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ABSTRACT

Set-up of various density and viscosity oils on water’'s
surface when subjected to wind was studied analyticallv and
experimentally using a two-dimensional wind-wave channel, The
primary objective of the study was to verify the controlling
equations and establish dimensionless parameters by experimental
analysis. Analvsis of the results shows that set-up of oil is
a function of wind stress and wind generated wave action. The
empirical parameters developed allow prediction of oil set-up

when subjected to various steady state wind conditions.
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CHAPTER I

INTRODUCTION

The economical and ecological impact of recent at-sea oil
spill incidents has created an engineering requirement to design
and deploy contaimment systems capable of retaining large volumes
of oil. As a result of this requirement, 2 study was begun to
develop theoretical and empirical expressions describing the inter-
actions of wind, water and oil.

“he primary objective of this research is to study set-up
of oil by wind and to experimentally verify equations which describe
the interaction of a wind, o0il and water system., The utilization
of these equations allows predictions of the two-dimensional
set—-up of o0il on the water surface when subjected to a steady
and uniform wind, From this, it is possible to make engineering
estimates for the design of containment devices required to limit
the spread of oll on water.

Huch work has been done regarding the prediction of water
set-up by wind, both in confined bodies of water and in the open
ocean. As a result of these efforts, and by utilizing some of
the theoretical and experimental considerations developed in these

studies, it is possible to extend the theory to include the case of

The citations on the following pages follow the style of the
Journal of the iydraulic Division, Proceedings of the American
Soclety of Civil ingiuneers.




pil fleating on water.

The experiments utilized three different oils ranging in
specific gravity from 0.85 to 0.91, and kinematic viscosity from
4.3 to 388 centipoise. The viscosity was varied to determine
the oll set-up dependence on the Reynolds number. By using a
a densimetric Froude Number, based on the density ratio of the
and water, tie relationship between oil set-up, fetch, wind speed

and oil demsitv was established.



CHAPTER 1I
LITERATURE REVIEW

ilo previously published work has been found regarding the
study of oil set—up on water by wind. Set-up of oil will be
defined as the observed increase in oill thickness, floating on the
water's surface at the windward side of a barrier, at the leeward
ead of an oil fetch,

Keulegan (1) studied wind set-up of water in a closed uniform
rectangular cross section laboratory flume, 11.21 in. deep, 4.45
in. wide and approximately 65 ft long. Water depths varied from
0.79 iu. to 5.72 in. and the cross sectional average wind velocitv
ranged up to 40 ft per sec. Set-up of the water surface was
measured at various wiad velocities with the water surface smooth
and with wind generated waves. He determined that when sugar was
added (thus increasing water viscosity and density) the set-up
varied directlv as the square of the wind speed, U and was inverselv

proportional tc ths water depth h,

[38]

S a

S‘IC:

Keulegan's studies give insight into the relationship
between wind velocity, fluid surface condition and resulting
surface shear stress. This is particularly significant for fluids
of different vigcosity as will be the case when considering the

set-up of oil.



By treating Eq. 1 as a dimensionless quantity,

2
S _ AU
TS gh oot (2)

where A is an experimentally determined constant having the value,
A=3.3x 10_6, L is the water feten length, and g is gravity,
Keulegan showed that this relationship described the set-up of
water by wind whan no waves were generated on the water's surface,

In this work, Keulegan made many correlations to see if a
~relationship existed between the air and water surface velocities,
as affected by water depth and viscosity. He established the

dimensionlass relatiouship,

ug ush
—=f(-~\-}--)..-..------(3)

L]

where u is the water surface velocity and v is the water kinematic
viscosity., Through a series of testsg with varied water depth and
viscosity, and without producing waves, he showed that at Reynolds
number greater taan 1003, the ratio of the two velocities approached
a constant value, This indicated that the effects of kinematic
viscositv and depth were negligible., It was further shown that

the ratic of velocities was constant regardless of the water surface
condition, i.e., regardless of the presence of waves, Further,
reulegan showed that the constant relating the dimensionless
quantities in Eg. 3 was a coefficient equal to 7.6 x 10~& for

small Reynolds numbers. Above Reynolds number of 1000, the ratio



of the two velocities reached a limiting value of uS/U = 0.333.
In addition, Keulepan inferred from his data that this relation-
ship held when the wind velocities or water viscosity were of
such value as to nroduce waves.

A relationship was developed wherein the coefficient, A,
of Eq. 2 was expressed in terms of wind velocity instead of the
liquid surface velocity. This surface coefficient is also
independent of Reynolds number and has the value of 3.35 x 10"6.

Using this surface coefficient, Keulegan developed an equation

for surface shear stress, TS,

. . * . .

2
= Pau”
Ty EDOOBE au_ ()

wiere pa is the density of air. The coefficient 0.0037 is very
close to the accepted values of Cd (drag coefficient) for air flow
across a smooth flat plate. From Eq. 4, Keulegan developed,

nT
das s (5)

dx owgh

ds . . R ,
where Ix 18 the surface gradient, o, 1is the density of water, n

is the flow form constant, and TS is the shear stress., This
says the shear stress, acting on the water's surface, produces the

1

resulting gradient., Bv substituting Eq. 4 into 5,

P 2
ds _ Ta U
e 0.0037n EH-EEE (6)

W

it can be seen



=f(""'_:)-.....-...-(7)
w ygh

s Pa U
X
which is basically the same dimensionless form shown in Eq. 2.
Keulegan's experiments, conducted for set—up of water in

the presence of waves, indicated that there are two relationships

which governed the total set-up, S,
S=8 +8, .. ....... (8

Sl is expressed by Eq. 2 and is that part of the set-up caused
by the surface friction between the wind and the fluid, and S2
is that set-up caused by waves. He found that as the wind
velocity was increased, waves were generated (for a given fluid
viscosity) when the velocity exceeded a certain value. At that
point, there was a marked increase in the set-up. He reasoned
that

f U e fa oy
Jeb Jfen et

and when added to the set—up due to skin friction,

22

M

2 B - U )Z

S . AV _ o] 1/2
L = oh + ah x (h/L) (10)

6

where the constants A = 3,3 x 107, B = 2,08 x 107% and U, is

defined as the formula characteristic (to a particular fluid)
velocity at which wave generation occurs. By analyzing 82 for
ligquids of various viscosities and pleotting 52 versus wind

velocity, a family of curves was generated, each of which re~



presents the viscosity of a liquid. However, what was shown to
be significant, was that the slope of the family of lines was
nearly the same, thus indicating that the constant B, in Eq. 10,
is unaffected by wiscosity. In summary, Keulegan said that the
only effect of the increase in viscosity of a liquid was to
increase the formula characteristic veleocityv, Uo of Eq. 11. The
result of this therefore, is to increase the total set-up
observed for a given wind when the kinematic viscosity of the
liquid is decreased.

By observing the beginning of wave formation, Keulegan
attempted to determine a critical velocity, UC at which waves

were generated. He fcound the relatienship to be,

gp_v
U, = 16.2( p”-—)1/3 A 6 5 )|

a

In relating this critical velocity to the formula characteristic

velocity, Uo’ he siowed,

go_ v
U = 21.0(—2 )1/3 R ¢ 23|
o P

a

wihich verifies the previous statement that total set-up is a
function of two forms of set-up, one independent of, and the
other dependent on the liquid’'s viscosity.

Van Dorn (2) conducted tests to determine the set-up of
water by wind in an 800-ft model-yacht pond. His tests were
modeled closely after the studies conducted by Keulegan in the 60-ft

laboratory cuanunel as discussed above. In his paper, Van Dorn



proposad equations similar to Eq. 10 for set-up caused by surface
friction and by waves. Essentially Van Dorn proposed that the set~

up due to waves was,

L Lot « o L8
S o and S, po S 5 )

where « and B are empirical wind stress parameters for water
surface without and with waves respectively. 1In evaluating a, B,

and ¥ Van Dorn was able to reach agreement between his

eritical’
work,under field conditions, and those obtained by Keulegan in
tie laboratory. This was achieved by selecting the elevations
above the pond at which to measure the wind velocity.

Van Dorn could see no physical change in the water's
surface when the critical velocity was reached. Howewer, by
comparing his results with those of Keulegan, he concluded that
the water surface velocity both in the laboratory and in the
open pond were equal when tiie critical wind velocity was reached
in either case. From this he concluded that the surface stress
is dependent on a "specific' value of the surface current and is
therefore independent of scale.

In looking only at wind stress over smooth water, Van Dorn
siowed that,

T =y " U . .. 00000 (18)

] 2 2
where y° =(pwfpa) n~. Using a value of 32, taken at an elevation

of 25 cm, the elsvation at which closest agreement was reached



)
with Keulegan's data, it was shown that v~ = 0.0037 and therefere

- 2 |
To=37x 10 . vt L L s

This coefficlent, deternined from field data, 1is the same as the
one in Eq. 2 as developed by Heulegan.

Qualitative observations were made b Van Dorn to suppert
nis relationship for total stress when the water surface was
rough. e proposed

Y 3

. 2 L2 o2 e
P =p @ U 4o &(» -T2 ., ., .. 16
5 W w c

waica is a combination of the stresses developed for water that is
smooth and rough and is similar to the Eg, 10 and 13, the former
developed by Keulegan. Van Dorn's cbservations were that the
water surface current was not decreased when soap was added to
reduce wave action. In addition, when there was seap on the sur-
face, a very sinarp velocity gradient exisred from the surface,
below wihich there was a low speed area of motion which was steady
and horizontal. With waves however, the water moved in typical
orbital motion with a mean horizental velocity that was roughly
independent of depth. His conclusion was that the waves themselves.
caused by the wind, irncreased the transport, thus the set-up of
the water with waves was greater than the sat-up without waves.
Vaa Dorn also attempted to measure bottom stress bv use of
a pressure disc roughened to approximate the bottom roughness of

tne pond. bBorttonn stress measurements vere recorded for a wide



range of wind speeds, up to 10 m/sec, and no stress was recorded.
The lower value for measurement of stress. as limited by tae
instrument used, was (.1 dynes/cm2 and it was concluded that the
bottom stress was negligible when compared to the magnitude of
surface stress,

Wilson (3) made a correlation of drag coefficients for set-up
by wind for sork that had been done prior to 1960. Through the
use of the Xarman—-Prandtl equation for vertical velocity distri-
bution, he achieved wvalues for a drag coefficient which were
related to a common height above the water's surface.

Using the results of Keulegan (1}, which indicated the need
for considering set-up as a combination of events resulting from
surface friction and waves, Wilson indicated that the surface

stress TS was,
2

TS =k P - ).

in which k is a constant., WNeglecting bottom friction, the set-up

should then be,

T £
| ¥}

at low wind speeds.

