03 35 .0167  1.01 i
1.630 .03 -.30 .20 1.11 o :
i
{
. - 100a -
t
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TEST NO. 7 : | “ DATE
<~ RUNNO. 3. . T i '
Ha;u;meter with Slope 1:5 }
MANIFOLD DIAMETER 1  in.

Pttty o

«

3
b

;
s
3

ORIFICE SPACING 1/2 ia. :
tHo 20 °C )
GAGE READING AT SURFACE 1.34 ft. 3
_ N
. TLmE GAGE q ;
PRESSURE tajr READING (cfs, M VELOCITY i
(psig): (°F) (fr) ft (ft) ~ (fps)  REMARKS
Original . %
.48 76 1.37  .00383 .005 .56 :

.51 74 1.37  .00767 .005 .56

.56 76 1.37  .0l15  .0067 .65
. .60 74 1.37  .0153  .0083 72 ‘
' .65 74 1.37  .0192  .0133 .91 3
.69 7 1.37 .0230  .0133 .91 :
.70 74 - 1.37  .0268 .0167 1.0l 1
.72 74 1.37 - .0307 .0183  1.06 ’

.72 % 1.37  .0345 .0167 1.6l

.76 74 1.37  .0383 .0200 1.1l

.64 74 1.37 L0233 .0150 .96

.96 7% 1.37 L0466  .0217 1.15

1.28 7% 1.37  .0700  .0283 1.32
3.04 75 1.37  .0933  .0350 1.48 1
78 1.37 .1167  .0400 1.59 i

5.32

~ 10la -~
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TEST NO. 7

DATE
RUN HO. &
Hanometer with Slope 1:5
MANTFOLD DLAMETER in.
ORIFICE SPACING  1/2 in.
tHy0 20 °C
GAGE READING AT SURFACL 1.72 ft.
LINE GAGE q
PRESSURE  t,4y READING ,cis A VELOCITY
(psig) °F. @ G (g (fps) _REMARKS -
1.685 |
.52 72 1.685 .00575 .00833 .72
.53 72 1.685 .00358  .0100 .79 ]
.56 72 1.68% 01342  .0133 .91
60 72 1.685 .01725  .0150 .96
.63 72 1.685 .02108 .0183.  1.06
.66 72 1.685 .024922 .0183 1.06
.89 75 1.685 .02875  .0200 1.11
.95 78 1.65 .03258  .0217 1.15
1.11 79 1.65 .03642  .0233 1.20
1.17 78 1.65 .0350  .0217  1.15
2.04 80 1.65 .05833  .0300 1.36
3.21 86 1.65 .08167  .0367 1.51
4.42 90 1.65 .09975  .0400 1.59
~ 10232 -
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TEST nNo, 10

RUN NO. 1

Manometer with Slope 1:5
MANIFOLD DIAMERER 1  4n.
ORIFICE SPACING 1/2 in.
tiyo 18.6 °C -

GAGE READING AT SURFACE 1.38 ft.

DATE 9 April 1970

LINE GARE q T T
PRESSUKE  t,i, READING ,cfs M VELOCITY
(psig) (°F) (£t) ‘m(3i?° (11) (fps)  RIEMARKS
.5 74 1.42  .0105  .0067 643
.55 74 1.42  .0175  .0067 643
.75 74 1.42  .0263  .0117 .350
.84 74 1.42  .0350 0135 .915
.62 74 1.42  .0234 ° .0100 .790
.82 74 1.42  .0350  .0150 .960
1.12 74 1.42  .0467 0184 1.06
1.61 74 1.42  .0584 .0217  1.16
2.38 74 1.42  .0700 .0267  1.28
3.66 74 1.42  .0817  .0300 1.36
5.21 74 1.42  .0952  .0350 1.48
7.07 74 1.42  .105  ,0350 1.48
8.10 74 1.42 117 .0417 1.62
- 103a -
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=
; % TEST NO. 10 DATE 9 April 197C
i RUNNO. 2
3( i Manometer Slcpe with 1:5
§ MANIFOLD DIAMETER 1 in.
2 ORIFICE SPACING  1/2 in.
| thpo 19.6 °C
% GAGE READING AT SURFACE 1.38 ft,
b
' % . LINE GAGE q
; PRESSURE  taiy READING (cfsy AN VELOCITY
; (psig) (°F) (ft) ft. (ft) (fps)  REMARKS
§ 0.54 77 1.42  .0192 .0117 .850 :
§ 0.62 77 1.42  .0288 .0167 1.0l
é 0.76 77 1.62  .0384 0200 1.11
! 0.62 77 1.42  .0234  .0167 1.01
E 0.84 77 1.42  .0350 .0217  1.16 , i
5 1.10 77 1.42  .0467 .0267  1.28
1.38 77 1.42  .0584  .0267 1.28
] 2.38 77 1.42  .0700 .0334 1.42
’ 3.40 77 1.42  .0819  .0384 1.55 1
4.8 77 1.42 .0950  .043%  1.66 g'
6.91 78 1.42  .1050  .0500 1.76 i
g 8.0 78 1.42  .1170  .0584 1.92 {
E
»
3
3
|
: !
} ,
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TEST NO, 10

RUN NO, 3

MANOMETER WITH 1:5 SLOVE

q 0 cfs/ft

MANIFOLD DIAMETER 1 in,
ORIFICE SPACING 1/2  in,

ty,0 19.6°C

GAGE READING Al SURFACE 1.90 ft,
LINE PRESSURE psig.

tait - °F

DATE 10 April 1970

GAGE DISTANCE FROM

READING SURFACE Al VELOCITY
(ft) (ft) (ft) (fps)  REMARKS
1.871 .033 .0045 .53
1.670 .234 .0045 .53
1.459 445 .0045 .53
1.347 .557 .0043 .52
1.049 .855 .0040 .50
0.838 1.006 .0040 .50
0.650 1.254 .0035 47
0.450 1.454 .0035 .47
0.249 1.655 .0032 b
0.028 1.932 .0020 .34

- 105a -
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TEST NO, 10

RUN NO. 4

MANOMETER WITH 1:5 SLOPE

qg 0 cfs/ft

MANIFOLD DIAMETER 1 in,
ORIFICE SPACING 1/2  in,

tH,0 19.6°C

GAGE READING AT SURFACE .077 ft.
LINE PRESSURE psig.

tair ~ °F

DATE 10 April 1970

GAGE  DISTANCE FROM
READING SURFACE
(ft) (ft)

AH VELOCITY
(ft) (fps)  REMARKS

0.077
0.162
0.418
0.705
0.981
1.190
1.507
1.655
1
1

.0033 .46
00483 .55
00558 .59
.00608 .62
00642 .63
.00666 .65
.00793 .70
.0075 .73
00683 .64
00666 .65

- 106a -
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TEST NO, 11
RUN NO, 1

Ott Current Meter

q - cfs/ft

MANIFOLD DIAMETER 1 in.

ORIFICE SPACING

tHyn 19.6°C

GAGE READING AT SURFACE 1.906 ft,

LINE PRESSURE

tair -~ °F

DATE
1/2 in.
- psig.
GAGE  DISTANCE FROM
READING SURFACE VELOCITY
(ft) (ft) REV/SEC (fps)  REMARKS
Surface 0 3.39 .78
Surface 0 3.57 .81
1.686 .220 4,54 .99
1.686 .220 4,56 1.00
1.521 .385 4,79 1.05
1.521 .385 4.82 1.03
1.349 .557 4.86 1.05
1.349 557 4,75 1.03
1.200 .706 4.75 1.03
1.200 .706 4,66 1.01
1.050 .856 4,46 .97
1.050 .856 4,36 .95
.880 1.026 4,14 .91
.880 1.026 4.16 .92
.720 1.186 4,16 .92
.720 1.186 4.06 .90
.581 1.325 4,14 91
.581 1.325 4.14 .91
419 1,487 4.36 .95
.419 1.487 4.36 .95
.230 1.676 3.99 .89
.230 1,676 4.06 .90
.645 1.261 4.22 .93
645 1.261 4.18 .92
- 107a =
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TEST No, 11

(continued) DATE

RUN NO, 1 '
q cfs/ft
MANIFOLD DIAMETER in.
ORIFICE SPACING 1/2 in.
t"zO
GAGE READING AT SURFACE ft,
LINE PRESSURE psig..
tair °F

GAGE  DISTANCE TROM

READING SURFACE VELOCITY

(ft) (£t) REV/SEC (fps)  REMARKS

1.373 - " .533 4,75 1.03

1.642 . 264 4,66 1.01

1.845 .061 4,29 .94 Fully submerged

- 108a =~




TEST NO. 11 DATE 11 April 1970
RUN NO, 2
Ott Current Meter

: q - cfs/ft
' MANIFOLD DIAMETER 1  in, g
% ORIFICE SPACING  1/2 in. 2
| tgyo 19.6°C |
i GAGE READING AT SURFACE 1.893ft. &
§ LINE PRESSURE =~ psiz. E;
§ tair = °F | ‘ %1
: i ]
i GAGE  DISTANCE FROM 3
§ REZDING  SURFACE VELOCITY | 2
: (ft) (ft) REV/SFC (fps)  REMARKS {3
Surface 0 4,21 .93
3 Surface 0 4.19 .92 '
§: | 1.773 1120 5.01 1.075 ]
; 1.773 .120 5.05 1.08 ]
E 1.517 .376 5.09 1.09 ]
] 1.517 .376 5.09 1.09 ‘
1.362 .531 5.05 1.08
1.362 .531 5.04 1.08
1.224 669 4.87 1.05
1.224 669 4.90 1.055 1
1.137 756 b.74 1.025 ' 3
1.137 756 4.85 1.045
1.029 864 4.48 .98 |
1.029 864 4.52 .985 | 3
.956 .937 4.05 .90 ']
.956 .937 4,09 .91 I g
1.843 ., .050 5.18 1.105 ‘
1.843 .050 5.19 1.110
1977 .116 4.99 1.07
1.777 116 4.91 1.06 3
1.637 256 4.95 1.07 L
7 1.637 256 4.99 1.67 | 3
1.486 407 5.06 1.08 ]
1.486 407 4.99 1.07 '
- 109a -
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TEST Ko, 11
RUN NO. 2

(continued)

q efs/ft

MANTFOLD DIAMETER in,
ORIFICE SPACING  1/2 in.

th,y0

GAGE READING AT SURFACK ft.
LINE PRESSURE psig.

‘0
tair F

DATE

GAGE DISTANCE FROM
READING SURFACE
(ft) (ft) REV/SEC

VELOCITY
(fps)

REMARKS

1.375 7,518 4.98
1.375 .518 4.99

1.07
1.07

- 11028 -




: TEST No. 1L . o o paTE 13 Aprdl 1970
§  RmwN, 3 ‘ T T
o 0tt Current Meter

i,
S

i
&4

q. - cfs/ft
3 1 1:MANiF0LDiDIAMETER 1 1@1
§ . ORIFICE SPACING  1/2 in..
Ctgyp  19.6°C R
* GAGE READING AT ‘SURFACE 1.892 ft. e
CLINE PRESSUKE - psig. ~ . . . . - -
o ap N | o

PPN

O

tair

GAGE ~ DISTANCE FRON _ -
READING- - SURFACE ~+ - VELOTITY - o
(ft) _ ft) -REV/SEC - - (fps)  REMARKS .

1.842  .050 429 .94 o p
1.842 . .050 4.3 96 s f
1.611 281 . 6.66  1.01
1.611 281 . 4.66 - 1.01° I .
1.459 .433 674 1.025 e
1.459 433 - 478 1.035 . -
1.188 .704 4.67 . .98 0 ) s T :
1188  .704 452 . .985 . .o o

Wy

1.001 . .891 - 4.28 94

1.001 T 891 426 .94 R
840 052 . 44 TL915 o
.840 .052" 4.26 . .935 o
.650 .242 4.26 935
650 262 416 915 _ L N
.500 .392 4.19 925 - R
500 392 4.23 K T } .
.399 493 4.28 93 ’ ’
.359 493 4.24 .93
.250 - 642 4.11 .91
.250 642 4.11 .91
177 1.715 3.85 .86

177 ©1.715 3.79 .85
.103 1.789 3.57 .81

2 v y

‘
37
¢
1
.
H
B
N

P e T R e o

103 1.789 3.59 -
- 11la -
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TEST No. 11
RUN NO, 3

{(continued)

q cfs/ft
MANIFOLD DIAMETER (TR
OKIFICE SPACIKG  1/2 in.