Using Eq. 19, Wilson wrote,

U 12
E;+B(1 -«—C)2 (-'}1)1/"‘]E~ ... (19

it

s

4] L

i which

..._
A
]

U 1
‘ E+B(1 —-1;9)2 (%)1/2]. e e e . LD
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As the drag coefficient C, equals k(pw/pa), and using h/L between
0.0021 and 0.0076, o /o = 8.51 x 10 (at 20°C and 1013 mb pressure),

and Keulegan's values for A and B, Wilson found
U

3 4 (8.15 to 15.2) x 1073 (1 - 59)2. (21)

0= =
¢4 2.81 x 10

Using the Karman—-Prandtl relationship,

3] 1 z
el (22)

U
* 0
where U is the wind speed at z, U, is the shear velocity defined
as Tr/Pa , ko is the Karman constant taken as 0.40, and z is

the equivalent rouzhness height at which the logarithmic velocity

ptofile is zero for a stationmary surface, Wilson states,

U, = U /cd e e e e e e e e s 12D

and, therefore,

cd"”2 = o asmE L. .. ... 8
L* z
Q

The purpose of Wilson's work was to relate values of Cd for

varicus elevations., Assuming there was a relationship for Cd

at zo, zl, z2, etc., he concluded that
z
[c ]‘1/2 ~ [C ]'1/2 =2.51n~2. .. (25)
d 2 d ’ zl
2 1
or
-— 9 z -
1% = 2.5 1n N (0 ke T
22 1 zl

Assuming that Keulegan took his measurements at 10 cm, Wilson



developed,

-1/2 (cd)“l/2 + 1S5 L L. L 2T

10m J.1n
Then, using Keulepan's results and calculating for prototype

condirions, i.c. surface wind speeds taken at 10 meters, Wilson

found, for low wind speeds,

. a -3 "
(Ld)lom = 1.1 x 13 e e e e e e (28D
and for high wind speeds,
-3
: = 2. 2. . e .. (2
(Ld)IOm 2 ro 8 x 10 (293

Wilso: then used Yq. 26 to calculate values for Cd for all

experimental work done prior to 1960 and relate them to a specific
elevation, i.e. 10 meters. The results of his work were that for

light winds, Cd = 1.49 x 10-3, with a standard deviation of 0.86 x

10_3. For strong winds, Cd = 2,37 x JUHB with a standard deviation

-1
of 0.56 x 10 ", 1In addition, he concluded that between light

, increases from about 1.5 x ].0—3 to 2.4 x 10“3

and strong winds, Cd

in a non-linear fashion, becoming asymptotic for very high
velocities,

Reid and Bodine (4}, in their predlction of storm surge
.~ Galveston Bav, utilized the drag coefficients presented by Van
forn (3), in calculating wind stress components. Utilizing an
air density to water density ratio of 1.2 = 10"3 and a resistance
(Cd) coefficient of 3.0 x 10_3, thev calculated k = 3.6 x 10—6,

which they used as an upper limit for high wind speeds.
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Using data from Hurricane Carla to calibrate their method of
predicting surge, the computed surge was found to be in close
agreement with the actual record of water levels in the Galveston
Bay area during the storm.

Bretschneider (5), recommended using a value of k = 3.3 x 10_6
for a wind stress coefficient in predicting wind set-up by 2
synthetie hurricane in Corpus Christi Bay. This value was deriverd
from

T
k= 0+ x30x107°=3.32107° . .. (30)

where Tb/Tq = 0,1, taken from Saville's (6) studies at Lake

COkeechobee, and T is the bottom stress and Ts is gurface stress.

b
The dimensionless coefficient, 3.0 x 10-6 was alsc determined
experimentally by Saville (&) in his work at Lake Okeechobee,.
Vhen Bretschnelider used the value of k¥ = 3,0 x 10—6 to
determine a predicted wind set—up at Port Aransas, the predicted
value was close to the observed values obtained by calibration of
his method using Hurricane Carla. Bretschneider indicated that
the variation in the values of k depended on the type of bottom
conditions and water depth encountered at the area of interest.
Another approach to determine the shear stress of wind
over a moving surface is that taken by experimenters in studyilng
movement of sand by wind. Belly (7) in his work on "Sand Move-

ment by Wind'' utilized the Karman-Prandtl relationship to determine

the shear stress required for sand motion by wind action. Taking
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a value of 0.40 for k the Karman constant, the Karman equation

was expressed as

e 575102 . . . . .. .. 3D
U* Z
[0}

where z is a roughness factor associated with the sand grain
diameter,

When Belly plotted wind velocity profiles versus z on semi-
log paper, the velocity distributions remained as straight lines
and met at a common point or "focus". The height of the fecus,
z, was described as a function of the surface roughness and sand
grain diameter.

In an earlier work, Horikawa and Shen (8) used the same
telationship and achieved similar results. They made the point
that the Prandtl equation holds good when wind conditions do mnot
create sand motion. When the wind becomes strong enough to cause
motion, the profile of the wind is changed, which causes the
distribution to concentrate at the "focus' or focal point. They
said that to express this, the Karman equation should be stated,

as originally attributed to Bagnold (9), as follows,

U =1, 5.75 log fw +U" . ... ... (3D

in which z' and (' describe the conditions at the focal point.
Using their techniques, by plotting the wind velocity profile
on semi-log paper it is possible to determine the value for v, for

a given wind speed and surface conditiom. As U, = ’I‘S/pa , it is



possible to determine values for the surface shear stress. Recalling
that Xeulegan used the surface shear stress Ts = constant x °. Uz,
{(Eq. 4), and that tha constant he found was very nearly that for Cd'
the drag coefficient associated with air across a smooth flat

plate, it follows that it is possible to determine C, for anv

d
surface condition by measuring and plotting the wind velocity
profile.

From the foregeoing, it can be seen that the use of a gimilar
wind stress coefficient has predominated. Additionally, there are
neans for relating meaningful stress coefficients to any height, at
rich wind measurements could be taken. From this work accurate
prediction of wind set-up of water has been achieved. Further, by
relating all the data for stress coefficients to a similar point of
measurement of wind velocity, a form of universal constant becomes

evident, The developed constants therefore give confidence for

their use in predicting the set-up of oil on water.



CHAPTER III
THEORETICAL CONSIDERATIONS

The theoretical relationships required to describe the effects
of wind stress and the subsequent set—up of oil against a barrier
can be developed in several ways. One method involves use of
the tavier-Stokes equations of motion. A similar but less
sophitisticated approach involves the use of a contreol volume of
0il and water on which a two-dimensional summation of horizontal
forces can be conducted. A third, and more general method, requires
dimensional analysis of the significant parameters in an air-oll-
water asystem. Each of these developments will be summarized here,
along with the assumptions required to make solution of the problem

more tenable.

Equations of Motion

The lNavier-Stokes equations for an incompressible Newtonian
fluid {an oil in this case), with non-varying density and viscosity,
in a uniform gravitational field, assuming two-dimensional flow,

can be written

3P azu 82u
Po B "o PHolmZ YAl TR A e - O

d
P g === +u [E~§-+ %*%] =p a . . ... (34)



where:
Ko = the oll viscosity,
P = r.uid pressure,
w, ¥ = fluid velocities in the x - and z - directions,
a. a = tae gntal fluid accelerations in the x - and z -
directions, and
Byt B, = gravity constant in the x - and z - directions,

For the case of o0il floating on water, it us assumed that

steady state conditions will exist,

state is ostaligherd,

Becausa of the low liquid velocities which exist when steady

be neplectod.  Hence,

and

oll is set-up against the Larrier.

a =

3]

Ba. 33 aad 34 can now

Tie surface curvature

fore,

du su

s
sty ek — =0,
At u ax ’ Az ¢
aw ow Ju

+ — + T = s
p PR TV, S0

be written,

SP 3w 8
gj'+ u [5”;'+ Ehg] =0 .

and displacement will be

—=0. ... ...

X

rthe convective acceleration terms can also

« .o {35)
« « . (36)
v .. (37D
. e .. (38)

small when the

It is assumed that w=0, there-

e . e (39

17



and

L N 0103

and Eg. 38 beconmes

o

)
g—zpo..........(al)

o}
o2

As uniform conditions exist, and thus

du
_— = 4
3 O . . . . 0 e e v e (!2)

and the last term in Eq. 37 becomes

82u

3 Ju
0[3;2] = SEIUG(SE'] e v e e e e . (43)
As,
= (U
T= 11o(az)
where T Is the shear stress in the fluid, Eq. 37 can be
written
oP 9T _
pogx—g-a——o........ (44)
Assuming the system is a horizontal plane, By is zero.
Therefore,
3P | 3T _
“Bx+azﬁ0..'..'..-(45)
Integrating Eq. 41 between z = 0 and z = dox (the o1l depth)
at x,
P = Py B, dox e e e e e e e s (46)

Substituting into Eq. 453, vields



oxX oT
"po gz ax + 8z 0

or,

adox 1
pwn E}é’;............(&?)

Multiplying both sides by 9z, and again integrating with

respect to z, between 0 and do’ the result is,

Bdo 1
Qggh)do = E;E-(Tdo - TO) Y €1:))

As adolax is the ratio of the change in the 0il depth to the
length along the c¢il fetch, and T can be expressed in terms of,
s’ o

T = (TS + Tb), where it is assumed (as before) Tb << T, T

can be neglected from £q. 48. Eq. 48 can now be integrated to

yield
do Ts
Gif)do = F;E B (1)

where ‘1‘q is independent of x.
The surface shear stress can be written

T . =2C Pa U .. 000 o v (50

where C 13 the wind stress coefficient. Substituting

2 - 2 I & 2

and dividing by the oll fetch length L,

d 2 2C p Uz
0 a

- =
L po el

19



or

e D)

Considering the air-oil-water system, it 1s correct to
replace the gravity term with a densimetric gravity based on the
ratio of the buoyant forece to the unit mass of the oll, expressed

das

?o
g = el - =) . ... . 0. .o, 05D

and substituting, where,

c' = Ei C
Pu
or
DV
c=c' E;i T 1)

d 2C'p 1/2
-I:-‘l=[ "] X = L. (55)

Tuls expression says that,

{r___ e e e e e e e (56)
g'L

To determine the functional relationship, it is necessary to
determine the set-up of oil do’ for a given oil length L, and

wind speed U, and expresgs them as described above,



Control Volume

Jr. R. M. Sorensen of Texas A&M University developed the
following simplified approach for predicting the wind set-up
of oll against a barrier, His development was part of the research
conducted by Texas A&M Universitv while under contract to the U,S,
Coast Guard for the development of an oil containment system
during the period December 1969 to June 1970,

Peferring to Fig. 1, assume an oil-water system as shown,
which represent a two—-dimensional control volume. A summation of
the forces acting on the volume may be accomplished in the x -
direction.