1,0 -

GAGE-READING AT SURFACE - ft.
LIRE PRESSURE

t

psig.A

-0 : _ .
air F . -

DI‘T }:

GAGE  DISTANCE FROM
READING SURFACE
(ft) ()

VELOCITY

REV/SEC (fps)

REMAKKS

219 .7

3.02 715

-.002
-.002

~1.894
1.894

-~ 1122 -~
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TEST FO. 11 | DATE 11 April 1970

RUR NO. & | ” | .
*% gt Current Meter

: g - cfs/fi

:  MANIFOLD DIAMETER 1 ja: _

: ~ ORIFICE SPACING “112“in. o

é o 1967 )

oo GAGE KEADING AT SURFACE 1. 905; .
1. .. ULIFEPRESSURE - psfp. - |
3 - .

S0 . F-° GAGE  LISTANGE FROR DISTANGE

Y© .o .. READING  SURFACE = OFF CL VELOCITY

B I IR 0 B ) REV/SEC  (fps)  REMARKS

oo Tiegss < o.49 . .9 258 .64
S1.855 T 089 .9 2.76 .67

. 1.855 049 .8 3.00 71
T 1.855. - .49 .8 3.08 .72
. . 1.85% 049 L7 3.53 . .80

o s7 Less . .1 3.52 .77
SoT T Less . 048 .6 - 3.68 .83
L taess o C.oa 6 38 L83

L 855 w043 1.5 400 .89
. 1855 .04 .5 3.9 .89

13855 .49 - .4 419 .91

1.855 . . .049 - 4.25 .9
- 1.855 .049 3 4.43 .98-

b Y

E:
B

5 1.855 .069 : 4.55 .99
- 1.355 .049 4.89 1.05 .

.03
.10
.10
.13
11
.08
.G8
.07

- - 1855 .049
3 -7 1.855 .049
- 1.855 049
I 1.855 - .049 .
: 1,855 089

1.855 .049
1.855 - .049
1.855 .049

4,77
5.14
5,18

R 5.29

'5.18
5.05
5.07
4.96

*« e
o NN W

.

=]
b e e b e

N =~ O

]
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TEST No. U DATE

{continued)
. RUX %0, S
H
q cfs/it
MANIFOLD DIAMETER .
ORIFICE SPACING in.
th,0 .
GAGE READING AT SURSACK ft.
LIKE PRESSURE psig.
Cair °F
"GAGE  DISTANCE FROH DISTARCE )
READING SGRFACE OFF CL VELOCITY . -
(iv) - (1t) (fr) REV/SEC (fps) REMARKS
1.855 .G49 .2 5.99 1.07
1.855 .649 3 4.75 1.03
1.855 .059 .3 4.77 1.03
1.855 .059 . 4.52 .99
1.855 .059 A 4.60 1.00
1.855  .049 .5 5.46 .98
1.855 .049 .5 4.40 .96
1.855 .049 .6 5.15 .90
1.855 .053 .6 5.12 .se
1.85% .69 T 3.9 .88
1.855 048 .7 s.07 .59
.855 643 .8 3.64 .23
1.855 058 8 3.4 .8%
1.802 046 9 3.6 .74
1.502 L0%€ .9 2.32 .66
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TEST NO.
RUR RO.

11
5

att Current Meter

q

.G720cfs/ft
MAKIFOLD DIAMETER
ORIFICE SPACIRG

tHzO, 19.6°C
GAGE READING AT SURTACE 1.845 ft.

LINE PRESSURE

t

air

°F

1 in.
1/2 in.

DATE 11 April 1970

- p§ig.

GAGE DISTARCE FROM

READIXG SURFACE VELOCITY
(£+) (it)_ REV/SEC _ (fps) REMARKS
1.845 0 o 0
-1.781 .046 2.22 .57
1.739 106 2.01 .53
1.739 .106 2.72 .66
1.739 -106 2.96 .71
1.700 -145 3.7% .84
1.700 145 3.43 .79
1.700 143 3.43 .79
1.650 -105 3.56 .81
1.650 195 3.68 .83
1.650 -165 3.64 .83
1.600 .255 .28 -85
1.6 -285 3.79 -85
1.600 -245 3.32 .84
1.3 -390 3.22 .58
1.550 -300 3.86 .86
1.550 -300 3.83 .86
1.506¢ -345 3.89 .87
1.500 -345 5.03 -%0
1.500 -355 3.9 .90
1.45 <33 «.12 .91
I.a5 -305 .05 -9
1.45 305 £.25 .95
1.40 443 .24 -95

iee e s maay m—

[,
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TEST Ko, 11 DATE -
rux no, 5 2 leomtinued) : -
{ | |
q  cofs/fc 33
MARTEOLD DIAMITER iu. § - ;
‘ CRIFICE SIACING  1/2 sn. '
‘ t,0 7 _ i'
GAGE KEADING AT SGRFACK ft. ) . i1
i LINE PRESSURE psig. - '
: - Cair °F ‘
: :
| ;!
! T T T o T —
| READING SURFACE - VELOC)TY -
(rv) B (ft) REV/SEC  (fps)  RFHAKKS
1.40 L ahs 4.12 91 E
1.40 445 4.14 .91
1.35 .495 4.33 .95 s
1.35 .495 4:32 95
1.35 .495 4.32 .95 )
1.30 .545 4.32 .95 ,1:
1.50 .545 £.42 .97 i
1.30 .545 4.34 .95
1.25 - .595. 4.45 .97 :
1.25 .595 4.35 .97 ‘ ' ¥
1.25 .595 4.32 .95 B
“H
R
L
a

- 3172 -
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TEST NO. 11

RUN NO. 6

O0tt Current Meter

q .07 cfs/ft

MANIFOLD DIAMETFR 1 in.
ORIFICE SPACING - 1/2 in.
th1,0 19.6°C

GAGE READING AT SURFACE 1.817 ft.

LINE PRESSURE - - psig.

- -]
tajr F

DATE 11 April 1970

GAGE DISTANCE FROH

Cannot see peter,
maybe in turbulent
region of mixing

READING SURFACE VELOCITY
(ft) (ft) REV/SEC (fps)  REMARKS
1.764 .953 4.32 .95 In Air Rubbles
1.766  .053 4.52 .99 "
1.764 .053 4.29 .94 *
1.700 117 4.12 .91 "
1.700 117 4.09 .91 "
1.700 117 4.86 1.05 "
1.650 .167 4.27 .94 "
1.650 .167 5.02 1.07 "
1.650 .167 4.51 .98 "
1.55 .267 5.29 1.08 "
1.55 .267 5.13 1.10 "
1.55 .267 5.33 1.13 "
1.45 .367 4.83 1.04
1.45 .367 5.64 1.39
1.45 .367 5.13 1.10
1.35 .467 4.92 1.07
1.35 .467 4.59 1.00
1.35 .467 5.82 1.04
1.25 .567 3.26 .76
1.25 .567 4.06 .89
i.25 .567 3.06 71 .
1.15 667 1.20 .40
1.15 .667 1.12 .39 "
1.15 .667 2.2¢ .57
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TEST NO. 11

RUN NO. 7

Ott Meter

q .07 cfs/ft

MANIFOLD DIAMCTER 1 in.
ORIFICE SPACING  1/2 in.

tH,0 19.6°C

GAGE READING AT SURFACKE 1.800 ft,
LINE PRESSURE -  psig.

tair - °F

DATE 11 April 1970

CAGE DISTANCE FROM

READING SURFACE VELOCITY
(ft) (£t) REV/SEC  (fps)  REHARKS
1.744 .056 9.41 1.86
1.746 ° .056 9.22 1.82
1.650 .150 7.20 1.46
1.650 .150 7.56 1.53
1.550 .250 5.83 1.23
1.550 .250 5.81 1.22
1.450 .350° £.57 .99
1.450 .350 4.13 .92
1.350 .450 3.18 .75
1.350 .450 2.72 .66
1.350 .450 2.33 .59
1.250 .550 1.34 .43
1.250 .550 .87 .45
1.250 .550 1.00 .37
1.150 .650 .37 .27
1.150 .650 .53 .30
1.150 .650 .53 .30
1.050 .750 .57 .31
1.050 .750 .43 .28
1.050 .750 .47 .29

.950 .850 1.60 .47

.950 - .850 1.49 .45

.as0  .850 2.13 .56

850  .950 3.30 .70
- 118a -
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TEST NO. 11

(continued)
EUN NO. 7
q cfs/ft
MANTFOLD DIAMETER in.

ORIFICE SPACING 1/2 in.

ti,0 _
GAGE READING AT SURFACE ft.
LINE PRESSURE psig..

tair °F

DATE

GAGE DISTANCE FROM

READING SURFACE 'VELOCITY

(ft) (£t) REV/SEC  (fps)  REMARKS
.850 -~ .950 3.15 74
.850 .950 3.44 .79
.750 1.050 5.10 1.09
.750 1.050 4,97  1.07
750 - 1.050 5.25 1.12
.650  1.150 5.59 1.18
.650  1.150 . 5.66 1.19

o .650 - 1.150 5.65 1.19
.550 1.250 5.71 1.20
.550 " 1.250 5.66 1.21
.550 1.250 5.68 .22
.450 1.350 5.42 1.15
.450 1.350 5.65 1.19

- 11%a -
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TEST NO. 11

RUN NO. 8
Ott-Current Meter
q .023 cfs/ft

MANJFOLD DIAMETER 1 in.
ORIFICE SPACING 1/2 in.

GAGE READING AT SURFACE L.

LINE PRESSURE - psig.

- o
tair F

842 fut,

DATE

11 April 1970

CGAGE DISTANCE FRO

READING  SURFACE VELOCITY

(ft) (ft) REV/SEC  (fps)  REMARKS
1.800 042 6.43 1.33 x=-15 ft
1.800 .042 6.47 1.33 "
1.700 .142 5.57 1.18 "
1.700 .142 5.60 1.18 "
1.600 242 5.36 1.14 "
1.600 262 5.30 1.13 "
1.500 .342 5.07 1.09 "
1.500 .342 4.98 1.07 "
1.400 452 4.43 .97 "
1.400 .442 4.66 1.0L: "
1.300 .542 4.10 .91 "
1.300 .542 3.40 .78 -
1.200 .642 2.65 .65 "
1.200 642 .12 .56 "
1.100 742 2.22 .57 "
1.100 742 2.35 .66 "
1.000 842 '1.65 47 "
1.000 .842 1.78 .49 .
1.792 .050 3.76 .85 x = +0.5 ft
1.792 .050 3.76 .85 "
1.696 .146 4.01 .89 "
1.696 . .146 4.08 .90 "
1.600 .252 4.10 .91 "
1.600 .242 3.91 .89 "

- 120a -~
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TEST 30, 11

DATE

RUR NO. 8 (cuntinued)

q cfs/ft

MANJFOLD DIAMETER in,

ORIFICE SPACING  1/2 jn.

thyo

GAGE READING AT SURFACE ftr.

LINE PRESSURE psig.

tair “°F .
GAGE  DISTARCE FRG:
READING SURFACE VELOCITY
(ft) (£t) REV/SEC (fps)  REMARKS
1.500 .342 4.16 .92 q = +0.5 ft °
1.500 .342 4.15 .92 "o
1.400 L4642 4.33 .95 "
1.400 L4462 4.27 .94 "
1.300 .5642 4.26 .94 "
1.300 .542 4.28 .94 "
1.200 .642 4,40 .96 "
1.200 .642 4.37 .96 "
1.100 .742 4.31 .95 "
1.100 .742 4.35 .95 "
"1.00 .852 4.45 .97 "
1.00 .852 4.47 .98 "
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TEST KO. 11
RUN NO. 9
0tt Meter

q - cfs/ft

MANIFOLD DIAMETER

ORIFIGE SPACING
tygo - °C

GAGE READING AT SULFACE 1.500 f¢,

LINE PRESSURE -

- £ 2T
tair ¥

in.

in.

psig.

DATE 13 April 1970

St

T AR &

GAGE  DISTANCE FROMH - N
READINS  SURFACE x VELOCITY :
() (£t) (ft) ~ REV/SEC  (fps}  REMARKS

1.457 . .043 2.0 4.730 1.025 q=.07 cfs/ft i

1.457 .043 1.5 £.32 950 Pair = -33 |

1.457 .043 1.0 45 .181 :
1.457 043 5 1an .400 )

1.457 .043 0 -1.985 - .530

1.457 .G43 - .5 4128 - 915
1.492 .008 ~1.0 4660  1.010 -*

1.439 .061 -I25  16.39 2.027 :
1.439 .061 2.0  8.63 173 :
1.439 .061. -2.5  8.600 . 1.71 :
1.439 .061 3.0 7.923  1.50 g
1.439 .061 3.0  7.667  1.55  q=.465 cfs/ft ?1
1.439 .061 -2.5 7.733 1.56 FPair = -31 ;
1.439 .061 -2.0  8.548  1.70 i
1.439 061 1.5  7.479  .1.60 i
1.529 .061 -1.0 3.393 an s Bl
1.452 .048 0.5 -5.719 -1.22 g
- 1.452 .048 0 -1.987 - .53 it
1.469 .031 .5 2.200 . .570 - :&
1.569 .031 1.0 4.106 .91 il
1.469 .031 1.5 4.651  1.01 iR
1.469 .031 2.0  4.987  1.07 _

1.469 .031 2.0  5.976  1.085 ¢=.0583 cfs/ft
1.469 .031 1.5 4.585  .9en 2T T 32
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TEST se, 11. { cont:nued)

<. RyR m. 9 . ‘
3 v ’ ) I

q ofsift S S o e

MAXIFOLD DIANETER in. - S
- i :

CORIFICE SPAUING . gm0 - - S
o € IR R T .

' GAGE KEADIRG AT SURFACK - fy. - e S S
CLINE PRESSURE  paig. . o SEEPU

- © i F
- Eair- . F . T

"GAGE  DISTAXCE FROL »
‘RZADING SUEFACE x VELOCITY
- (fe) ~ (fr} 0 () REv/sE (ips)  KEBMRKS

PRSI aW) W AR g e b g AN T
S S A i i 2l RN LT AT
0 " e » o

ey

. 1.469 031 1.5 4585 .99
1.469 031 1.0 &2 936
1468 0 .31 - .5 1203 .572
1.489 .31 8 -1.187 - 409
1465 - 035 -3 a2 -9%0 :
| 1.523 7. S -.023 a3 fbé.ésb - 1;§65 o o o
. paer - .01 . 15 93 %83 - o7
1.477 03 - 2.0 8,853 1.7 o ”
- . 1anm 023 2.5 8.6 1.63
1.477 £330 8289 164

e
5l
e

b Sakiada

1.477 023 3.0 6.7729 138  g=.035 cfs'fe B

- - < e 5 P = .49 ) R
1.477 .023 =25 c7.287 0 1.587 air . .

1.477 .23 ~2.6  7.385 - 1.57
1.477 021 1.5 T.164 1.56
: 1.489 o111 1.0 I.2586 - .588 % SR £
1.462 .058 - .5  -4.667 - 980 -
1.462 .058 @ .- .8013 - .230

1.450 . .070 .5 3.327 771 _ _
1.450 070 1.0 5.291 .94 , S
1.450 .070 1.5 4.936 - 1.86
1.450 .070 2.0 $.903  1.05

mrrasp et w iaeh 2 g

rs

| 1.488 2 .032 3.8 4.766  1.03  q=.0383 cfs/it -
t Pair = -3
- 1232 -
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TEGT N, 2 {ciontiziued)

T OREX NG 2

q - “efsffr
KANINOLD DIANETLR Y
ORYFICH SPAGIRG in.

lli.!:’k . 'C -

GASE. REZDING &5 SRF:CE | - fr.

€

LIKE IRESSURE prig.
-: - ° ° P - -
Laic - F

DATZ

" TGALE | DISTANCE Faou

READING . SURFACE

b

REV/SEC

“ELOCITY
(fps)  RE¥ARKS

gD ()

S 1.488  .032

1488 032
o owsmr - .03
T sse7 . .om3
LoRser o .om
SOUREES U7 N X

e

Co_aasr 0 em o

< 2.0

- C1.497 0 - 033
T r.ss7 0 .e23

1397 © 0 o

1897 -023
WY .02
C1.497 T .023
1.497 .623
1.497 W

=y

15

1.0
3
w0
-5
-£.0

s

T I
L Te.3

-3.0 .

_3?01
~2.5

~2.0

S -1.5§

~-1.0
- .5

0

4.663

©3.970

1.300

~2.201
 6.183
73,812
= b{&zs
- 8.4a9

8.482
8.360
7.640
8.074
8.311
8.050
2.015

-3.112

- .8053

2.818
3.915
4.551
4.584%
5.788
4.864

- 1242 -~

1.01
.88
.42
- .58
-1.28 -
- .82
1.86
2'1.69
1.69
i.67:

1.54 G=.9031 cfs/ft

1.60 Pair = -72.

1.66

1.03 q=.023 cfs/ft
1.05 Pair = .69
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1.

t\tu\_, .
AL RIS PSR
E¥HAL 4

roiel

(T L) PR 1Y . n

0 X
AR ML Lo im0 1k i st 13

e e |

AN .?mt“\‘-

[t W S A A g i o MUK A s
A

w A ey oo 9 9 Lovbes

TR,

v

Y o RO T

MRl A b Ltk s 0ol 2 CTaCar
e Crma e g ive g,



TEST NO. : .
ST NO- L continued) f~ PATE

RUN NO. 9 ;

q cfs/ft é

MANTFOLD DIAMETER in. :

ORIFICE SPACING in. f

tHy0 °C §

GAGE READING AT SURFACE ft. 1

LINE PRESSURE psig. :

L'air °F :
GAGE DISTANCE FROM
READING SURFACE " x VELOCITY
(fe) : (ft)_ (ft) REV/SEC @ (fps) REMARKS
1.508 .012 1.0 4.545 | .99
1.508 .012 .5 3.661 .83
1.523 - .002 .0 1.282 .42
1.515 .005 - .5 - .9960 - .37
1.515 .005 -1.0 1.861 .51 *
1.510 .010 -1.5 6.445 1.33
1.510 .010 -2.0 7.052  1.44
1.510 .010 -2.5 6.962  1.42
1.510 .010 -3.0 7.029 1.43

* in air bubbles



TEST No. 11
RUN NO. 10
Ottt Mcter

q -

MANIFOLD DIASETER

ORIFICH SPACH

tllz()
GAGE READING

Cf::/f!,

AV
iy

200 °¢

AT

LINE PRESSURE
t,.. 77 °F

aly

READING

OO

1.
L.
L.
1.

[

Il et el i el T e T
e e e e e e e o .

P— e e
. .

e " R
. .

257
257
257
257

1/

1

2

4

in.

i,

SURFACHK

psig.

-066
066
.066
.066
.066
.066
.0hé
.066
066
.066
066
.066
.066
.045
.045
.045

fr.

CAGE  DISTANCE FROM
SURFACE
(1)

2.
1.
1.

WD O WD WL O L O LD L O C WO WO LSO Ww e WL

o

DATE 14 April 1970

VELOCITY

- 126Ca -

gfL) gﬁg{igc (fpe) REMARKS
4,729 .1.025  q=.019 cfs/ft
4.720  '1.022 Tair = %
4.500 .980
4,047 .900
2.591 .640
.7973 .340
2.599  .641 %
6.338 . 1.31
6.455  1.33
6.445  1:33
6.440  1.33
6.375  1.31  q=.0153 cfs/ft
6.380 1.32 lair =6
6.353  1.35
6.190  .1.29
2,191 . .565 *
.9868 371
3.539 .81
4.400  .963
4,719 1.02
4,780  1.030
4.857 ' 1.047
5.006  11.075 q=.0096 cfs/ft
4,863 ‘1.045 Fair T 3




VEST NO. 11 (continued) DATE
RUN Ko, 10
q cfs/f¢t
MANJIFOLD DIAMETER in.
ORIFICE SPACING in.

(- F ]
tliz() C
GAGLE PEADING AT SURFACE it
LINIE PRESSURL psig.

O3
tair ¥

GAGY. DISTANCE FROMN

READING SURFACE x VELOELTY
_(fr) - R 612 ngfgxc (flgp REMARKS
1.278 .045 1.0 4.727 1.025
1.295 .028 5 4.510 .982
1.295 .028 .0 3.992 .890
1.295 .028 - .5 3.225 .752
1.295 .028 -1.0 2.582 . 640 *
1.295 .028 -1.5 5.765 1.215
1.295 .028 ~-2.0 6.015 1.26
1.295 .028 -2.5 5.912 1.24
1.295 .028 -3.0 5.933 1.245

* in air bubbles



TEST No, 12 ‘ PATE. 17 April 1970
RUN NO., I}

MANOMETER WiETH 1:5 StoPy

q cfs/it

MANTFOLD DEAMETEE Looin.

ORIFICE SPACTNG 1/2 in.

O
t“‘)<) l\).t) (;
GAGE BEADING AT SUREACE 1.48 ft.
L1NE PRESSURE puip.
(LR
Lair 17 °F

TUAGE T DTSIANCE TROM
READING SURFACE Al VELOCLTY
UL ey (o (Ups)  REMATER
P4l 067 .0033 46
361 .136 .0033 46
.272 .205 .0033 46
.277 .0025 .39
L1258 .352 .0025 .39
1.058 419 .0025 .39
1.013 664 .0017 .32
.945 .532 .0017 .32
.901 .576 .0017 .32
.541 .936 .0133 .91
.700 777 .0100 .79
.825 652 00417 .51

.982 495 .0025 .39

[
o
o
<

- 1280 -



TEST NO., 12
RUN NO, 2
MANOMETER WITH 1:

q .07

cefs/ft

5

SLOPE

MANIFOLD DIAMETER 1

ORTFICE SPACING

th,0

19.6°C

1/2

in,

il\o

GAGE READING AT SURFACE 1.48 ft,
LINE PRESSURE 2.38 psig... .

tair

77 °F

DATE 17 April 1970

GAGE DISTANCE FROM
READING SURFACL Al VELOCITY
(ft) (ft) (£t) (fps) REMARKS
1.391 .086 .0033 .46
1.309 .168 .00583 .72
1.360 117 .00583 72
1.418 .059 .00583 72
1.118 .359 .00583 .72
.865 .612 . 00583 .72
526 .951 .01333 .91
1.318 .159 .0092 .76
1.130 347 .01417 .93
.995 .482 .00583 .72
1.377 .100 .00417 .51
.748 .729 .01417 .93
1.418 .059 .0008 .70
1.159 No Bubbles
1.157 .320 .00417 .51
1.371 .106 .0033 46
1.330 . 147 .0033 .46
1.268 .209 .00583 .72
1.213 .264 .00583 .72
1.071 . L406 .00583 .72

- 129a -



18T Mo, L

RUN RO, 1

Manometer with Slope 1:5

MANTFOLD DIAMETER

ORIFICE SPACING

t“20 19.5 °C

GAGE READING AT SURFACE 12304 ft.

PRESSURE
_(psig)

O O W e

14

.61
.06
.74
.65
.81
.16
.79
.92
11.
.09

66

in.

1/2 in.

DATE 20 March 1970

GACE q
tajr  RUAVING  cfs, AH  VELOCITY

(°r) (v ft (ft) (fps) _ REMARKS
72 1.276  .0124 .0167 1.01

72 1.266  .0247 .0233 1.20

72 1.262  .0362 .0267 1.29

72 1.249  .0468 .0400 1.59

73 1.245  .0568 .0434  1.46

73 1.238  .0658 .0550 1.85

73 1.229  .0737 .0583 1.91

73 1.214  .0790 .0617 1.97

73 1.200 .0813 .0667 2.06

73 1.200 .0866 .0717 2.14

- ]304’.". -



TEST NO. 1

RUN NO, 2

MANOMETER W1TH 1:5 SLOPE
q .082 cfs/ft

MANIFOLD DIAMETER 1 in.
ORIFICE SPACING 1/2 in.

tuzo 19.5°C

GAGE READING AT SURFACE 1.304f¢t,

LINE PRESSURL 8.64 psig.

tair 72 °F

DATE 21 March 1970

GAGE DISTANCE FROM

READING SURFACE all VELOCITY
(ft) (£t) (ft) (£ps) _ REMARKS
1.224 .08 .0667 2.06
1.180 124 .0483 1.73
1.147 .157 .0317 1.40
1.130 .174 .0283 1.32
1.056 .248 .0233 1.20
1.100 .204 .0133 .91
1.200 .104 .0317 1.40
1.160 144 .0233 1.20
1.120 .184 .0167 1.01
1.162 .142 .030 1.56
1.056 .248 .0250 1.24
1.088 .216 .0133 .91
1.161 .143 .0300 1.36
1.233 .071 .0667 2.06
1.200 .104 .0533 1.82
1.221 .083 .0650 2.03

.520 .784 .00333 .46
.608 .696 .00167 .32
.710 .594 .00167 .32
.785 .514 .00167 .32
.810 494 .70167 .32
.910 .394 .00167 .32
.895 .409 .00167 .32

- 131a -



TEST KO, (continued)

RUN NO, 2

MANOMIETER WITID 1:5 SLOVE

q cfual/ft

MANTFOLD D1AMETER in.
ORTFICK SPACING in.,

ti,0

GAGE READING AT SURYACE {ft.
LINIE YRESSURE psig.