The previous assumptions can be applied, and the acceleration
terms either neglected or assuned to be zero. The resulting
equation. is

LF =F +(T_+T)L-F =0.....(5)

3 0
where;
Fw = force on the left of the control volume
FO = the force on the right and,
L = otl fetch length.

At the barrier, it can be gseen from hydrostatics that,

or

= d S 123
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wnere:
do = o0il depth
dw = watar depth to the beottom of the oil wedge
o, = 0il mass density

Note, that the increase in the surface level at the barrier
1 - Bq. i i - =
is do dw and from Eq. 58, the increase is d0 do(pofpw)
1 - :
a (1-p /o)
Assuming that

T+ T, = KT,

where K is a numerical congtant, and as before, Tb < < Ts’ it «

follows directly that,
K=21.0. .. .0 0 v v o (59

Keulegan (1), Van Dorn (2), and Bretschneider (3) have
shown that the bottom stress is considerably less than the surface
stress and, as before, is negligibkle.

Assuming a unit width for the control velume, the forces

1 = l/ (p g d 7 ) - . L - (60)
2 . - L) Ll . 4

and

~ . 2
Fo = 1/2(p0g do ) (2 8

Substituting into Eq. 57 yields,



2 2
1/2(owg dw } + K TS L - l/Z(pOg d0 Y=0. . .(62)

2
= 1 < i
and using T_ = C p_ v, d d, pofpw and rearranging,

W

2
2KC p. UL
d(‘) = [-——E,——-—D——]ljz . » . ¥ . - " (63)
o
p el - =)

P
w

Since g' = g(l - pD/;:w), this becomes,

o

(o
- R AT Y SN VI
L-[z.«;p] A (1))

b g'L
which is the same as Eq. 55. As before, plotting the dimensionless
terms dofL versus U/\/ETi_will result in a curve which allows
evaluation of the wind stress coefficient, C.

The relationship developed is independent of fluid viscosity
and is therefore independent of Reynolds number. It is believed,
however, that Peynolds number and hence, fluid viscosity play
an important role in the development of waves in the liquid. If
waves are developed, the set-up can be expressed as a two-part
phenomenon. The set-up will occur due to wind stress on the
liquid surface and because of the transport phenomenon in the

wind generated waves., The total oil set-up can then be expressed,

d =d +d e e e e e e e . (65)
0 o o
t W

where:

dO = the total oil set~up
t



do = the sct-up due to waves.
W
It is nelieved that d0 can be expressed similarly to d_or,
-
W

P
4 = [_nﬁ_‘_"_]l/‘?

L
O g po

(U - UC) B (-1

here B iz a numerical constant wihich relates the viscosity of
tie fluid to UC, the critical wind speed at which waves are
renerated in rie fluid. B will be called the wind-~wave stress
roefficient.,

Rearrvansing,

d

O P P

% 2 7,172 2
s ER My BBy e
@t B Py & Py

- . , 1/2 .
and takxing tie derivative of do /(1) / with respect to U, or,

W

d
OW )
d (=7
oy 172 o
__ (L) _ 2B ,w, . 1/2
B b (E;)] P (1:))

Plotting the left-~-hand term should result in a curve (or a

straight line if the exponent is correct), the slope of which

is the right~hand term. Tais will allow determination of the

constant B,

"o determine the value of do s plot the total set-up, dr,
o .
using tha yelationship expressed by Eq. 64, When the values begin

to depart from the curve, expressed by that relationship, it will
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be because an additional set-up has occurred, i.e. the waves
generated in the liquid have created an additional oil depth. The

0il set-up due to waves, do is that depth greater than do’ or
v
do = do - do. using the wind speed, which generated dO » and
t

W t
calculating do i(L)l/z, L being the fetch length associated with
W
d0 y . 686 can be plotted,
t

The equation for the total set-up of o0il can now be written,

2KC pW UZ L
d = | § 1

o
¢ Py B

172 2BLeg 1/

]

+ [

0 (U - 1) (69)

where UC is that wind speed associated with a given oil, at which
set-up due to wave motion begins and Uc is determined from the
plot of Eq. 68 where do = {,

W

The set~up of oil can be related to the wind shear velocity,

U

% Substituting the shear stress, T Cop UZ, and the oil
S w

density written as

p=Gp e ¢4t}

wvhere G is a constant, into Eq. 64, for a given oil the result

is
do 2K Ts
== ... ... D
L]
i G pag L
and m
4
_8
d p
o 2K
L_ = a —‘CT . 4 4 a2 s s s oa . (?2)
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The shear velocity is expressed

St e e e e (73)

therefore,

d U, K
_I:._ = - 'G_ . . » . - - . . L3 (?4‘)
gL

This is another method of expressing the original development

and provides a means for checking the validity of the wind velocity
profiles.

Dimensional Analysis

The dimensional analysis of the air-oil-water system encountered

in the set-up of oil by wind can be conducted using the following

significant variables,

d_ = £(L, U, g"lio’cb’ pa. e e (75
or

1 T
f (do, L, U, g™ u s Bs Py o (76)

if a mass-length-time aystem 1s considered, it can be seen there
will be (0" - m) = (7 - 3) = 47 terms.

Selecting L, U, and P, as repeating variables, Buckingham 7

dimensional analvsis leads to

d ULp P
-T_-9-=f UD' y s ("'E')l/z

0 g'L %o
This development shows that the oil depth to oil fetch length

7



ratio 1s a function of Froude and Revnolds numbers and a ratio
of the densities. This is as expected because as was previously
stated, the set-up occurs in two phases, i,e. due to wind stress,
where tne Froude effects are important because of the gravity
acting on the less dense (than water) oil, and due to waves
creating the additional set-up. The latter phenomenon is a
function of Reynolds number (and therefore viscosity). In this
case it has been observed that the wind speed at which waves are
initiated in the fluid is a function of viscosity and therefore,
Reynolds number,

From Eq. 63,

d =d +d4 .
o o o
t W

Eq. 77 can be arranged,

uL?e o
a +d = £ —, &yl/2 U,L(—E)l/%} e e e L (78)
W H O g OO
wWhen d = 0, the result is that
OW
Pw.l/2 L \1/2
d = A T S | B /")
o Py g

if the viscous effects can be neglected when U < Uc, and where A

is a constant of proportionality. This is similar to Eq, 63, when,

A= [2KC]1/2 A € - 10)

Whend =0 and U > U,
Q ¢

a =&t
Y g
W

U - Uc) e e e e . (8D

28



where B' is a functional constant of proportionality relating the
viscosity o and the critical velocity UC. Rearranging Eq. 81

and taking the derivative with respect to U,

d
OW
Ad{(~——F5)
(uyt/? B Py 1/2 .
i = ) O € 73
' e
J&g o
and, if as before,
B = (2812 L. (83
the expression is,
d
Oy
d——73) "
dU po g' - - . L] - - - -

the same as Eq. 68.

The sigrnificance of the foregoing discussion 1s that three
approacnes can bPe used resulting in the same expression for oil
set-up., This research will then be conducted so as to measure
tie two-dimensional set-up of oil and to determine the empirical
congtants, developed above, which relate the dimensionless terms.

The term dO/L is a dimensionless ratio in which d0 is used

x
for d0 and x for L. The dimensionless ratic would then be,

dox Y € 53

X
where the depth of oil at any point dox’ and at any fetch length

X, from the begioning of the oil wedge, is defined. This is
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possible by treating the cross-section along x as a two-dimensional
system and applying the relationships developed herein. Eq. 69

for the total oil set-up could therefore be written,

a
r [ end n
2KC Py [ ¢ 1/2 2B x €y 1/2
d =1 Y 1 + [“““1‘};4
X o g o

v —Uc) . - . (86)

which describes the o0il set-up at any point along a two-dimemnsional
cross—-section of an o0il wedge contained by a barrier.
Eq. 86 indicates that the top and bottom surfaces of the oil

wedge are parabolic in shape. For a unit width of oil, the total

oil volume V, is, L
‘J = Ugdo dx L T S T T T (87)
x
or -
2.3 3
2KC p UL 2BL” p
1
veo23— Y M2 M2 g u ) (ss)
Po B Py B c

Comparing this to Eq. 69, the volume is seen to be,

v =2/3 d L. . (89)

To determine the oll thickness set-up against a barrier
requires knowledge of the volume of oil on the water’'s surface and
the geometric shape of the barrier. From this, calculation of the

o0il depth at any point alomg the barrier can be accomplished.



CHAPTER IV

EXPERIMENTAL PROCEDURE

Equipment Arrangement

The work for this investigation was conducted in the two-
dimensional wind-wave channel located in the Hydromechanics
Laboratory at Texas A&! University. The channel is 120 ft long,

3 ft deep and 2 ft wide. The bottom is a flat steel plate welded

on a large wide flange section for support above the laboratory
concrete floor. The walls of the channel are constructed of 3/8

in. thick glass panels held in place by steel T-sections. The

glass panels allow maximum visibility within the tank. The tank

is equipped with a pendulum-type wave generator, and a wave absorber
conatructed of impermeable steel plates faced with perforated
aluminum sheets. These latter features were not required for

this investigation.

The wave tank was covered by 25 in, x 48 in. plywood sheets.
The seams of tie plywood sheets were sealed with masking tape to
prevent air from entering. One end of the wave tank has a
vertically adjustable filtered air intake, which can be lowered to
bring air into the tank parallel to any water surface level not
more than 18 in. from the top. The other end of the tank terminates
at one of the outside walls of the laboratory through which

air is removed from the tank by a centrifugal blower located outside



the laboratory building. A general arrangement of the tank 1s
shown in Fig, 2.

It was unecessary to construct barriers to contain the oil
withln a specific section of the wind-wave channel. These barriers
were located approximately 75 ft apart. The downwind barrier was
about 70 feet from the air intake. The barriers were necessary to
insure the volume of oil tested was constant from one run to the
next, to minimize the amount of oil getting into the wave absorbers
and to insure a sufficient fetch length was available to contain
a representative velume of oil. In addition, it was discovered
the oil would dissolve the sealant used around the glass panels
and, therefore, by containiang the o0il in a smaller portion of the
tank, this risk was minimized. The barriers were constructed
of 1/2 in. plywood,backed by an aluminum frame. Soft rubber
strips were attached in layers at the ends of the barrier to act
as oil seals aleong the glass walls. The barriers were held in
position by 3/4 in. threaded steel rods screwed into nuts welded
to the tank bottom. A brace across the tank top secured the rods
at the top to allow lateral adjustment. This arrangement allowed
the barriers to be fully adjustable vertically and laterally, and
it was possible, therefore, to minimize the profile at the downwind
barrier and allow it to be of sufficient heipght to contain the oil
set~-up.