. o
Lau‘ !

DATYE

TGAGE T DISTANCE FROM

Al VELOCITY

READING SURTACE
(fv) (fe) (ft) (£ps)___ REMARKS
1.018 .286 .00333 .45
1.057 247 .00667 .65
1.086 .218 .01168 .86

- 1322 -



A R R T R T ]

Y e -4:1"'- Bl E DO R T ISR ST L R L N Ll Lot i
v ‘ . i

RS cof ) NN Lokl

» v

TEST B, 1

i, 3

BAYR=IEY VITE 1:5 SARE

q§ .y css/ft

MARIFOLD DRIXSETER 1 ie.
OKIFICE STACYEC L‘Z  ja.

"z" 15.5°¢

CALE KXADIE XY SPRfAMs 1.36 fc.
LISE PRESSSRE +-20 psig.

L Sy 2% T

RYE 21 ¥arch 197G

CACE  BiSTiiox Foei
REZDIXS SERFALT &
- x) (fx) Lfe)

YiLOCITY
{fp=)  ERMAREX

-5r0 -85
-600 -733
-700 e33
-800 555
.20 43> -
1.00 -33% -0G167
i.1ne -255 -001&7

Qo e 9 &

1.275 180 -6G813
E.200 -E55 -2is3

1.2x% -E¥3 -G183
1.250 115 -0200
1.260 5> -0283

e
§
[

?
(Y]]

-€333

1.300 -855 -0383

:.160 2335 -850
.520 -833 B

LU - -

- 1332 -
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TEST K. )
TUS T, =
MARE TR WITE

e .oicisfer

pC

1I:5 5

"

KSXiFEB Pi:iiR 1 inl

ORIFICE SPACIN,
Ugpe 1%.5 °¢

GAGE RfADIX, a7
LISE IR=<STer 3

: 2 °F

*ir

| Y24 in.

QURFME 1.50 fe.

-35 psig.

DATE 21 Maaxch 1920

L7 e

DISTAT FRXt

TEADING NREXCY.

T l_)_

(fz) _

1.35%
1.35%
E.35%
1.35%
E.35%
1.35%

(fc)

- 549

e E

f

.15

- 1352 -

&8  VELOCITY

fu) (fps) EBRRIS

.0333 1.8
0250 1.2«
D283 1.08
0117 R
.005 -

e

0 pramesm e b A Pt

L oen n s W TIAn P18 Yo MPLA I,

WAL

) [STR
nifg MM NTENW WY

¢
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TEST ®O. 1
X X0. 3

MARCVETER VITH 1:5 SLOPE

q .082 cfs/ft

MASIR~D PLAMETFR 1 ip.
ORIFILE SPAZIRG  1/2 im.

GACE “£ADING AT SURFACE 1.4 fr.

LIRS PRESSURE 9.6 psig.

taix 3 °F

DATE 21 March 1979

GACE

READIEG

(fc)

DISTANCE F(¥
SYRFACE
(1)

oh VELOCIYY

(fx)

1.252
1.348
1.538
1.349
1.249
1.349

-0367
-0317
.0i183

0467

- 1352 -

(fps) REMARKS

1.5
1.5
1.40
1.06

.96
1.70

B Ty
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IEST NO. ] ) DATE, 21 March 1970

KX K. 6

Manometer vith Slope 1:5

MAXIFOLD Di2TIER 1 jn.

OLIFICE SPACIXG  1/2 in.

e 20 “c A | -
GAGE READING AV SURFACE 1-202¢ ‘

LIXE T GACE Q :
PRESSUEE Loy REABING (cfs AW VELOCITY
{psig) (°F) (fr) fr © (fv) (fps) KEMARKS
.85 i* 1.;51 .0187 .0233 1.20 -
1.53 75 1.141 .C304 .0300 1.36
2.35 75  1.131  .0516  .0400 1.58
3.50 75 1.123 0516  .0467 1.70
.60 77 1.123 0610  .3500 1.77
6.39 77 1,112 069 0582  1.91
B.06 77 1.112  _017¢  .0S17 1.95
10.05 77 1.202  .08%0 .0633 2.00 :
11.97 77 1.089 .GBS? 0650  2.03- A i
1,10 77 1.159 .02 .0283  1.32 N
2.9 77 1.157 .47  .0&50 1.67
4.10 77 1.158 0565 .0567 1.88 B
7.43 77 1.138  .0728 .0617 1.97 i
9.45 i 1.3k 0797 _.0657 2.9¢ ,
H

L . s ca et ek
o dhtib el bt b

- 13%a -
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TEST WO. 1
RUX RO, 7

Manometer 7ith Slcpe 1:5

MARIFOLD PIAMETER 1

~ ORIFICE SPACIKG 22

thyo 12.4 °c

in.

DATE 21 March 1970

GAGE REZDIKG AT SURFACE 1.4 ft.
LIRE GACE- q -
PRESSURE  tasr READIXG cfs) MM VELOCITY .

(psig)  (F}  (fv) f (fr) (fps)  REBARKS
1.16 74 1.35  .0294 1.45
95 74 1.35  .0192 1.15
? 1.04 23 1.35  .0242 1.36
X417 75 1.35 .G&75 1.66
, 1.95 7S 1.35  .0705 _i.82
) 2.80 75 1.35  .0915 1.94
3.52 7% 1.35 .112 2.93
4.33 7% 1.35 .13 - 1.98
s.30 7% 1.35 .15 2.11
6.64 74 1.35  .165 2.24
8.20 75 1.35 .18 2.31

- 137a -
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TEST K. ) DATE 21 March 1970

) . RN NG, B

E j Manometer with Slope 1:5

g MAXIFOLD DINETIR 1 jn.

E ORIFICE SPACING  1/Z in.

} tH,0 19.4 *¢

t GAGE READIXG AT SURFACE 1.4 fr.

:

%

E T LINE GAGE ¢

: PRESSURE  tpir RFADIG cfs, MW VELOCITY
{psig) ("F) (fe) it (ft) (fps) REMARKS

.9 j&a 1.3 .0192 1.29 ]

1.00 7% 1.3 .029 1.41

_ 1.12 2% 1.3 .0283 1.58

] ' 1.00 7% 1.3 .0234 1.43
1.15 74 1.3 .035 1.57

- ; . 24 1.3 042 1.67

1 : 1.55 % 1.3 .058 1.77
1.80 74 1.3 .070 i.85

. 2:16 74 1.3 .082 1.91

l\

e . 2.44 7% 1.3 .093 1.94

] 2.75 75 1.3 .105 1.98

. 3.10 177 1.3 117 2.06 )

' 3.40 79 1.3 .128 2.11

‘ 3.90 81 1.3 140 2.16

3 : 7

i

-

i

t

|

i

E;

4

:(
3
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FESYT NO. 2 DATE 21 March 1970
RUR NO. 1

Marometer with Slope 1:5

HANIFOLD DIAMETER 1 {n.

ORIFICE SPACING 1/2 in.

t,0 19-4 °C ‘

GME READING AT SURFACE 1.4 fr.

A s N IEATE = & PSS T e £ sana

B W WD A SR 0 S 1t s (B S

- LINE CME g T
| PRESSURE  tai REABDY  sts, &M VELOCITY
{psig) (°r) (£2) ft (fr) (Ips) REMARKS

- : .50 74 135 .0192 i.11
: .58 7% 1.35  .0287 1.26
) .79 7% 135 .0383 1.41
5 49 74 1.35  .0234 1.20
" .68 % 1.35 0467 1.32
.84 74 1.35  .0383 1.48
: 1.C4 76 . 1.35  .0700 1.51
1.36 74 135 .0816 155
: 1.73 . 5. 135 L0933 1.55

B
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i
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3
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4
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TEST M0. 3

RUN NG. 1

Hanometer with Slope 1:5
MANIFOLD DIAMETER 1  in.
ORIFICE SPACING- 1/2 'u.

th,0 19.4 °C

GAGE READING AT SURFACE 1.4 fi.

DATE 21 Marcih 1970

LINE GASE q B
PRESSURE tajr READING cfs) M VELOCITY
(psig) . (°¥) (fr) ft (ft) (ips) REMARKS
.86 75 1.35  .009 o1
.99 75 1.35  .0192 1.16
1.12 75 1.35  .0288 1.44
1.32 75 1.35 .038% 1.59
1.1 75 1.35  .6233 _1.28
1.35 7S 1.35 .0350 1.51
1.64 75 1.35  .0466 1.73
1.97 75 . 1.35  .0583 1.85 -
2.34 75 1.35  .9700 1.91
2.75 76 1.35  .0816 2.0
3.19 77 1.35  .0934 z.08
3.77 81 1.35  .1050 2.08

- 140a -
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TEST NO. 1 " DATE i April 1970
mie oNe, 1
Manometer with Slope 1:5
q -0653cfs/ft
MANIFOLD DIAMETER 2 in.
ORIFICE SPACIXG 1/2 in. -
thyo 24.8°C .
GACE READING AT SURFACE -  ft.
VINE FLESSURE 31.1lpsip.
:air 74 "i"
GAGE  DISTARCE FR(H
READING SURFACE VELOCITY
(fr) (ft) REV/ MIN  (fps) REMARES
.2 118 1.65
.2 108 1.51
2. 105 1.47
.4 67 .97
.4 54 .80
4 58 .85
.0 48 .72
.6 52 .78
.6 61 .89
.8 46 .70
.2 111 1.55
.2 127 1.77
.2 124 1.73
4 84 1.17
N 58 .85
- 67 .97
.6 61 .89
: .6 51 .76
.6 50 .75
.6 40 .62
.6 42 .65
.8 35 .56
.8 32 .52
.8 49 74
1.0 37 .58
1.0 21 .38
1.0 31 .51
- l4le -
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TEST NO. 1 ‘ DATE BE
RUR NO. 1 {(continued)
q cfs/fc ‘ j
MANIFOLD DIAMETER ir. , ' i
ORIFICE SPACING  1/2 jx. '
tHzO ‘
GAGF READING AT SURFACE ft.
LINE FRESSURE psig. i
tair ) °F
GAGE _ DISTANCE FROM : :
READING SURFAGE VELOCITY ] .
) (ft) (ft)  REVMIN.  (fps) REMARKS
1.2 20 - .36
1.2 13 L7
1.2 22 © .39
1.2 13 .27
1.4 100 .23
1.4 6 .18
1.4 33 .53 .
1.6 10 .22 =
1.6 17 .33
1.6 17 .33
1.8 22 .39
1.8 32 .52
1.8 16 .23
1.8 9 .22
2.0 14 .29
2.0 10 - .23
2.0 9 .22 ‘
2.5 10 .23
2.5 8 . .21
2.5 7 .20
2.0 13 .27
2.0 9 .22
2.0 15 .30
1.8 19 .35 )
i.8 32 .52 N
1.8 17 .33 :
¢
1.6 6 .18 .
.6 30 .49
.6 13 .27
- 142a - -i
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kik NO. 1
q cfs/ft
MANIFOLD DIAMETER in.
ORIFICE SPACIRG  1/2 in.
th,0
GAGE READING AT SURFACKL ft.
"LINE PRESSURE psig.
tair °F -
GAGE  DISTANCE FROi!
READING SURFACE VELOC1 Y
Gt) (ft) REV/ MLi (fps)  REMARKS
1.4 7 .20
1.4 14 .29
i.4 13 .27
1.2 14 .29
1.2 25 .43
1.2 14 .29
1.¢ 27 .46
1.0 14 .29
1.0 29 .48
.8 25 .43
.8 45 .70
.8 34 .55
.6 49 74
.6 79 1.12
.6 55 .81
4 71 1.02
A 83 1.06
A 100 1.40
.2 148 2.06
.2 130 1.81
.2 113 1.58
- 143a -
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Tesr 10, 1 DATE 2 April 1970 |
PR KO 2 . .~
;.3 4
ott Met: | .
q 198 cfs/ft |
MARIFOLL DIAME"Y 1 jn. , . '
ORIFICE SPACIRG  1/7 in. ‘ ) .
tn?o 26°C ‘ . ‘
GAGE READIRC AY SURFICE =  ft. , - . 1.
LINE PRESSUR: 67  psig. - - T | .
tair 68 °F - o
GAGE  DISTANCE FRO:H ‘
- READIKG SURFACE VELOCITY
(£t) () REV/MIN  (fps) - REMARKS
.2 144 2.0
) 152 2.12
2 171 2.38
4 123 1.72
A 102 1.42
4 144 2.0
.6 102 1.42
.6 103 1.44
.6 82 1.15
8 51 . .76
.8 43 .66
.8 61 .89
1.0 45 .69
1.0 45 .69
1.C 52 77
1.2 38 .60
1.2 23 .40
1.2 37 .58
1.4 9 .22 ‘ -H
1.4 15 .30 :
1.4 24 Y.
1.6 14 .29
1.6 15 .30
1.6 19 .35
1.8 18 .34
1.8 16 .32
1.8 18 .34