The downwind barrier had wave absorbers attached te its face
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to minimize wave reflections and thus to prevent standing waves
from being established in the oil. Tae wave absorbers were con-
structed of wire screen and contained gravel larger than the wire
meshi, winich provided the wave attenuation desired. The absorbers
were made in 1 {t lomg, triangular-shaped sections, and two were
huug on tiie barrier face after all height adjustment had been made
and the barrier secured. The absorbers proved very convenient to
work with and were effective to the point that no standing wave
was observed throughout the testing, regardless of the wave height
generated by the wind.

One inch diameter holes were drilled in the center of the
tank covers to allow access of point gauges for measuring the
0il thickness. The holes were drilled in the tank covers
approximately ten feet apart, along the length of the tank. They
extended up wind from the barrier approximately 55 ft. beginning
at a point 5 ft upwind of the barrier, The exact location of the
hloles with respect to the barrier for each set of runs is shown
in Table 1.

The wind-wave channel has a steel track mounted along the top
of each wall on which there is a rolling carriage. A movable point
gauge staff was mounted on the carriage and, for each run, was
rolled to a position over each of the holes in the tank top. This
permitted measurement of the oil thickness with relative ease and
eliminated the nead for a fixed reference point at each measurement

position.
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A fixed point gauge was placed at the position nearest the
barrier. This was necessary because the pitot tube (used for wind
velocity measurement) was placed just up wind of this position
and interfered with the carriage motion.

It was observed that the action of the wind in front of the
barrier created a depression in the oil surface and, therefore,
the number ome position for measuring the oil depth was placed 5
ft up-wind of the barrier.

In order to measure the thickness of the oil wedge, it was
found that, for test runs in which waves were generated, 1t was
necessary to construct stilling wells which would dampen the wave
motion and produce a still oil level. The stilling basins were
construction of 1.5 in. I.D., plexiglas tubing. A series of holes
were drilled along a vertical line along the tube at a level which
coincided with the o0il level in the tank. The stilling tubes were
ingerted in a short section of pipe welded to steel plates. The
plates were used as wéights and positioned on the tank bottom under
the holes in the tank covers. This arrangement was most satisfac-
tory and, when the tubes filled with water and oil, they gave a
means of accurately measuring the o0il (and water) levels in the
tank., The size of the holes drilled in the tubes was increased in
proportion to the ¢il viscosity to provide the necegsary damping of
the wave motion. Stilling wells were not required for the tests

with the most viscous oil (kinematic viscosity - 388 centistokes).
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The thickness of the oil in the stilling wells was measured
by the point gauge along the center line of the tank. This
measurement was verified by measuring the ¢il thickness at the
side of thne tank. This was done with a scale placed on the glass
tank wall wnich permitted a direct reading of the o0il thickness.
This varification was not possible when waves were generated in
the oil as the motion prevented an accurate determination with
the ruler.

Because of the surface action of the waves, it was difficult
to see wiren the point gange was in contgct with the oil and oil-
water surface in tne stilling wells. To facilitate seeing, a
strong light was mounted on the point gauge carriage and positioned
so that it provided a light shining through the oil. With this
arrangement, when the point gauge touched the oil surfaces, the
distortion of the surface diffracted the light and thus gave good
(and repeatable) indication of the point gauge positfon. A
fixed light was put behind the stilling basin under the fixed
point gauge at position number one for the same reasons.

A metal measuring tape secured to the tank cover was used

to measure distances along the tank.

Water Conditions

The tank was filled with 18 inches of fresh water during
the tests on tne first oil. After the water was established at

this level, the oil was added in 55 gallon (one drum) imcrements.
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By adjusting the quantity of water in the tank, there was approx-
imately 18 in. total depth at all times.

To lessen the effect of the tank covers on the wind profile
during the conduct of the tests on the last two oils, the water

and o0il level was maintained at 14 in. above the tank bottom.

0il Ccunditions

The suggested range of oil fluid properties was predicted
by the possibilities of the types of oils that might be encountered
by a prototype oll containment system. The suggested (10} range
of properties for this investigation were,

Specific gravity: 0.75 -~ 0.95
Absolute viscosity: 1 - 500 centipoise

A search was made to determine which commercially available
oils could be obtained easily and in the gquantities desired. The
three oils used are listed in Table 2.

Each test series consisted of placing one, twe or three
barrels (55 gallons each) of one of the oils into the wind-wave
tank, The still oil depth for each volume was approximately 0,040
ft, 0,090 ft, and 0.140 ft. After each volume of oil was
tested, or at the end of a day of testing, an oil sample was taken
from the tank and tested for its fluid properties, i.e., density
using a calibrated hydrometer, aund viscosity using a Saybolt or
Furol viscometer, The results of these tests are shown in Table 2,

along with the commercial name of the oil.



Table 2 0il Properties
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Test Hlame Viscosity, 60°F Speclfic Gravity
o, (Centipoise) 60°F
1 Chevron RP¥ Delo 388 0.888
Special
2 Gulf Diesel 0il 3.8 0.858
3 Shell Legion 43 96 0.911
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The properties shown are averages of the tests conducted for
each volume, Little, if any, variation in the properties of the
0il was noted from test to test.

The selection of the rest oils was an attempt to cover the
range of density and viscosity specified. Although the full
range of fluid properties was not covered, the range is considered
sufficient to show that the basic equations developed for predicting

the oils"' behavior have been verified.

Pitor Tube and Manometer

Wind velocities were measured with a pitot tube attached to
a movable point gauge staff. The pitot tube was connected with
flexible tubing to an inelined air-water manometer. The slope
of the manometer was adjusted to 1:48 with a carpenter's level,

The manometer was mounted on an adjustable base which allowed
securing the base after bringing the manoweter to the correct slape
prior to commencement of each run.

Calculation of the wind speed for a given deflection of the
manometer liquid level utilized Bernoculli's equatiom.

For each test run, the pitot tube was set a known distance
above the surface of the undisturbed oil level and wind velcecities
were taken at 0.1 ft intervals along a vertical line at the tank
centerline. The position of the pitot tube was 5 ft up wind of the

lown wind oil barrier and directly in front of the oil depth gauge,



position No., 1.

To gain better understanding of the wind patterns that existed
in the wind-wave tank, a series of cross-section velocity profiles
was taken at the down wind positiom described above and at
positions 25 and 45 ft up wind from the barrier. Similar blower
settings were used at eacli position and isovel patterns were
taken for low, medium and high wind velocities. Additional dis-
cussion of this procedure will be made later in the chapter and
in Chapter V, as the isovel patterns were incorporated in the
reduction of wind velocity data to account for the wind patterns

and borizontal velocity gradients which existed.

Wind Velocity Determination

The nse of an air-water inclined manometer, to measure the
pressure differential in the pitot tube, required a means of con-
verting the vertical deflection of the manometer to wind speed.
Bernoulli's equations, with elimination of elevation terms

(neglected due to relative weight of ailr to water)}, is

2
P

]
o

+§'§'—........(90)

%o

=
Ta

P = the stagnation pressure, Iin ft of air,

s
P, = the free stream pressure, in ft of air,
Y, = the specific weight of air, and

U = the wind speed in the tank.



The slope, S of the manometer water column is,

5 = iﬁfﬁi}?fh O 42
wiere:
R = horizontal manometer deflection
H = the vertical rise in the water level
8 = the angle whose tangent is 1/48 or = 0,0,
Therefore, Cos 2 = 1,0

and we can assume,

_H
S_Ra

For our use where the slope was 1l:48 we have

B_1
R 48
or
R
H Zg.

As the differential pressure in the pitot tube is the same as

the water colurnt rising the distance H,

Substituting in to Eq. 90,

2
vy
R _ a
48 Yw = Zg - . 2 s s (93)
or
Y 2gR 179
P AR 72"
U = (Ya 8 ) e e e e e . (88

Using Y, = 1.936 slugs/fts, Y, = 2,37 x 10"'3 slugs/ft3, and

42



g = 32.17 ft/sec2 and expressing R in inches, the wind velocity,

fps, is

U = 9.51 L e e e e e e (95

This relationship was used through the research to compute
the wind velocitv, U, in the tank. Care was taken to insure the
slope of the manometer remained at 1:43 and to correct R for any
initial manometer deflection which existed due to the manometer
tubes being tilted out of the sume longitudinal plane or due to
residual air motion in tihe tanx.

he pitot tube was moved in 0.1 ft increments from the under-

side of the tank covers to a position as close to the disturbed
pil surface level as was possible, depending on the surface
condition of the oil. t each incremental position, a manometer
deflection was taken and the wind speed calculated. Representative
profiles of these readings are shown in Figs, 3, 4 and 5. 1In
addition, complete wind velocity profile data are included in
Appendix 1.

Tc insure that the centerline wind velocity profiles were an
accurate representation of tiae wind creating the surface stress
and causing tha set-up of oil, it was felt that a correction factor
should be applie! for it was “nown that the wind profiles across
the tank would not be uniform. Ti:is is because the walls of
the tank represent a boundary where the wind velocity is zero.

Consequently, a gradient must exist. In addition, it was generally

41
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recognized that the ultimate success of this research would depend
greatly on the ability to determine the wind speed wihich created
the stress producing tie observed oil set-up. A wind profile was
provided by the U.S. Coast Guard to be used as a criteria for
designing an oil spill containment system. The profile provided
the normally accepted relationship for surface boundary layer
conditions over water and provided a design wind speed at 10 meters
above the water's surface. It was, therefore, necessary to insure
the observed wind profiles were representative of the stress
causing the oil to set-up against a barrier. Once this stress
parameter was determined, use of the Karman—-Prandtl relationships
would provide the wind speed required to determine anticipated oil
set~up.

In a large, open, three-dimensional system, it would be
possible to relate directly points on the deaign profiles and
those achieved in the laboratory. However, in a closed system,
such as used in this research, it was believed that a correction
factor was required.

It was known that boundary layers would occur at the walls
and the top of the tank and that the size and shape of these
boundary layers would effect the wind stress fsausing the set-up
of the oil. To correct for these boundary layers, isovel patterns
were taken at three wind speeds which covered the range of wind

velocities used. Examples of the isovels can be seen in Figs. 6 and
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7. 01l surface conditions were duplicgfed during these tests and
the water depths used were the same as during the actual testing
for the oil set-up.

After determining the wind speed at the three positions
mentioned earlier, the RMS (root mean square) value for each
elevation in the tank {from the o0il surface to the tank top) was
calculated (See Fig. 8). Then, for a given wind speed, the .
vertical profile of RMS wind speed was compared to the actual center~
line velocity for the same wind speed (See Fig. 9). The mean
variation between the profiles (RMS versus centerline) was deter-
mined for the three different tank positions and the average
variation was plotted as a function of wind speed. From these
plots it was possible to extract a correction factor to apply to
the centerline velocity profiles taken during testing of the oil.

Generally, below wind speeds of 30-35 fps the correction
factor was less than unity, but ranged up to 1.05 for the lower
wind speeds. Above 35 fps the correction factor went down as low
as 0,80,

Having determined a means for correcting the observed center-
line wind speed, it was then possible to proceed with calculating
and plotting the dimensionless terms which represented the oil

set-up,

011 Measurement

The use of five positions for measurement of the oil thickness
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allowed determination of the profile of the oil wedge floating on
the water. The thickness of the oil, plotted against the herizontal
distance along the oil's fetch length, shows the general shape

of the oil wedge. As the wind set the oil up against the barrier,
thne fetch lenpgta becamne shorter and the oil thickness, at the down
wind positions, became graater. For the oll volumes used, no

fever than two thicknesses were taken for each wind speed. Several
of the runs are plotted in Figs. 20, 21 and 22, and all data taken
for oil depth versus oil fetch length are shown in Appendix 2.

The oil feteh length measurement was that distance from
position anumber one to the point where the oil wedge began. It
was noted that for steady state couditions the oll wedge had a
tendency to surge back and forth, No explanation could be found
for this action except that possibly the power supply to the blower,
which created the wind velocities, was unregulated and power surges
in the electrical supply in the building caused the fan speed to
vary. Also, when the wind outside the building was gusting, it
could possibly have affected the pressure differential across the
fan and, therebv, varied the air discharge rate.

To minimize the effects the surging of the oil might have on
tie data, the ¢il fetch length was always measured when 1t was
believed it had reached a maximum set-~up, or minimum fetch length.
To insure that thickness measurements would coincide with the fetch

length measurements, the thickness was measured when it appeared



to surge to the largest value. The general procedure used during
the conduct of the experiment was: to establish the desired wind
velocity in the wind-wave tank; take velocity profiles, while

giving the oll time to establish an equilibrium set-up condition;

and then take oil depth and fetch length readings.

Temperature Measurement

To insure that the effects of temperature could be accounted
for in determining the oil density and viscosity, a centigrade
thermometer was taped on the inside wall of the wind-wave tank,

To minimize the temperature gradient effects across the glass and
oil boundary, the thermometer was taped with a wedge between it
and the wall. The thermometer was therefore, 1/2 to 3/4 in. from
the wall with its bulb completely submerged in the oil.

With the above arrangement it was possible to read the tempera-
ture for each run through the glass tank wall. The density of the
oil was corrected for temperature before being used to calculate
the dimensionless Froude number. As can be seen in the Data Cal-
culation Sheets, Appendix 3, the effects of temperature variation
caused little change in the significant figures of the data

calculations,
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CHAPTER V

DATA REDUCTION

All data were taken manually using the equipment and apparatus

described in Chapter IV, The general procedure used in obtaining

the data is as follows:

1.

2.

3.

The water level was established in the wind-wave tank.
The first volume of oil was placed in the tank,

(ilote: all runs were numbered consecutively in the
order taken, e.g. 3-2-1, meaning; the third eil
tested, and second volume, wind speed/run number one.)
All physical parameters (i.e., oil depth, barrier
separation, pitot tube position, point gauge positions,
height of pitot tube above still oil level, etc.)

were measured and recorded.

A wind speed was selected that would cause the oil
fetch length to begin (when set-up) at a point 10-15
feet downwind of the air intake.

Wind velocity profiles were taken on the tank center-
line using the pitot tube and air-water inclined
manometer,

0il depths were taken at all positions (1 through

5) within the oil fetch length.

01l temperature and oil fetch length were recorded.



8. The wind speed was increased to reduce observed fetch
length and to increase oil set-up.

9. Steps 5-8 were repeated until the wind speed resulted
in loss of oil over the downwind barrier d;e to
waves and spray,

10. The second and third barrel (volume) of oil was
added to the tank and steps 3~9 repeated,

11. After each volume, or at the end of a day of testing,
oil samples were taken to allow determination of
oil density and viscosity.

12, After all testing was completed on a given oil,
the oil was removed using a vacuum pump and the
tank was cleaned and prepared for the next oil,
Selection of the second and third oil took place
during and after testing of the previous oil. This
aided in minimizing problem areas encountered in
the previous tests and allowed planning the necessary
teciiniques for handling the next test series.

The reduction of the data taken for a given cil was accom-
plished before testing began on the next oil. The data reduction
followed a general procedure. This procedure is described as
follows:

1. All wind velecity profiles were converted from
manometer deflection readings to wind speed, in feet

per second. Tabulation of these data can be seen



in Anpendix 1.

All velocity »nrofiles were plotted on graph paper.
Examples of the wind profiles can be seen in Figs.
3, 4 and 5.

Uil derth readings were taken and recorded for eacn
positioen. .As the oil fetch length wvaried for each
runt, the distance from the beginning of the oil
wedge to the position of oil depth measurement also
varied. LZach length thevefore was calculated based
on the distance between the positions and the total
lenpgtir., The results of these calculations and the
oil deptins are shown in Appendix 2. Additionally,
all of thesc data were plotted on graph paper to
siicw the profile of the oil wedge. Examples of this

can be seen in Figs. 20, 21 and 22.

Using kq. 63, where

> 1/2
2KC o, UL
do - -."—__.E_...___‘.__r.-
P ‘ -
o o
(- -9
T

-

2.3 % 10 7, U (generally taken at 0.7

in which 2xC
ft elevation) and e, were those values associated with
a particular run and oil, and with L selected in 5

ft increments, dO was calculated. This theoretical
value of dO was plotted with the actual do to

compare the actual set-up with a predicted value for
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a given set of conditions. See Figs. 20, 21 and 22.
The wind velocity profiles were examined to determine
the wind speed which represented that wind speed

above which, if the tank cover had not existed, the
profile would straighten (normally the maximum speed).
The selected wind speed was corrected by applying a
factor determined from the difference in the center-
line velocity and the PMS velocity plotted as a
function of wind velocity (at which the difference
occurred)., The corrected wind velocities are
tabulated in Appendix 3. Other data, associated

with a partlcular run, and used for further
calculation of the dimensionless terms dO/L and

u/ JETE, are also tabulated in Appendix 3.

The wvalues of dO/L and U/ Jg'L were plotted for each
run. These can be seen in Figs. 10, 11, 12 and 13,
These four figures show that a straight line relation-
snin exists for each oil below certain values of
UAfg'L. Above that value, the data departs from

the original linear function. The data above that
certain value of U/ JETE, also form a linear relation-
ship and represent do /L, or that set-up caused by

W
wvaves in the oil.



The original linear relationship allowed determina-
tion of tne functional relationships expressed in
Eq. 04 as the slope of this line is,

2KC pw
Slope = |——]

o

1/2

Having plotted the val f d /L versus U/ \/g'L
aving p e values ¢ 0/ v u / 4
and observed (both in the wind-wave tank and on the
graphs plotted in No. 5, above) where the set-up
became a function of wind and waves, the values of
dow/L could be taken from the graphs and recorded.
Ysing the fetch length L, dow could be calculated
from d /L. Using the run wind speed U, d / JTT
ow ow
was plotted versus U, These data are tabulated in
Appendix 4 and are plotted for each oil in Figs. 14,
15, 16 and 17. From the slope of these curves,

and using Eq. 84, where,

d(dow/dja _ [ZB Pu ]1/2
dau g’ fo

Slope =

it was nossible to evaluate the wind-wave constant, B.
Using the values of B determined for each o0il tested
and the value of the critical wind velocity Uc’

(taken from the graphs plotted in MNo. 6 above)}, a
rlot was wmade comparing B and Uc versus v, the

kinematic viscosity of the oil.



Using Eq. 63 and substituting

T=KCpU2.........(96)
83 a
results in,
2T L
d = [ i /e °7)
o 5 . 2
p_ gl - —)
Rearranging,
2 Yo
d, 8 e, 1 - Dw)
T, = ST R € 22))

where Tq is the shear stress calculated from oil
“d
set~up data. [I'rom,

[ = ——————— . . . v o« (99)

the constant I, for each oil, was calculated. These

values were

I. = 1.59
1

12 = 1.96
I3 = 1.3]

where Il’ I, and I3 were for oils No. 1, 2 and 3

respectively. Using these values of T and,

7= B ¢ L110)

6)



values of TS were calculated for each run based on
d
the oil depth at position number one and the associated

oil fetch length. Using Eq. 96, where

in which K = 1, o, = 2.37 x lOH3 and by rearranging,

TS
- d T
d ~ 2.37 x 107> U°

~
A=l

B AR

values of the wind stress coefficient were calculated
for each run., The results of these calculatiocns
can be seen in Appendix 5.

9. The data for the wind velocity profiles were plotted
on semi-log paper, with the height Y (above the oil)
on the ordinate in log scale, and the wind speed U
on the absclssa in arithmetic scale. Plotting these
parameters in this manner resulted in a straight line
for values within the boundary layer. By extending
the line to where U = 0 (through 4-6 cyecles), it
was possible to obtain a value, Y', which is
representative of the surface roughness, Using the

Karman—-Prandtl relationship,




where:

Y

T

Yl

k

s}

it was
or
as,

0.1 ft {an elevation in the bHoundarv laver),

il

wind speed at ¥,

[}

surface roughness elevarion, and

i

0.4

possible to obrain U, ;
ko

U, = e ot 7Y
5.75 loglO T

U, = Y R A A1 k)

2.5 1n%

where Ts is the shear stress based on wind profile

data.

w
Rearranging results tino,

C(104)

Again using Eg. 96, it can be said

and

T =KC o U . . . . ... .t105)
W )

- ¥ _
e T 23T R0 T (106)

and calculation of the wind stress ceoefficient based

on wind profile data was pessiblic. This calenlation



63

allowed a comparison to be made with the values cf

C, calculated using the oil set-up data, and thus
helped confirm the validitv of the wind profile data.
The results of the above calculations can also be seen

in Appendix 5,



CHAPTER VI
DISCUSSION OF RESULTS

For each run conducted, a set of dimensionless numbers,
do/L and U/ \Jg'L, were calculated and plotted. The data for the
individual oils are pleotted in Figs., 10, 11 and 12. Tor each

oil, the data plot in a straight line as predicted by Eq. 64,

p
d_/L = [2KC ~511/2 — L s
Po g'L

The initial slope of each of the these curves represents a
constant term which relates the dinensionless numbers to the set-

up due to wind only. The slopes are:

0il # 1 - 2.4 x 1077

0i1 # 2 = 2.4 x 107

0i1 # 3 ~ 2.53 x 1072 . . . R ¢ 11Y2)

Equating these values with the constant terms in Eq. 64,

P
Slope = [2kc —}1/2
[&]
and solviung for the wind stress coefficient C, when K = 1, yields

tihe following:

011 #1 €= 2.55x 1070
0i1 # 2 € = 2.47 x 10°¢
—-h
0il # 3 C=2,91x 10 ~ ., . . . . .. .(108)

Fig., 13 shows the data for all three oils combined. If an

envelope is drawn to enclose all the data taken, a median line can

64
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he constructed representing the entire set of data, including set-
up occurring due to waves. In addition, the median slope line

is representative of an oll which has a viscosity range between

4 and 440 centistokes, and an average density of 0.886. The

slope of the median line is 3,0 x 10"3. For this slope, the wind
stress coefficient is, C = 3.99 x 10"6.