- l44a -




TEST NO, 1

,,“W-.,.r....q,,.-.‘_.__.—....,.,‘,......4,..A.,______.,.....,,-...W,._.,,w.,. 1
S R G Ry

(continued)
RUN NO, 2

q cfs/ft
MANIFOLD DIAMETER in,
ORIFICE SPACING  1/2 in.
thy0
GAGE READING AT SURVACE ft.
LINE PRESSURE psig.

| oy

tair

DATE

GAGE DISTARCE FROA

READING SURFACE VELOCITY
(ft) (ft) REV/MIN  (fps)  RFEiARKS
2.5 11 .25
2.5 17 .33
2.5 30 .49
- 1&5& -
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TEST NO.
RUN NO.
Ott Meter

2
1

q .198 cla/ft
MANTFOLD DIAMETER 2 in.

DATF 2 April 1970

ORIFICE sracine /2 in.

tHZO 24 °C ‘

GAGE READING AT SURFACE - ft.

LINE PRESSURE 7.35 psig.

tair 76 °F

CAGE DISTANCE FROM
READING SURFACE X VELOCITY
(ft) (ft) (ft)  REV/MIN (fps) REMARKS

.2 1.0 201 2.80
2 1.0 207 2.88
.2 1.0 190 2.65
2 2.0 181 2.52
.2 2.0 228 3.17
.2 2.0 209 2.91
.2 3.0 209 2.91
.2 3.0 218 3.05
.2 3.0 203 2.83
.2 4,0 189 2.63
W2 4.0 185 2.57
.2 4,0 184 2.56
2 5.0 147 2.05
.2 5.0 158 2.20
2 5.0 174 2,42

- 1469 -




TEST NO. 2

RUN NO. 2

Ott Meter

q 0653 cfs/ft

MANIFOLD DIAMETER 2 in,
ORIFICE SPACING 1/2 in,

tHzO 24.8 °¢

GAGE READING AT SURFACE - ft.
LINE PRESSURE 2.92 psig.

tair 76 °F

DATE 2 April 1970

GAGE DISTANCE FROM

READING SURFACE x VELOCITY
(ft) (ft) (ft) REV/MIN (fps)  REMARKS

2 5.0 113 1.58

.2 5.0 101 1.41

.2 5.0 101 1.41

.2 4.0 120 1.67

.2 4.0 117 1.64

) 4.0 115 1.60

.2 3.0 138 1.92

.2 3.0 135 1.88

) 3.0 147 2.95

.2 2.0 154 2.14

2 2.0 160 2.23

.2 2.0 137 1.91

.2 1.0 172 2.40

.2 1.0 173 2.41.

2 1.0 162 2.26

- 1474 -
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TEST M. ) MTIT 5 april 190

T U, 2 :;
0rg Meter -
MAZIFOLD DI TER 2 ja. ;
SRIFICE SFACINS 3/2 jin.

ans

ta0 21.2°C
CATE WEABING AT SURFafi  — fo.

_— ———

LIXE GacE e X ) - 5
PRESSURE  Zajy  REAMING  cfs VELOCITY
Cpeig)  (CF) _ (iv) fo ? sIvisI _{fps)__ REMARKS i
) - ' !
8.1 Y3 2 1248 87 2.69 £
s.: 8s .2 .48 205 2.85 H
8.1 8s 2 238 173 .43 iy
5.1 8 .2 2 192 2,67 i
5.95 g .z 323 163 2.7 :
6.95 92 .2 223 187 2.33
6.95 ez 22 .22 158 2.20
5.8 % .2 J1885 32 1.82 ;
: 5.8 g6 2 _1985 157 2.9 |
5.8 9% .2 _1985 165 3 ) | !
} ]
- 4.55 % .2 1735 129 1.8¢
4&.55 99 .z 2735 119 1.80
4.55 o9 .2 A5 139 1.94 :
3.8 99 .2 .2489 103 1.42 3
3.8 93 .2 " 1489 123 1.72
3.8 90 .2 _1589 1); 1.55 §
: i
3.25 96 .2 (126 . 106 1.45 i3
3.25 2 .2 2% 86 =3 ?
3.25 96 .2 128 95 1.3 i
b
2.68 93 22 .099 100 1.4 .
2.68 53 .2 .999 9% 1.34 b
2.68 93 .2 00 o 1.37 '
‘ 1
2.40 93 2 G734 56 1.25 {
2.56 93 .2 0% e 1.97
2.50 93 .2 .G7%5 80 1.13
2.2 9] 2 .0596 76 .57
2.2 Q1 .2 D49 6o - .95
2.2 91 .2 Siee 79- 1.11
- li8a - B
_.(




TESY KO, &
=, 1
Ottt Meter

q I cAsife

BARIFCID PIAETIR 2 in.
@ITICE TG 12 5w

In,0 T %

CACT RILDING AT SURFSE - fr.
LIKE PEESSHEE 3.65psip.

tj.it & °F B i

mre 3 April 1%

AP Pt

A v

| ALY DISYANCE Frvat - :
- |~ F0H-i SEREAE ¥ELNCNT :
i . (fz) () . EEY/MIE ()  RERES
2 ns 1.60
.2 na- 1.65 :
1 .2 135 1.60 :
J ) & 80 1.3 :
4 95 .33
e 109 i.52
: R s
i S 30 1.3
- & 77 1.10
13 . 74 1.06
{ 3 -
i 8 6 .89
3 ] £ (73 .95
.8 1% .61
: 1.0 7 .97
X 40 .62
: 1.0 46 .70
; 1.0 54 .80
. 1.2 &4 .67
1.2 3 .67
: 1.2 46 .30
1.5 34 .54
: 1.4 2 .48
: 1.4 &1 .64
: 1.6 23 .50
: 1.6 19 .33
: 1.6 25 .43
: 2.0 12 .26
2.0 16 .31
2.6 18 34
' - 14%a -
i !
: ;
i :
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YISY o, &
BY Yo,

1< out inved)

e c¥sifg

MAXIFOYLD TR ie.
ORIVILCE IPaciic 1§22 in.
thp0

CACE. RESMNGNG AT SERFACE
LIKE FRESINRE asif.

PAYE

GAGE DPLSYAXCE BRGS

REANITS
(fr)

e A —r——— i e e . | - m———

SGRFACE VELCCITY
(i) KEV/MIE  (fps)  REHARRS

pe adm

8 <23
.25
1z 33

N!»JN
WA
b
(+]

Son muiad

A

oy aed 36 it ket Ly
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TEST K. & : DATE 4 April 1970
RUX X0, 2

Ctt Meter

q -198 cis/ft

PANIFOLD DIAMETER 2 ia.
ORIFICE SPACING  1/2 sm.

tpo 227°C

GAGE READING AT SURFACE -  ft.
LIRE PRESSURE 6.95 psig.

tagr S0 °F

GAGE DISTARCE FEDM

READING SURFACE VELOCITY
(fe) " (fr) REVIHI‘ {fps) RFMARKS

.20 245 2.8%

.70 220 3.06

.20 218 31.03

.40 189 2.83

.40 163 2.27

40 179 2.9

.60 156 2.17

.60 135 1.88

6@ 156 2.7

) .80 109 1.52

.80 126 1.76

.80 129 1.80

1.0 86 1.20

1.9 96 1.34

1.0 9 1.35%

1.2 75 1.07

. 1.2 76 1.08

1.2 78 .10

1.4 69 1.00

1.4 52 .78

1.4 41 &5

i 1.6 32 .52

1.6 43 .66

1.6 45 .66

2.0 26 Y

2.0 . 21 .33

| 2.6 28 47

i
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TEST KO. {continued) DAYE
Bx a2, 2

q cfs/it
BARIFULYD PIANETSR in.
ORIFICE SPACIFG 1/2 in.

PR L o L X SRR

T T P T I e 7 Y Y 6 ey e e Y A e iy gy TiTv v

th,0

GAGE READIZG AT SURFACE ft.

LIKE PRESSURE psig- » | .

% tair - °F

H

: |
) - GAGE  DISTAXKCE FROM ) ' E
F READIRG SURFACE VELOCITY E

(£1) (1t) REV/MIN  (fps) REFAKKS ]
Foi ~ 3

- 2. 19 .35

22 .39 | ‘ .
25 .43

NNk
L]
LI V)

T T AT
-

P IR T

o . et e

etk WY A etV R YRS ¢

L

: ' - 152a -




_TEST NO. S DATE 5 April 1970
. RUK NO. 1 -
- Ottt Meter
q 065 cfs/ft
MANIFOLD DIAMETER 2  {a.
ORIFICE SPACING 1/2  in.
GAGE READING AT SURFACE =~ ft.
LINR PRESSURE 4.2 psig.
:> ' tait 78 - .F
GAGE  DISTARCE FROM
. READING SURFACE x VELOZITY R
(ft) . ) (ft) REVMIN (fps)  REMARKS
.2 1.0 128 1.78 -
.2 1.0 112 1.56 :
] - .2 1.0 107 1.50
] .2 2.0 164 2.28
.2 2.0 151 2.10
3 .2 2.0 168 2.34
: .2 3.0 160 2.23
: .2 3.0 145 2.02
.2 3.0 155 2.16
2 4.0 162 2.26
2 4.0 158 2.20
B 2 4.0 165 2.30
2 4.5 104 1.45
2 4.5 103 1.44
2 4.5 116 1.54
- 1534 -
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TEST N0, 5 - DATE S April 1970
RUN RO. 2

Ott Meter

q -1982 ¢e5/1e

MANXIFOLD PIAMETER 2 in.

ORIFICE SPACIZG  1/2  jn.

th,o 21-2°C

GAGE READING AT SURFACE -  ft.

LINE PRESSURE 7.25 psig.