For tie desipgn of an o0il containment barrier it would nerhaps
be more conservative to select a slope from Fig. 13 from the upper
half ¢f the enclosing envelope. This would add more weight to
the data taken when waves were present in the oil, a condition
more likely to occur under design conditions. However, using
the median slope, it can be concluded that for engineering purposes,
the set~up of oll can be expressed,

O3 x107? =L 0

To predict wmore accurately tne oil set-up due to wind and
waves, it is necessary te determine separately the set—up due to

wind and due to waves. 7To do this, walues of d_ were raken from
¥

I

Figs. 10, 11 and 12 for all data points above the initial siope

line. These were plotted, using Eq. 66, in VFigs. 14, 15, 16 and L7,
The data for these figures are tabulated in Appendix 4. Using

Eq. 68, the slope of thesce curves can be expressed

Slape = [———]" R A0

6¢
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This relationsnip can be used to determine the value of the

wind-wave constant &, the results for =ach oil were as follows:

C e -
B = i6,6> x 10

6

oil 4

P

21 £ 2 B = 7.5 x 10

Qi1 43 B =144 w307 L L. L L., (1D
Ta Fig, 17 % can be sesn that the slope of the curves vary
and caange in the sawe direction for increasing viscosity. Corrected
for the oil densicy, B also increases.
The vialucs 7 B obtained for each oil were plotted in Fig, 18
against oil visconitv, Tt appears, althouph inconclusively, that
B reaches a maxionm fimiting.velue for high viscesities. For use

in enpineerineg d

csipa, it is believed taat Fig. 18 will provide
tie necsssary wind-vave constant to allow predicting the set-up of
oil.

The values of tiae critical wind speed, Uc’ at which set-up
due to wind waves Legins, were deternined by that point at which

dov/ Vi = 9, as saen in Figs. 14, 15, 15 and 17. The values of U,

were as follows:

Jit # 2 -1 = 11.7 fps

=

—
i

o
H

24,0 fps . . . . . .. L(112)

Additionailv, it was obssrved during testine that these wind



75

speeds were essentially those speeds at which waves were created

in the oil and water of sufficient size to travel along the oil
fatch to tha point of measurement {(at position Mo. 1). These obser-
vations support those of Van Dorn (2), who said that the waves
caus<. & --al- .ort of liquid by their metion :nd t :ereby contributed
to the s¢: -up nof the mean liquid surface level.

To develop a usable relationship, the three values of "c were
plotted in Fig. 18. As with the constant B, UC ig seen to increase
with viscosity.

The values of Uc are plotted versus oil viscosity on log-log
paper in Fig. 19. By extension of the resulting curve, to a
viscosity equal to unity {(water), the critical wird speed, taken
at an eltevation of 0.7 £t (21.3 cm), is 8.3 fps (2.53 m/sec).

Using the Karman relationship

- Yy
i -~ ln Yo - u L . " -(113)

wiere UC' ie the critical wind speed at 0.7 ft, values of U were

found (at 10, 25, 100 and 1909 cm) to bhe:

1.58 m/sec

10 em - U
C

25 cm — Uc 2.85 p/sec
100 cm - U, = 9.80 m/sec

1000 em - Uc = 24.3 m/fsec . . . . . . {114}

These values of critical velocity can now be compared with
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those obtained by Van Dorm (2) and Keulegan (1) in their deter-
mination of set-up of water by wind, The values of critical wind

speed which they found were,

10 em - UC 3.9 m/sec (Keulegan)
23 ¢m - UC = 3.1 nfsec
100 em - U = 4.0 n/sec
1000 em ~ U = 5.6 m/sec.

The elevations of 25, 100 and 1000 cm. are elevations at which
Van Dorm actually took wind velocity measurements. This indicates
that a boundary layer existed, however the slope was less than
predicted by the Karman equation.

The fact that the curve in Fig. 19 produces a critical velocity
for water close to that obtained by Van Dorn in the field, lends
support to the slope of the curve obtained for the olls tested.

This slope is approximately 0.20., Keulegan (1), in Eq. 11, indicatec
the slope should be 0.33, using metric units.

Based on the foregoing, it is now possible to obtain the
necessarv significant constants to be used in Eq. 69, to predict
the total set~up of oil:

2KC p UZL
w

d = [~———]

Ot po &

2BL P

",

1/2 1/2

U - Uc) . . (69)

Fig. 16, shows a wide range of data points associated with
set-up of oil due to waves for oil No., 3. The reason for thie 1is

believed to be because of testing procedure. Each of the three
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curves represents a different volume. It was observod thatr the
amount ¢of open water upwind of the oil wedge c¢reated 2 Jdifforent
wind speed at which wind waves would be generated ot sofF . jent
energy Lo penetrate the oil wedge to the peint of measuriv: oil
set-up. [t 7as observed that for the smaller o7. wi..w. h e
was more op.u water in front of the oil, and a (tinnc: (i wedge
than would cccur for a large oil volume, As a ; =ult - & winad
waves genervated in the water (a fuaction of feten lens' & hecame
higher sconer (at lower wind speed) and were able to . .. erse
the oll wedge nore easily. This resulted in U being © »:2v for
the smalle  volume and higher for the larper velumers.

This pnenomenon was not observed in 2ils Mo, 1 s, . “his is
believed to hHe because Vil No. 1 was so viscous that = . . uves were
quickly damped and at oaly the very high wind speeds vecoo cnves
able to penctrate the oil wedge through its full lengr. clulicione—
ally, ton fow data points were taken In the wird shoud oo.¢ where
waves wure: generated to allow correlation of tiwe "upes vaier effect.”

01l Ne. 2 nad a viscesity very near that of e, s quently

]
o
-t

the waves were generated regardless of the amount ol Ly wator up-
wind of the oii wedge. In this case the open watu:i + ' i wns
masked o¢ the existence of waves generated in rhe .ii

Leing the oil depths measured along the oil wolno | e il
profiles .ere determined. Figs. 20, 21 and 22 she iao 2! wodge
profile ‘ov different oils and oil volumes. To alioy jar & weans of

cotparisu . the first term on the right hand side ci =, ¢9 wag
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used to calculate the oil depth for assumed values of L, using

the run wind speed (taken at 0.7 ft elevation). The results of
these calculations are the golid line in each of the figures.

As can be seen, Eq. 6% closely predicts the set-up of oil, for any
value of L, when no waves are generated in the oil.

Use of Eq. 69 fails however, when waves are generated in the
oil. This is best seen in Fig. 21, run # 2 - 3 - 7, Using all
terms in Eq. 69, which thereby predicts total set-up, and accounts
for waves in the ldiquid, it is found that do = 0.422 ft at L. = 50

t
fr. This compares favorably with the actual set-up of 0.283 ft at

83

L = 51.67 ft. The constants B and UC were obtained from Eqs. 111 and

112.

Run No, 3 - 3 - 10 was a run in which ¢il set-up was observed
to be the results of wind and waves, The measured oil depth was
0.378 ft, at L = 39 ft. Using Eq. 69, for L = 39 ft the predicted
set-up is 0,390 ft.

Based on the foregoing and other comparative calculations, it
is believed that sufficient data were taken to substantiate the use
of Eq. 69 for predicting the set-up of o0il. However, additional
work is believed necessary to validate the constants B and Uc’ as
associated with other oil viscogities.

It was stated previously that it was necessary to use a valune
of wind speed which represented the wind actually causing the

set-up of the oil. Comparing the predicted set—up with the actual
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set—up was one method of verifying the selected values of wind
speed. It appears that the wind speeds selected were reasonably
correct as tne predicted set~up curves indicate in Figs. 20, 21
and 22.

Additional methods used to validate the wind profiles irvolves
the compariscn of shear stress as indicated by the set-up of cil
and the shear stress based on the wind velocity profiles.

P
2 o
d," 8 p, (1 -=)
\%i

5 2L

was used to compute values of average shear stress based on ¢il
depth and fetch length for each run, These values are tabulated
in Appendix 5.

For comparison, the wind velocity profiles taken on the
tank centerline at position No, 1, were plotted on semi-log paper,
examples of which are shown in Fig. 23. As the boundary layer
portion plots in a straight line, as predicted by the Karman-

Prandtl relationship, Eq. 22,

i«:

T

Uo_23,,
U, k_

[

it was possible to calculate the shear velocity using Egs. 102 or
143, Then, using Egq. 104, the shear stress based on each wind
velocity profile was calculated. These values are also tabulated
in Appendix 5.

To present a graphic comparison between the two shear stresses,
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Fig. 24 was plotted showing Tsd versus Tsw. The results are as
anticipated. ¥ig. 24 indicates that the shear stresses, based

ot the wind velocity profiles, are higher than the shear stresses
based on oil set—up. As a correction factor was applied to all
wind velocities used (and thereby achieving good comparisom on

the oil profile prediction curves), it follows that the centerline
wind profiles were slightly higher in magnitude than the profile
representative of the boundary layer caused bv the actual shear
stress.

The corrected values of wind wvelocity were used to calculate
the dimensionless terms in Figs. 10, 11 and 12, From these plots,
values of C for each o0il were determined. Using these values of
G, and the relatiomship TS = C P Uz, taken from Eq. 63, values of
shear stress were calculated. The results of these calculations
were excellent and the shear stress values were gimilar to those
obtained using Eq. 97. This procedure allowed a cross check of
data calculations, a check on plotting of the data and finally
a validation of the values of C as obtained from Figs. 10, 1] and
12,

Az a final comparison, values of the wind stress coefficient
C were calculated for TS and TS , for each run. This was done

d w
using Eq, 106,
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The values of G, for each oil, hased on 21l set-up

data (T% ) were,
“d

3

i1 # 1 C = 1.412 x 10

DIl # 2 C = 1.475 z 10 °

1.537 x 10"3 )

011 # 3 € . (11%)
The average for the three oils is C = 1.474 x 10"3.

‘he values of €, for sach oil, based on the wind velocity

profiles (TS ) were,

v -3
011 # 1 C = 2.542 x 10
0i1 # 2 € = 1.83 x 1073
0il #3 G =1.689 x 10> . . .. .. (116)

The average for the three oils is C = 2,025 x 10_3.