.tair . &3 °F

""GAGE __ DISTANCE FROM

READING SURFACE x , VELOCITY
(ft) (ft) (ft) REVMIN (fps)  REMARKS
.2 1.0 143 1.99
.2 1.0 140 1.95
.2 1.0 146 2.03
.2 2.0 216 3.01
.2 2.0 . 218 3.13
.2 2.0 200 2.78
2 3.0 219 3.05
.2 3.0 225 3.13
.2 3.0 221 3.08
.2 4.0 - 239 3.20
) 4.0 223 3.50
.2 4.0 231 3.22
.2 5.0 208 2.90
.2 5.0 228 3.17
.2 5.0 206 2.87

- 154a -
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i TEST ho. 6 DATFE & April 1970
E RUN NO. 1
k _ ot Meter
1 MANIPOLD DIAMCTER 2 in.
il ~ ORIFICE SPACING 1/2 ir,
tlle 22 °c
i CAGE READING AT SURFACE - ft.
LIRE " GAGE q
5 PRESSURE  tair ~READIXG  ofs, VELOCITY
__(psig) ___(°F) (ft) ft ° REY/MIN  (fps)  REMARES
8.4 95 .2 248 215 2.99
8.4 35 .2 248 227 3.16
8.4 95 .2 .248 208 - 2.90
T 7.35 98 .2 .223 208 2.90
7.35 98 .2 .223 200 2.78 L
7.35 98 .2 .223 210 2.92
6.3 99 .2 .1985 204 2.84
- 6.3 99 .z .1985 201 2.60
6.3 99 .2 .1985 . 199 2.77
5.4 98 .2 L1738 - 177 2.46
5.4 98 .2 .1735 201 2.8
5.4 98 .2 1735 182 2.54
4.9 9% .2 1489 178 2. 48
4.9 96 .2 1489 172 2.39
4.9 96 .2 L1489 173 2.41
4.4 95 .2 L1246 152 2.12 1
4.4 95 .2 L2264 166 2.31 i
4.4 95 .2 26 164 2.29
3.9 92 ) .099 134 1.87
3.9 92 .2 LG99 146 2.03
3.9 92 ° .099 131 1.82 |
;
3.75 91 .2 0744 138 1.92 P
3.75 91 . 0744 140 1.95 ;o
3.75 91 .2 D744 141 1.96 !
j 3
3.5 88 .2 L0696 109 1.52 §
3.5 88 .2 0696 96 1.34 .
3.5 88 .2 0696 105 1.46 ;
&
i §
§ (]
| - 155 - I
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TEST NO. 7 ' DATE 18 April 1970
RUR NO. 1

Ott Current Meter -

q - cfs/ft

MANIFOLD DIAMETER 2  in.
ORIFICE 5PACING - 1/2 in.

th,0 19.6°C

GAGE READIKG AT SURFACE 4.10 f¢,
LINE PRESSURE - psig.‘

tair = °F

GAGE DISTAXNCE FROM

READ iNG SURFACE VELOCITY
(ft) (£t) REV/SEC  (fps) - REMARES
4.01 .09 2.32 1.95
4.01 - .09 2.26 1.8
3.el .49 2.29 1.9)
3.61 .49 2.26 1.89
z.98 1.12 2.18 1.82
2.98 ° 1.12 2.19 .83 )
2.64 1.46 2.18 1.82 )
2.64 1.46 2.19 1.83
2.24 1.86 2.13 1.78
2.24 1.86 2.18 1.82
2.24 1.86 2,34 1.79
1.73 2.37 2.16 1.80
1.73 2.37 2.12 1.77
1.02 3.08 2.16 1.80
1.92 3.08 2.16 1.80
.62 3.48 2.16 1.80
.62 3.48 2.1 1.83
.20 3.90 2.16 1.80
.20 3.90 2.17 1.81
.03 4.07 2.16 1.80
.03 4.07 2.14 1.79
.39 4,49 1.99 1.66
.39 4.49 2.06 1.72
Y b, I T 1.6
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TEST NO,

) (continued)
RUN NO, 1 '

q cfs/ft

MANTFOLD DIAMETER in.
ORIFICE SPACING  1/2 in.

th,0

GAGE READING A% SURFACE - ft.

- LINE PRESSURE psig.

air °F

DATE

GAGE  DISTAKCE FRO
RHADING SURFACE
(fr) (fr)

VELOCITY

REV/SEC

(fps)

REHARKS

. .75 T 4.85
.75 4.85

2.06
2.01

- 157a =«
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TEST NO, 7

DAT)E 18 April 1970
f RUR NO, 2
Ott Current Meter
i q - cfs/ft
g MANIFOLD DIAMETER 2 in.
i ORIFICE SPACING  1/2 in.
% t11,0 19.6°C :
: GAGE READING A% SURFACE - 4.10 ft,
: LINE PRESSURE =  psig.
taiv ~ °F
i X
;
2 GAGE  DISTANCE FROM A
: . READING SURFACE VELOCLTY
{ (ft) _(ft)  REV/SEC  (fps)  REMAKKS
: .60 4,70 2.03 1.7
f .60 4.70 12,06 1.72
- | .20 4.30 2.05 1.71
i .20 4.30 2,09 1.75
5 .10 4.00 2.19 1.63
; .10 4.00 2.14 1.79
E 42 3.68 2.19 1.83
~§ .42 3.68 2.19 1.83 : .
: .80 3.30 2.13 1.78 '
§ .80 3.30 2.16 1.81
: 1.35 2.75 2.08 1.74
; 1.35 2.75 2.09 1.75
§ 1.35 2.75 2.10 1.76
v 2.01 2.09 2,14 1.79
: 2.01 2.09 2.16 1.8!
g 2.52 1.58 2.21 .85
E 2,52 1.58 2.16 1.81
2.80 1.30 2.17 1.82
2.80 1.30 2.20 1.84
3.30 .80 2.32 1.94
. 3.30 .80 2.26 1.89
E 3.70 .40 2.29 1.91
: 3.70 .40 2.31 1.93
3.84 .26 2.31 1.93
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TEST NO. 7 (éontinued) DATE
UN NO. 2
q cfs/ft
MANIFOLD DIAMETER in.
ORIFICE SPACING  1/2 in.
t1,0
‘GAGE READING AT SURFACE ft.
LINE PRESSURE psig..
tair “°F
"GAGE ~ DISTANCE YROM _
READING SURFACE VELOCYTY
(ft) (£t) REV/SEC (fps)  REMAKKS
3.84 .26 2.13 1.95
4.00 .10 2.50 1.92
4.00 10 2.32 . 1.94
- 1593 «

R
X

e

"




f
TEST KO, DATE 18 April 1970 4
.3 REN K0, 3 ;i
; Ott Curreat Meter
q - cfsfft
: MANTFOID DIAMETER 2 in.
: ORIFICE STACING io.
% th,o 19:6 °C
v GAGE READING AT SURFACE 2.43 fr.
i LINE PRESSVRE -  psig.
tair =~ F
i "GAGE  DISIANCZ FKOM DISTANCE ‘ 1
: RFADISG  SURFACE OFF CL VELOCITY ' :
; X ON (0 (ft) KEV/SEC  (fps)  REMARKS :
H .
? 2.35 .08 .52 1.91 1.60  Starting at .
§ - 232 a .62 1.90  1.59  South side S
| S X7 . .52 2.0 1.67 :
237 .1 .52 206 1.72 :
2.32 i1 .43 2.22  1.86 [
2.32 a1 .43 2.4 1.79
2.32 .11 .45 217 1.82
( 2.32 11 .55 2.23  1.87
L | 2.32 .1 .35 2.33  1.95
f ' 2.32 .11 .35 230 1.92
? 232 .1 .15 2.30  1.92
; 2.32 .11 A5 - 2346 1.96
‘ 2.32 11 .05 2.33  1.95
! 2.32 .11 .05 2.26  1.89
! 2.32 .11 .0 2.32 1.9
2.32 AL .0 2.3  1.97
2.32 11 .10 2.31  1.93
2.32 11 .10 2.26  1.89
232 .11 .20 2.28  1.91
2.32 .11 .20 2.30  1.92
2.32 11 .30 2.23  1.87
2.32 11 .30 2.27 . 1.90
2.32 11 .40 2,06 1.72

- 1€0a -~




I
8
i
1.
TEST KO. 7 DATE s'
ux §o. 3 (cgnnmed) :
{
s q cfs/f. :
MANIFOLD DI2METER in.
ORIFICE SPACING in.
tHzo *c
GAGE READING AT SURFACE fr. A
LINE PRESSURE peig.
tair °F 6
i X
- i
|
GAGE  DISTANCE FRO: DISTANCE :
READIKG SURFACE OFF CL VELOCITY i
(ft) (ft) (ft) REV/SEC  (fps)  REMARKS .
i
' :
2.32 11 .40 2.09 1.75 i
2.32 L1 .50 2.00 1.67
o 2.32 .11 .50 2.00 1.67 '
t
2.32 .11 .60 1.83 1.53 :
b 2.32 A1 .60 1.87 1.57
1 4
: [
~ |
§
i
| |
b - 16la -
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b
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TEST N0, 8

RUN KO, 1

ott Meter
MANIFOLD DIAMETER
CRIFICE SPACING
tiy0 19.6°C

2 in,

.‘/2 jll D

GAGE READIKG AT SURFACE 2,30 ft.

DAYE 21 April 1970

LINE GAGE q N
PRES?URE tﬂ%r READING (EEE) VFILOCITY ‘
(psig) °r} (ft) ft REV/SEC (fps)  REMARKS
3.25 81 2.22 .0436 2.18 1.83
3.25 81 2.22 0436 2.10 1.76
~3.63 81 2.22 .0653  2.56 2,15
3.63 81 2.22 L0652 2,56 2.15
4,21 81 2.22 .0871 2.83 2.37
4.21 81 2.22 .0871 2.83 2.37
4,72 81 2,22 .109 3.06 2.56
4,72 81 2.22 .109 3.12 2,61
5.45 81 2.22 131 3.48 2,91
5.45 81 2,22 131 3.34 2.79
6.25 81 2.22 152 3.66 3}06
6.25 81 2,22 .152 3.67 3.07
7.28 82 2.22 174 3.82 3.19
7.28 82 2.22 174 3.71 3.10
8.25 83 2.22 .196 3.91 3.27
8.25 83 2,22 .196 3.93 3.29
9.43 84 2.22 .218 3.86 3.23
9.43. 84 2,22 .218 3.86 3.23
10.67 83 2,22 .240 4,03 3.37
10.67 83 2,22 .240 3.94 3.29
12.08 33 2,22 .261 4.09 3.42
12,08 83 2,22 .261 4.15 3.47
13.45 83 2,22 .283 4,23 3.54
13.45 83 2,22 .283 4.19 3,50
15.13 85 2.24 .305 4.40 3.68
15,13 85 2.24 .305 4,51 3.77
16.90 87 2.24 327 4,34 3.63
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TEST NO.8

DATE

RUN NO. 1 (continued)

MANTFOLD DIAMETER in.

ORIFICE SPACING /2 in.

tiy0 °¢ |

GAGE. READING AT SURFACE ft.
LINE GAGE q

PRESSURE  taiy READING  cfs, A veLocrry
(psig) (°F) (ft) fr. REV/SEC (fps)  REMARKS

16.90 87 . 2.24  .327  4.50 3.76
16.90 87 2.24  .327  4.36 3.64
18.764 88  2.24  .348  4.43 3.70
18.76 88 " 2.24  .348  4.50 3.83
18.74 88 2.24 .48 4.3 3.63
20,40 90  2.24  .370  4.57 3.82
20,40 . 90 2.24 370 4.60 3.84
20,40 90 2.24  .370  4.60 3.84
22,00 92 2.24  .392  4.74 3.96
22.00 92 2.24  .392  4.75 3.97
23.80 91 2.24  .414  4.83 4.03
23.80 91  2.24  .4l4  4.98 4.16
25.20 92 2.24  .436  4.80 4.01
25.20 92 2.13  .436  4.82 4.03
23,80 92 2.15 413 4.47 3.74
23.80 92 2.15  .413  4.62 3.86
29.80 93 2.21  .496  4.99 4.17
29.80 93 2.21  .496  4.60 3.84
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TEST NO. 9 DATE 23 April 1970
RUN NO. 1

Ott Meter

17 - cfs/ft

MANIFOLD DIAMETER 2  in.

ORIFICE SPACING  1/2 jin. _

tH,0 19.6°C -

GAGE READIKG AT SURFACE 4.26 ft, -
LINE PRESSURE - psig.

- ©
tair F

GAGE  "DISTANCE FROM

READING SURFACE VELOCITY
(ft) (St) REV/SEC  (fps)  REMARKS
4.13 .13 2.15 1.80
4,13 .13 1.96 1.64
4.03 .23 2.19 1.83
4,03 .23 2.09 1.75
3.93 .33 2,12 1.77
3.93 .33 2.05 1.72
3.84 42 2.53 2,11
3.84 42 2,18 1.82
3.70 .56 2.09 - 1.75
3.70 .56 2.10 1.76
3.48 7 2,26 1.89
3.48 .78 2.21 1.85
3.24 1.02 2.39 1.99
3.24 1.02 2.27 1.90
3.07 1.19 2.10 1.76
3.07 1.19 2.53 2.11
3.07 . 1.19 2,10 °  1.76
2.89 1.37 2.10 1.76
2.89 1.37 2.03 1.70
2,71 1.55 2.16 1.80
2.71 1.55 2.04 1.70
2.56 . 1.70 2.31 1.70
2.56 1.70 2.31 1.70
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~ 5T N0, 9 (continued) DATE
RUN No, 1 '
1 cfs/ft
MANIFOLD DIAMETER in,
ORIFICE SPACING 1/2 in,
tii,0
GAGE READING AL SURFACE ft.
LINE PRESSURE  psig.
tair °F |
GAGE  DISTANCE FROW
READING SURFACE VELOCTY'Y
_(et) (ft) REV/SEC (fp:)  REARKS
2.43 1.83 2.09 1.75
2.43 1.83 .06 1.72
2.26 2,00 2.12 1.78
2.26 2.00 2,11 1.76
2.04 2.22 2.08 1.70
2.04 2.22 2.09 1.75
1.81 2.45 2.09 1.75
1.8 2,45 2,08 1.74
1.60 2.66 1.98 . 1.66
1.60 2.66 2.03 1.70
" 1.36 2.90 1.92 1.61
1.36 2.90 1.88 1.50
1.14 3.12 1.89 1.58
1.14 3.12 1.95 1.64
1.00 3.26 1.92 1.61
1.00 3.26 1.90 1.60
.85 3.41 1.99 1.66
- .85 3.41 1.97 1.65
71 3.55 1.96 1.64
71 3.55 1.97 1.65
.49 3.77 1.99 1.66
.49 3.77 2.00 1.67
.25 4.01 1.99 1.66
.25 4.01 2.03 1.70
12 4.14 2.02 1.70
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TEST No, 9

- 166a -

(continued) DATE
WR RO, 1
q cfs/ft
MANIFOLD DIAMETER in,
ORIFICE SPACING  1/2 in.
ti,0
GAGE. READING AT SURFACE it.
LINE PRESSURE psig.
‘tair °F
GAGL  DISTANCE FROM .
READTG SURFACE VELOCITY
(ft) (£t) REV/SEC (fps)  REMARKS
12 . 4,14 2.03 1.70
.04 4,22 1.96 1.64
.04 4,22 2,01 1.68
.04 4,22 2,03 1.70
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TEST NO. 9

RUN NO, 2

Ott Current Meter
q 218 cfs/ft

MANIFOLD DIAMETER 2 in.
1/2 in.

ORIFICE SPACING
tHzO 20°¢C

GAGE READING AT SURFACE 4.21 ft.

LINE PRESSURE 9.15psig.

tair 80 °F

DATE 24 April 1970

Meter No. 18130

New suriace Rdg. 3.24
Now using Gurlev Meter
Ser. No. 6605206

Would be in air bubblee

if moved farthar,

GAGE  DISTANCE FROM
READING BOTTOM VELOCITY
(ft) (ft) REV/SEC (fps)  REMAKKS
4,13 7.62 0 0 Ott Current
4.13 7.62 735 .66
4.13 7.62 .756 .68
4.02 7.51 .69 .63
4.02 7.51 .66 .59
3.78 7.27 467 46
3.78 7.27 482 .46
3.56 7.05 0 0
4.11 7.60 1.57 1.31
4,11 7.60 1.29 1.10
3.99 7.48 1.265 1.06
3.99 7.48 1.29 1.09
3.85 7.33 .835 .75
3.85 7.33 .73 .66
3.85 7.33 .905 .80
3.73 7.22 332 .36
3.73 7.22 .386 .40
3.37 6.86 0 0
4.05 7.54 2.08 1.74
4.05 7.56 1.89 1.59
3.17 7.63 1.56 1.56
3.17 7.63 1.37 1.37
3.05 7.51 985 985
3.05 7.51 1.03 1.03
2.59 7.05 0 0
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g TEST KO, 9 ‘ DATY.
; RUN NO. 3
y Gurley Meter

q.436 cfs/ft
MANIFOLD DIAMETER 2 g,
ORIFICE SPACING  1/2 in.
- thyo 22°C
GAGE READING AT SURVACE 3.26  ft,

et i 3 04
v mmag Ty Pmas o £ I A e VAT L DR EG B L et A A Uk o SRR ) e

LINE PRESSURE psig.
tair 90 °F ~7
TGACE  DISTARCE TROH .
READING ROTTOM ' VELOCLTY
(ft) (ftl_“‘ \EV/SEC (fps)  REMARKS
L 3.21 ~7.65 1.6 1.6
é g 3.21 7.65 1.57 1.57
L 3.08 7.52 1.47 1.47
§ 3.08 7.52 1.43 1.43
§ 2.44 6.88 .8 .8
; 2.44 6.88 .87 .87
; % 2.34 6.78 - -
% § 3.22 7.66 1.88 1.88
. 3.22 7.66 1.78 1.78
g 2.91 7.35 1.42 1.42
§ 2.91 7.35 1.33 1.33
{ 2.67 7.11 1.1 1.1
{ 2.67 7.11 .97 .97
% 2.67 7.11 1.02 1.02
i 2.44 6.88 .85 .85
g 2.44 6.88 . .83 .83
i 2.04 6.48 .62 .62
? 2.04 6.48 .53 .53
; 2.04 6.48 .57 .57
i 1.94 6.38 - -
? 3.12 7.56 1.9 1.9
: é 3.12 - 7.56 1.83 1.83
: 2.88 7.32 1.35 1.35
2,88 7.32 1.27 1.27
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YEST KO. 9 (i siued) PATE
RUR NO. 3
q cfs/ft
MANIFOLD DIAMETER in.
ORIFICE SPACING  1/2 sn.
th,0. )
GAGE READING AT SURFACE fr.
LINE PRESSUTE psig.
tair °F )
GAGE . DISTANCE FROu
READING BOTTCM VELOCITY -
(£t) (1) REV/SEC  (fps)  REMARKS
2.88 7.32 1.37 1.37 B}
2.57 7.01 .&0 .80
2,57 7.01 .87 .87
2.32 6.76 .60 .60
2.32 6.76 .67 .67
2.12 6.56 .53 .53
- 2.12 6.56 .53 .53
2.00 6.44 - -
3.11 7.55 2.07 2.07
3.1 7.55 2.16 2.16
3.11 7.55 2.10 2.10
2.89 7.33 1.33 1.33
2.89 7.33 1.23 1.23
2.89 7.33 1.37 1.37
2.63 7.07 .93 .93
2.63 7.07 .83 .83
2:63 7.07 .87 .87
2.34 6.78 .75 .75
2.34 6.78 .73 .73
2.12 6.56 .70 .70
2.12 6.56 71 .71
1.88 ©6.32 - -
3.08 7.52 2.25 2.25
3.08 7.52 2.14 2.14
3.08 7.52 2.20 2.20
- 169a -
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TEST KO, 9 ncinued)
RUR Ko, 3

q cfs/ft

MANIFOLD DIAMETER in.
ORIFICE SPACING 1/2 in.

ti,0
GAGE READING AT SURFAGK
LINE PRESSURE psig.

tair °F

fr.

DATE

GAGE DISTARCE FRO:

READING
(£r)

BATTOM
$19)

VELOCITY
REV/SEC (fps)  REMARKS

2.86
2.86
2.58
2.58
2.22
z.22
2.22
2.00

7.30

7.30
7.04
7.04
€.66
6.66
6.66
6.44

1.50 1.50
1.50 -~ 1.50
1.00 . 1.00
.97 .97
.78 78
g3 73
.80 .80
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TEST NO. 9 ' DATE 27 April 1970
RUN NO. 4 ’

q .218 cfs/ft

MANIFOLD DIAMETER 2 in.
ORIFICY -SPACING /% in. . | '
tnzo 22°C

GAGE READING AT SUKEACE 3.34 ft,

LIRE PRESSURE 9+25 psig.

tai 81 °F

GAGE DISTANCE FROH

READING - SURFACE ’ - VELOCITY

(£%) (ft) REV/SEC  (fps) _REMARKS

3.18 16 2.73  2.73

3.18 .16 2.8 2.80

2.89 45 2.08 2.08

2.89 .45 - 2.06 2.06
247 .87 - .95 .95

2.47 .87 .93 .93

2.17 1.17 0 )
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TEST NO, 9

PATE 23 Feb. 1970
RUN NC. S \
ott Meter
q 436 cfs/ft
MANTFULD BIAMETER 2 i,
ORIFICE SPACING 1/7 in,
ti,0 20°C
GAGE RUADING AT SURFACE 3.34 ft,
LINE PRESSURE 25.25psig. ,
tair 93 °F o : i
GAGE  DISTANCE FROM -
READING SURFACE VELOCITY
(ft) L (ft) REV/SEC (fps)  REMAKRKS
3.26 .08 3.78 3.78
3.26 .08 3.67 3.67
2.62 .72 1.77 L 1.77
2.62 .72 1.80 1.80
2.39 .95 1.15 1.15
2.39 .95 1.10 1.10
3.02 42 2.81 2.81
3.02 .42 2.93 2.93
2.07 1.27 0 9
- 172a -
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APPENDIX IV

Table of Tests Performed

' - Water Orifice Manif,
Flume Test Run Test Depth Size Depth SG Remarks
Width No. No.. Type T d H 011

Stag 2.0' 1/16" 23 1/4" 0.89 Determine of h at failur

?
i
i
:"v
‘i ' A
i

Waves 2.0' 1/16" 120 0.89 Mon-critical case

Waves 2.0! 1/16" 120 0.89 Waves from crit. dir.

Stag 7.7 1/16"

0 n " it 1 " H
11} 1] H n " n n

18-inch 11

1 "

Current 7.7' 1/16"

e
R = W NN~ O P W NN = N =S W N = U W NN — U SWw N —
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TEST NO. 5
RUN NO. 1

MANIFOLD DIAMETER 1

ORIFICE SPACING

tH0 19.6 C

GAGE READING AT SURFACE

March 14, 1970

DATE
in,
1/2 in.
ft.
Unax h
(fps) (ft) Ygh (1 - 8Gg) o REMARKS
1.23 .1 . 594 2,07
1.23 142 .709 1.73
1.23 .208 .856 1.43
1.23 .3 1.03 1.2
1.23 .35 1.11 1.11
1.23 .466 1.28 .96
1.23 .525 1.36 .9
- 174a -
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TEST NO, 3
RUN NO, 2

MANIFOLD DIAMETER 1 in.
ORIFICE .SPACING 1/2 in,
tHy0 19.6 °¢

GAGE READING AT SURFACH

pATE March 15, 1970

/gh (1 - SGo)

REMARKS

.589

.651

725

772

.834

.885

.94
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TEST NO. 5 DATE March 17, 1970
RUN NO. 3

MANIFOLD DIAMETER 1  {in.
ORIFICE SPACING  1/2 in.
thy0 19.6 °C

GAGE READING AT SURFACE ft.
Unax h
(fps) (ft) ‘gh (1 - SGg) o REMARKS
1.55 194 .81 1.92
1.55 .236 .894 1.74
1.55 .314 1.03 1.51
1.55 .386 1.146 1.35
1.55 .391 1.152 ~ 1.34 Near failure thru
1.55 .498 1.3 1.19 " " "
1.55 .557 1.4 1.1 Loss over
- 17ba =
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TEST NO. 5
RUN NO. 4

MANIFOLD DIAMETER 1 in.
ORIFICE SPACING 1/2 in.

tHy0 19.6 °C

DATE March 17.1970

GAGE READING AT SURFACE ft,

Unnax h o

(£ps) (£+) Ygh (1 - SGg) o REMARKS

1.99 .292 .99 2.0

1.99 .353 1.09 1.83

1.99 .421 1.19 1.67 Some thru losses
1.99 .746 1.37 1.45 Large thru losses
1.99 782 1.44 1.38 " " "

- 1774 -
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TEST NO.
RUN NO.

MANIFOLD DIAMETER in.
ORIFICE SPACING 1/2 in,

ty019.6

°C

GAGE READING AT SURFACE

DATE March 19, 1970

ft.