Using the relationship developed by Wilson {3}, for
evaluating values of C, at Y = 30 ft the wind stress coefficients

were found to be,

0il Set-Up Data C,, = 1.135 x 1077

Wind Profile Data C,q = 1.495 x w2, (117)

These values compare favorably with the values obtained by
-3
Wilson for light winds. His results were C = 1.49 x 10 7 with

a standard deviation of 0.83 x 10_3.
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CHAPTER V11

CONCLUSTIONS AND RECOMMEWDATIONS

Conclusions

The following conclusions may be drawn from this investigation
of set—-up of oil on water by wind:

1. The amount of o0il set-up against a barrier is a
function of the wind stress on the smooth oil surface
and when the wind exceeds a certain critical value
{a function of oil viscosity) waves are produced
and an additional set~up of oil occurs,

2. The total set—up of oil can be expressed by the
equation, (Zq. 69)

2KC p vl

/2

2B p_ L
+ =V w - ).
8]

b "o
t o

3. The assumptions made in the development of Eq. 69 are
basically correct.

4, The wind stress coefficients ¢, based on wind and oil
set—up data, were found to compare closely with
previously determined values for water set-up.

5. e wind-wave constant, B was determined to be a
function of fluid viscosity and for the values of B
calculated, it was found that a reasonably accurate

prediction of set-up caused by wind and waves could

he made,
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Recommendations

It is believed tlat wuilicien. experimenial work was conducted
to validate the ecuations prosfebive sof-up of off without waves.
However, because only three olls were testsd, 1t is felt that in-
sufficient data were taken to propervly evalusty The wind-wave

constant 3 and to act.cvi o walid pelatienshig between oil viscosity

and the critical wind =eleario, L »lge, due to limitations in
test procedure, addic -l Lesting ghould wnolece nore extensive
evaluation of t..2 dats wocorcieallv, the fnllowving recommendations

for any additieccal worh in tale gereral area are supgested toward
improving the results and the cechnique. in addition, the following
is intended as i seif-criticism of the work accomplished:
1. 7Test at least two more oils in the 10-100 centistoke
range and at least one berween 100 and 400 centistokes.

not believed reocessary that consideration

1
i~
)
o

be given to oit denstty,

2. Conduet all fests neing o constant water fetch
Tenglth npoind of the oil wedse. This will ensure
that anv wiater waves penerdtod will ocour in the same
feteh enpgth ragacdless of the oil volume.

3, Use air Tlow sivaighterers both at air intake and
discharge This witl prevent prerotation of tne

air enterisg tie blower and vreate a more uniforn air

flow gver the cll suiface.



91

Conduct all tests with at least 3 ft of alr space
above the o0il level. This should minimize the effect
by the tank cover on the wind velocity profile.

Use the smoothest possible under surface for tank
walls and top to prevent establishing large boundary
lavers.

Conduct extensive isovel determination, over the
range of wind speeds used for testing, tc allow
proper correction factors to be applied to wind
profile data.

Use a lot-wire anemometer for measuring wind velocity
profiles (and isovels) to obtain more accurate
profile information and speed up data taking and
reduction.

¥Measure wave height and period spectra of waves in
the water and oil fetches to determine effects of

0il viscosity and density on wave damping.
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APPENDIX 1
VELOCITY PROFILES

Run # 1-1-1
U (fps) 26.30  29.80 30,10 3i.50 32.50 31.90 31.10
y ({t) 0.088 0.188 0.288 0.3838 0.488 0.588 0(.688
31.95 31.48 30.37 28.84 28.35% 27.21 10.00
g.788 0.888 0.988 1.088 1.188 1.288 1.388

Run # 1-1-2
U (fps) 24.50 27,40 28.53 28.55 39:3£L.£¥1‘20 29.Q£
y (ft) 0.088 (.188 0.288 0.388 0.488 0.588 0.638
29..5 29,18 27.90 27.02 206.10 24.60 11.60
0.788 0.888 0.988 1.088 1.188 1.288 1.338

Run # 1-1-3
U (fps) 21.78 24.65 25.06 26.22 26.44 26.22 26.47
y (ft) 0.088 0.188 0.288 0.388 0.488 0.588 0.638
27.20 26.03 25.30 25.29 23.80 21.15 12.20
0.788 (.888 0.988% 1.088 1.1883 1.288 1.338

Run # 1-1-4
U (fps) 20.20 22.55 23.20 23.60 23.90 24.17 24.35
y (ft) 0.088 0.188 0.288 0.388 0.488 0.588 0.688
24.55 24,00 23.60 22.41 21.82 20.92 11.23
0.788 (0.888 0.988 1.088 1.188 1.288 1.388

Run # 1-1-5
U {(fps) 16.90 19.00 20.10 20.48 20.48 20.75 20.95
y (ft) 0.088 0.188 0.288 0.388 0.488 0.588 0.688
21.00 20.75 20.37 19.40 18.00 17.50 10.37
0.788 0.888 (0.983 1.088 1.188 1.288 1.388
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Run # 1-1-6

U_(_f_?_?)__-. _f._- 3 16,00 17.13 17.50 .»x.ab 18.10  15.40
y (ft) 08T 0L L8R 0,285 (L3853 nl4nx 2,585 0.663
18.30 _18.40_ 18.40 17.58 ih..> 16.05 8,51
0.745 0.888 0.98% 1,083 L.isg 1,288 1.368
Run # 1-1-7
U (fps) 12.3¢ 13.91 14.55 14,12 i5.62 15.35 13_&9
v (ft)  0.a8% 0,188 0.285 0 383 1 ast 1.588  0.688
16,65 16.05 15.62 14,40 J{:yl__L{JQL _b.47
(G.788 ©.888 (.98% 1.083 i.1sd 1.288 1.383
Run # 1-1-8
U (fps) 3540 37.60 38.55  2p.25 38,40 37.42
y (fu) LT8R 0.288 0384 (48K U.588  (.688
_3_6__:1“__?_4 -2 33.60 326U A1.20 iQ_f%_U___l_f.__ -
.788 JBBS 0.988 1.088 .7x¢ 1.288 L 388
Run # 1-1-9
U (fps) 35.20  36.65 37.05 36,440 Jb 40 34,40
y (ft) (G.188 0,288 0.388 0.448 586 0.668
32.80  33.20  31.80 30.80 0.0 8___{,_ _12.58
0.788 ©.888 0.988 1.088 1.1i&8 .288 1.388
Run # 1-1-10
U (fps) 28.72 32.70  33.08 35.20 34.08  35.40  35.80
y (ft)  0.088 0.188 0.282 0,388 (.488 n 588 0.588
34,06 33,10 31.95 31.10 29,00 Jq.é 5 12.95
(77640, 888 0.988 1.083  1._.ixn  .288 1.388




Run # 1-2-1

U (fps) 23.90 29.20 30.62 32.40 32.95 33,80 34,40
y (ft) 0.050 0.150 0.250 0.350 0,400 0050 0 6-0
34.40  34.05  33.50  32.40 9.20
0.750 0.850 0.95Q 1.050 1.350
Run # 1-2-2
U (fps) 23.02 25.03 28.20 29.70 ) 31,40 31,10
y (ft) {0.050  0.1530 0.250 ©.350 D350 0.650
31,10 30.80  30.15 28.95 ZE..  r6.50 15,70
(0,75 (3.850 0,950 1.050 : VLAY 1,350
Run # 1-2-3
U (fps) _19.20_ 23.40 24.85 25.70_ r6.i) 77,40 28.80
y (£t) G.0sl 0,150 6,255 i35 7 onR5 0 0,655
26,00 27.20  26.92 26,00 i C.ws 0,00 15,40
0.750 O.850 0.950 1.050 .00 o 1,050 1,350
BRun # 1-2-4 (a)
U (fps) 17.90 21.10 22.05 SY 0% 2412 24,15
y (£6)  0.050 0.150 ©.250 0T 0.650
2.l 2001 2380 2110
0.750 LE500 (0,950  1.050 0 1.
Run # 1-2-4 (h)
U (fps) 17.96 21.30 22.20 23.15 S0 ___12____2&@
y (ft) 0.030 0.150 0.250 0.350 o0 a5 0.650
24.75 24.20 23,90 23.05 0.t 21,40 16.85
0.750 0.850 0.950 1.050 .l ! 2500 1,350
Run # 1-2-5
y_&é??l 26.20 31, 40 33. 38 34,35 34 onn .7877§§:}_
y (ft) 0 G50 U 150 0. 250 U 5DU Dot g, uh 0,650
.22 75.01 3402 33.20 .10 30.70  9.72
0.750  0.850  Q.950 1.050¢ i.i0 1.250  L.,350



gun # 1-2-6

U (fps) 27.6°  1.08 36.00 36.60 37.30 37.18 36,80
y (ft) 0.050 5. 150  0.250 0.350 0.450 0.550 0.65C
35.50 5,40 33.80 32.90 31.60 30.20 11,02
0.5 230 0.950 1.050 1.150 1.250 1.7350
Run # 1-2-7
U (fps) vi.00__37.00 38,05 39.03 39.05 38.04
y {ft) Cia0 0 0.250  0.350 0.450 0.550 0.650
37... >.58 34.60 33.45 32.20 31.40 _9.72
0.7 3,250 0.9530 1.050 1.150 1.250 1.350



Run # 1-3-1
U (fps) 20.71 21,70 26.61 27.70 28.40 29.10 29.58
y {ft) 0,050 ¢.150 06.250 0.350 0.450 0.550 0.6530
29,42 29.20 28.60 27.60 26.90 25.82 10.47
0.750 0.850 0.9530 1.050 2.150 1.250 1.350

Run # 1-3-2
U (fps)  21.50  26.60 28.40 28.65 29.70 30.12 30.70
y (ft) 0.050 0.150 0.250 0.350 0.450 0.550 0.650
30.60  30.09  29.30 28.60 27.60 26.40  8.20
0.750 0.850 0.950 1.050 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) 9.050 0,150 0.256 0.350 0.450 0.550 0.6530
31.40  31.60  31.00 30.04 28.95 27.20 11.08
0.750 0.850 0.950 1.050 1.150 1.250 1.350

Zun # 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 ©.550 0.650
33.70 33.28 32.40 31.58 30,20 28.90 11.90
0.750 {.850 ©.950 1.050 1.150 1.250 1.350

Run # 1-3-5
U (fps) 23.90 30.40 32.00 33.60 34.20 34.75 _35.40
y {ft) 0.050 0.15¢ 0.250 0.350 0.450 0.550 0.650
36.95  35.45 34.20 33.40 32.40 30.50 21.60
0.750 0.850 0.950 1.050 1.350 1.250 1.350