Unmax h ———

(fps) (ft) gh (1 ~ SG() o REMARKS
1.41 .037 .36 3.92
1.41 .079 .52 2.71
1.41 .148 .71 1.98
1.41 .21 .85 1.66
1.41 .258 .94 1.5
1.41 .397 1.16 1.22
1.41 .419 1.19 1.18
1.41 .485 1.28 1.1
1.41 .609 1.47 .98

- 178a -




:
i
. - TESTNO. DATE March 20, 1970
1 RUN NO. 1 |3
¥ e f
‘ | 5
MANYFOLO DIAMETER 1 in, i
ORIFICE SPACING  1/2 in. 5
tyy0 19.6 °C =
] GAGE READING AT SURFACE ft.
Unax h S — b
(Eps) (ft) Ygh (1 - $Gg) a _ REMARKS i
1.18 .087 .637 1.85
1.18 111 72 1.64 5
1.18 .132 .79 1.5 ’
1.18 .166 .88 1.34
1.18 .202 .97 o 1.22
1.18 .24 1.06 1.12
1.18 .286 1.16 1.02
: 1.18 .341 1,26 .94 Large failure thru
| 1.18  .374 - 1.32 9 " " "
I
f 3
f =
| :
| :
! ;
3
- 179 - |
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B
B |
] TEST No, 6 DATE March 21, 1970

RUN NO, pi

S

MANIFOLD DIAMETER 1 in.
ORIFICE SPACING 1/2 in,

tyyo 19.6 °C

GAGE READING AT SURFACE ft.

i e P bR

g —

Uma X h it o i+ s e
_(fps)  (fr)  J/gh (3 - 8Go) a __ REMARUS

1.07 .03 .38 2.8

: 1.07 .066 .56 1.92

; 1.07 .091 .66 1.62
i

: 1.07 .11 .72 1.48
: 1.07 .138 .81 1.32

1.07 172 .9 1.19
1.07 . 204 .98 1.09

1.07 .249 1.07 1.0

1.07 .263 1.11 .96

{ 1.07 277 1.14 .94

: 1.07  .273 1.13 .95
i 1.07 279 1.14 .94

! 1.07 .289 1.16 .92

- 180a -
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e o s on e e,

£ A T L, S0 L e it T et 2 ot

TEST NO, 6
RUN NG. 3

MANIVOLR DIAMETER 1 in.
1/2 in.

ORIFICE SPACING

Ly 19,6 “

CGAGE READING A7T. SPRFACH:

Umax
 Lfps)

.75
.75

.75

ft.

“h

RELAN

.021
.037

047

.066 -

.087

.126

.162

214

BRI

DATE March 21, 1970

@ RFMARKS

- 181a ~

-

e e
bt i

OB L nh A s f e e et bt e | At omen s e s i b b

ot

e e g b g
St Wadox W ¢




.A\w,)

[y

WG N0, 6 PATE March 24, 1970

Wil ona, &

MANIFQMD DIAMNIVE 1 in.
OVIF ] SPACHRG 172 ia

16 6 ©f

S HRY

CAFE FUADIIG AT SHRFACH ft.

by

o e s e e aatn mmi memis m e et r et e o e — -+ = - ———

ig’!:::‘: x h —— _ e
CCpsr (0 fen TTTS6LY o REMARKS

’
W ey e
-

1.46 .074 .5875
1,44 .106 .702

.14 .81

4

1.44 (196 .9526
1.66 215 1.0022
3.4 247 1.0735
1.44 .294 1.1707
1.46 .33 . 1.2571
1.44 317 1.3262

1.44 403 : 1.3716
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R e
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‘ sttt s
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TEST KO. 6
RUX XO. 5

HANIFOLD L. ¥ETER 1 in.
ORIFICE SPACIEG 1/2 in.
th0 19.6 °C

VATE HMarch 24, 1970

GAGL READIKG AT SURFACE ft.
Unax o ‘
(fps) (fr) _ Jeh (1 -SGg) & peamve
1.35 .078 .6084
1.35 .143 ~.8165 )
1.35 167 .8834 -
1.35 .221 '1.0174
1.35 255 1.0908
1.35 .297 1.1772
1.35 .34 1.2593
1.35 .358 1.2917
- 183a. -




Test o, 3

KU fas. !
MANIFOLD pisasisg b g
ORIFECs Sty 127 i,

ti0 1.4 ¢

GALL FrAPRING AT b

:
v Bax

Clipsy

1.43
1.43
1.543
1.43
153
1.33
i.43

PATE 2 April 1970

I

(f0)_ Seh (1= 56,

a

25 .652
.156 .76
211 .885
.295 1.05
2363 1.16
J364 .36 -
.46 1.24

REMARKS

s9
!
i
;
il

)
Ll R LI Yttt it § bomivt gt




TLAT KO, 8 DATE 2 April 1970
RUX RO, 2

. Ay -
P P e

MANIFOLD DIAMETLE 1 ju.
ORIFICE SFACIRG  1/2 in.
tip0 19.4 °C

GAGE. KFADING AT SUKFACE

Ugax h — e
(."IL-“)___,-,Q_‘_)___ _‘f,.—&-(_g_:_._b:c,p) o PEMARKS

KA B0 O ] W B r IV W LB S s B s g

.94 .080 . 545
.94 .713
.94 .796
.94 .916
.94 . .9%20

’ Ly * S
LI T ETRY T LW LT PR ETY Y Ry

:
:
H
¥
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¥
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i
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Test o, 8 DAL 2 April 1970

Rt Ko, 3

MASLEOLD poamstin b gn.
ORIFICH SPACTI 1/2 in.
19.4 «¢

- e e, O s R e A S Ly
.« - o

tiion
GAGL READING AT SUBFACL ft.

e e ;i — e m 2 2 e e e e —— ———

Unax h ”
Cps) () b TT-7865) o RPUARNS

il e ———— i ———

1.26 .098 .602
1.26 175 .805
1.26 .199 .857
1.26 231 .925
1.26 .283 1.025
1.26 332 1.1}

Y

'
P LYY I

(@ aaadodads

1

3

9

- -~
*

3

- 13%2 -
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TEST NO., 8 DATE 2 April 1970

RUN NO, 4

MANIFOID DIAMEYER 1 jn.
ORIFICi SPACING 1/2 in.

tiizo 19.4 °C

CAGE READING AT SURFACE fe.

e s ——— e e ——— e e _—

Upax h S,
Lfps) (V) Jeh (2 - SGo) o REMARKS

.75 .076 .528
.15 .105 .619
.75 161 .766
.75 174 .80
.75 .207 .87

IRE AT O £ g B e e B WEA Bt s e e B




TEST RO, 9
Ris NO. 1

MANLFOLYD DIAMETER 1 in.,

ORIFICE SPACIKG

g0

19.4 °¢

1/2 in.

CAGE. READING AT SUMFACE

Ulhil hY
_{fps) _

1.43
1.43
1.43
1.43

fr.

h

o) Aeh (T-786)

.17
.21
.28
.35

-— ——

DATE 7 April 1970

Q

REMARKS

.79
.877
1.015

1.130

~ 188a -
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1.63
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TEST NO.9
RUN NO. 2

MANLFOLD DIAMEYER lin.
ORIFICE SPACING 1/2 in.

tipo 19.4 °C
GAGE READING AT SURFACE

ft.

DATE 4 April 1970

Umax

Lfps)

1.15
1.15
1.15
1.15
1.15
1.15
1.15

h
“~.(_§f'.)~_ ‘.ﬁm;s u_"_ RFMARECS

.047 .405 2.84

092 .568 2.02

.146 713 1.51

192 .820 1.40

L2173 .976 1.17

331 1.075 1.11

440 1.281 .90

-~ 18sa -
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IR KR
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TEST No. 13
RUN NO. 1

MANLIFOLD DIAMETER 1 ju,
ORIFICE SPACING 1/2 in.

DATE 2 May 1970

GAGE READING AT SGRFACE ft.

Upax h - T

(fps) (ft)  /on (1 = SGq) o REMARKS
1.03 .083 .546 1.89

1.03 .129 .681 1.49

1.03 .164 .770 1.34

1.03 .193 .833 1.24

1.03 .310 1.055 .98

1.03 ,425 1.250 .82

- 190a -
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TEST NO. 13 DATE 2 May 1970 ' 3
; !
{ RUN NO. 2 :

MANIFOLD DIAMETER 1 in.
OR1F1CE SPACING 1/2 in.

tino  19.6 °C

GAGE READING AT SURFACL ft.

T S A

Unax h - . L i
_Ups) ___ (ft) /g (1 = 5Co) @  PEMARKS 1
.83 .080 .537 1.55
; .83 .169 .780 1.07 :
iy : .83 .245 .940 .88 E -
.83 .310 1.058 .79 , ?
?
3 IR
15 :
g ;
;
.
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i ] . . .
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TEST Ko, 13 7 DATE 2 May 1970
BN NO, 3

MANIFOLD DIAMETER 1 ju.
t ORIFICE SPACING  1/2 in.

Chabannnbeat 2 Tt s 2 O AT st i A G L
1

; tuzo 19.6 OC’
i GAGE READING AT SURFACL fr.

é Ynax h e e .
S (fps) _(fr) _ Jen (1 - S6) a ___RPMARES

RlEHY Y aldfd

.67 .128 .679 99
- 67 176 .795 .84
E .67 .203 .855 .78

AT FASTTN MRS Eiidly
AR e

S

Aeddb bl ibathitAa £ 0 il
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S
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TEST ho. 13 DATE 5 May 1570

KN NO. 4

MAXIFOID DIMMETER 1 de.
ORIFICE SFACING - 1/2 is.
290 19.6 °¢

GAGE. READING AT SURFACE fr.

A e e A e e S A i e . e e e At 2 o e o S T

. ' ’"ma:-f' ’ h ; ;_;.__.._._- - .
T (fps)_ (EY Aen (G -S6), |« REURES

- Fat D

126 336 - . .925

126 393 . 1. :
1.26 - © 837 . i.26 - 100

}

(hitd
LN

R EmAe et




I A T

S ARG L

Tt Al

v

-
.
$
>
3
b
.

B B Tld bl o S
; .

o b

it

HANIFOLD DitMeid

ORIF1Ch SPACHILG
. 19.6 °c -

*
Cgend
-

S MEADING AT

% I in.

iz i

srroags L
siiatracen

ft.

1.06
1.12
_ 119
+.31

1.36 - -

S May 1970

PLiE

LR b e Yo

1.13
1.16

1.05 o o f

i s iden @ el

-t




TEST MO, 10
e A, 1

DATE 14 May 1970

fr.

(£2)  Jah ti-:30) w  pRaamrs

FARIFOLD DiaMsTLR . &
ORIFILE SPACIEG 172 in.
tﬂzo 19.6 ‘C
GICL READIXG AT SUPFACE
‘?nax
Afps)
o 2.0
2.0
k. 2.0
:f .
i
%.

.438 1.46 1.3
.587 1.68 1.9
.708  © 1.85 1.8
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T

14 May 1970

TEST Lo, 10 DATE
RUYN NO, 2
MANIFOLD DIAMETER 2 in.
ORIFICE SPAGING 1/2 in.
GAGE EEADING AT SURFACE ft.
Uinarx h o Ao et e et .
(fps)  (FU S (1 Z$65) ‘o REMARKS

3.0 .632 1.746
3.0 .917 2.105
3.0 1.111 2.32

- 196a -
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14 May 1970

TQST NO.10 DATE
RUN NO. 3
MANIFOLD DIAMETER 2 in.
ORIFICE SPACING  1/2 in.
Y190 19.6 °C
GAGE READING AT SURFACE ft.
1! -l”
THId A o v et i S it
(fps) (ft)  J/gh (I - 5Go) o REMARKS
2.58 .43 1.44 1.79
2,58 .59 1.69 1.53
2.58 . 87 2,05 1.26
2.58 .98 2.18 1.18

f;‘v

- 197a -



TEST No. 11
EUN NO, 1--

MANIFOLD DIAMETER
ORIFICE SPACING
Lo 19.6 °C
GAGE READING AT SURIPFACHE

UI’L’!X

_(fps)

.62

2 in.
1/2 in.

ft.

DATE 17 May 1970

I

g

.06

REMARYS

.487

- 198s
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TEST No. 11+
RUN NO. 2

DATE May 18, 1970

MANIFOLD DIAMETER 2 in,
ORIFICE SPACING 1/2 in.
$H90 °C
GAGE READING AT SURFACL fe.
Upax b _ o
(fps) __(£r)  /eh (T =8G) . REMARKS
2.32 .076 .600
2.17 ;08 .616
1.87 .07 .575
1.42 .07 .575
.97 .05 .487
.82 .065 .555 1.48
2.32 2125 - 770
2.17 127 .776
1.87 123 763
1.42 .150 .842
.97 167 . 889 1.1
2.32 173 .904
e.37 .163 .879
1.87 .15 .842
1.42 17 .897
1.27 .26 1.10 1.15

- 199a -~
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