Run # 1-3-6
U (fps) 24.95 31.82 33.40 35.20 36.00 36.90 37.10
vy (ft) O.050 0.150 0.250 0.350 0.4530 0.550 0.650
36.90_ 36.50 35.60 34.80 33.30 32.00 29.50
0.750 0.850 0.950 1,050 1.150 1.250 1.350
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Run & 7
u oo ©i4.30 0 35.80 36.90 37.8C 36 35  38.50
v SRS 0,250 0.330  0.4350 550G 0.650
/90 37.10 35.50 34.60 _3_4 99____m_2_:
cuousn 0,950 1. 050 1.150 1750 . 350
Run #
DS v.20  35.90  36.60 39.20 39.35 39.95
¢ 150 0,250 0.350 0.450 0.250 0.650
I 38.05  37.30 35 2 RALA00 14, 55
10,950 1.050 1. ]’%0 LL2RD 10350
Run ¥
U sen 37.40 39.60 40.49 6040 4025
vl S a0 D250 0.350 0 0.450 0.530  0.650
A0 37,20 36,20 35.21  34.06 10.08
20 0,950 1.050 1.150 1.250 1.350
Run # -
LU 13_ 70 37,20 40.60 _40.95 _41.15 4 41.08
v bRy 0,250 0. 350 0.450 ©.550 0.650
G040 38.60  37.65 37.00 (36,200 15.50
250 0,450 1.050 1.150 1.230 1.350

EL:



Run # 2-1-1
U (fps)  7.04  7.66 7.94 7.94 7.94 7.94 7.94  7.66_ .66
y CF6) 0.094 0.194 0.294 0.394 0.494 0.594 0,694 0.794 0.894
.06 7.06 7.9 .66 7.36 7.04 6.72 6.3 6.3
0994 1 0% 1.1947T.294 1,304 1.4% 1.594 1.694 1.794

Run # 2-1-2
U (£ps)  7.36 18.21 8.21 8.21 8.30_ 8.50 8.21 8.21 7.94
y (£L) 0,094 1.19% 0.294 0.394 0.494 0, r94 0.694 0,594 0.894
7.94 7.56 7.66 7.66 7.36 7.04 6.72 .38
094 T 194 1594 1,394 L4946 1,594 1.694 1.794

Run # 2-1-3
U (fps) 8.9 B8.76 8.76 8.70_8.76_9.02 9.02 9.02 9.02
y (£t) 0.U44 0.194 0.294 0.394 0.494 0.594 0.694 0.794 0.894
8.76 8.50 8.50 8. zg_gng{_/ 94 7.66  7.36 6.72
0.994 1.094 1.194 1.294 1.39% 1. 494 1. 594 1,694 1.794

Run # 2-1-4
U (fps) 8.76 9.26 9.51 9.51 9.51 9.31 9.51 9.51_ 9.5l
y (£t) 0.094 0.194 0.294 0.394 0.494 U.594 0.694 G.794 0.894
9.26 8.02 9.02 qLﬁL_ji:f[_ﬁLfl 7.94 7.66 7.04
0.904 17094 1,194 1,204 1.394 1.464 1.594 1.694 1.794

Run # 2-1-5
U (fps) 7.36 8.21 B8.76_89.72 .77 9.72 9,72 9.51 9.5i
Y (£t) 0.004 0.194 0.294 0.394 0.404 6,594 0. 694 794 5.894
9.26 8.76 9.26_8.76 B 76 8./6_ 7.66 7.66 7.04
0.994 1,094 1.194 1.204 1.394 1.494 1.594 1.694 1.794

Run # 2-1-6
U (fps) 9.5L 9.51 8.50 10.40 11.62 11.23 11.23 11.62 9.51
y (Ft) 0.094 0.194 0.294 0.394 0.494 0.59% 0.694 0.794 1.894
9.02 9.02 11.23 9.5k 10.82 9.51 9.02 10.40 9.5l

0.99% 1.0Y4 1.194 1.294 1.394 1.494 1.594 1.694 L.794
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(continued Run #
8.50

1.894
Run # 2-1-7

U (fps) 6.70

2-1-6)

9.02

10.82

9.96

9.51

9.96

9.02

10.82

8.50

y (ft) 0.08C

10.40

0.180

9.96

0.280

9.51

0.380

10.82

0.480

10.82

0.580

9.96

0.680

9.51

0.780

9.51

0.880

5.50

0.980

7.36
1.880

Run # 2-1-8

U (fps)  9.96

i.080

11.23

1.180

12.02

1.280

12.02

1.380

12.40

1.480

12.40

1.580

11.62

1.680

11.62

1.780

11.62

y (ft) 0.080

12.40

0.180

11.23

0.280

11.23

0.380

10.82

0.480

9.96

0.580

9.96

0.680

9.51

0.780

9.02

0.880

7.94

0.980
Run # 2-1-9

U (fps) 10.82

1.080

13.45

1.180

14.08

1.280

14.40

1.380

14.40

1.480

14.08

1.580

14.40

1.680

13.45

1.780

13.45

y (ft) 0.080

13.75

0.180

13.08

0.280

13.75

¢.380

13.08

0.480

13.08

0.580

12.73

0.680

12.02

0.780

11.23

0.880

9.51

0.980
Run # 2-1-10

U (fps) 13.45

1.080

15,60

1.180

16.19

1.280

16.47

1.380

16.47

1.480

16.19

1.580

16.19

1.680

15.89

1.780

15.89

y (ft) 0.080

15,89

0.180

15.60

0.280

15,60

0.380

15.01

0.480

14.70

0.580

14.40

0.680

13.75

0.780

13.08

0.880

12,40

0.980

1.080

1.180

1.280

1.380

1.480

1.580

1.680

1.780
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Run # 2-2-1

U (fps) 14.70 16.1% 16.73 17.00 16.73 16.73 16.73 16.47 i5.47

y (ft) 0O, 10 70.20 U.30 0.40 0.50 0.60

0.70

0.80

16,73 15.89 15,60 15.30 15.01 14.08 13.45 11.62

7.00 L1.100 1.20 .30 1.40 1.50

Run # 2-2-2

1.60

1.70

0.90

U (fps) 15.88 17.50 17.78 18.26 18.2¢ 18.54 18.26 17.97 17.78

y (ft) 0.10 0.20 0.30 0.40 (.50 0.60 0.70 0.80 0.90

17.50 15.70 l? 31 1b.74 15.88 15.31 14.46 }2 T4

L. UU 1. J_U } )() -5.3() 1,40 1.50
Rumt # 2-2--3

U (fps) 17.50 18.73 19.21 19.21 19.71 19.02

1.60

19.21

.70

19.02

' 18.54

y (fty 0.150 0.250 0.350 0.450 0.550 0.650

18.26 17.97 17.78 17.50 17.02 15.58

0.7506

15.02

0.850

13.12

L.050 1,150 1.250 1.350 1.450 1.550

Run # 2-2-4

U (fps) 18.5L 19.'i 20.35 20.35 20.55 20.35

v (£t)  0.150 0.250 0.350 0.450 0.550 G.630

19.02 19.02 18.26 17.97 17.78 17.31

1.650

20.35

1.750

20.35

0.950

15.50

(.750

15.84

0.850

14.46

1,050 2150 1.250 1.350 1.450 1.550
Run # 2-2-5

U (fps) 19,68 21.68 22.35 22.06 22.06 22.06

1.650

22.35

1.750

21.68

0.950

21.49

v (Tt)  0.150 0.250 (.350 0.450 0.550 0.650

G.750

17.50

0.850

15.88

21.30 20.83 20.35 19.97 19.50 18.54
1.050 1.150 1.250 1.350 1

T 450 1.550

Run # 2-2-6

U (fps) 18.54 19.47 21.49 22.06 22.06 22,35

1.650

22.06

1.750

22.06

0.950

22.06

y (ft) 0.152 0.250 0.350 0.450 0.550 0.650

22.35 21.87 21.49 21.30¢ 21.02 206.35

0.750

15,97

0.850

17.97

1.050 1.150 1.250 1.350 1.450 1.550

1.650

1.750

0.950
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Run ff 2-2-7

Run # 2-2-3

.20 .3

+ju n L R

J T3.68 z‘z g2

12350 1,450

U (fps) *‘EE_ES;ﬁ;FC 87 24.25 25.49
y (ft) 0.150 Q.. C 1,450

e
Run # 2-2-9
y (ft) w )\J ‘

—
loe
i\.;rllx.'u

L F

01 24.0n

350 1.450

-39 28.3s ch.tio ot
oA 0

450 "0.550

.91 25.87
350 1.450

[l
I

.950

‘¥ 25,87 25.68
0.850 0.950

_L) .h8
+ 1,750

. 28.82 28.53
10.850 6.950

21.0n 21,49

010750
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Run # 2-3-1

U (fps) 20.12 21.65 22,45 23.05 23.05 22.87 22.87 22.63
7 (ft) 0.150 0.250 0.350 0.450 0.550 0.650 0.75) 0.850

22.22 21.90 21.02 21.02 20.80 19.45 18.533 17.00
0.950 1.050 1.150 1.250 1.350 1.450 1.55) 1.659

Run # 2-3-2

U (fps) 21.22 22.65 23.80 24.00 24.00 23.80 23.8) 12
y (ft) 0.150 0.250 0.350 0.450 0.550 0.650 0.753 0.85]

22.47 22.22 22.08 21.43 21.02 20.38 19.45 18 .51
0.950 1.050 1.150 1.250 1.350 1.450 1.55) 1.65)

Run # 2-3~3

U (fps) 22.87 24.60 25.30 25.80 25.80 25.80 25.42 25.15
y (ft) 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.3850

24.60 24.20 23.61 23.41 22.87 22.22 20.60 19.45

0950 1.050 1.150 1.250 1.350 1.450 1.550 1.650

Run # 2-3-4

U (fps) 20.38 22,45 23.61 24.60 25.00 25.15 25.15 25.00

y (ft) 0.150 0.250 0.350 0.450¢ 0.550 0.650 0.750 0.35%0

24,80 24.80 24.80 24.20 24.00 23.61 22.45 21.27
0.950 1.050 1.150 1.250 1.350 1.450 1.550 1.650

Run # 2-3-5

U (fps) 23.41 25.15 26.55 27.68 27.55 27.20 27.20 26.63
y (it)  0.150 0.250 0.350 0.450 0.550 0.650 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 1.450 1.550 1.650

Run # 2-3-6

U (fps) 23.61 25.42 26.65 27.38 27.68 27,82 27.55 27.0)
v (ft)  0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.3

26.65 26.20 25.42 25.15 24,40 23.22 22.45 21.22
0.v50 1.050 1.150 1.250 1.350 1.450 1.550 1.650
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Run # 2-3-7
U (fps) 23.22 25.15 27.55 28.53 28.80 28.80 28.53 28.02
y (ft) 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850
27.55 27.00 26.55 26.00 25,15 24.40 23.61 22.08
0.950 1.050 1.150 1.250 1.350 1.450 1.550 1.650

Run # 2-3-8
U {fps) 22.22 24.00 25.42 26.20 27.20 27.68 27.68 27.68
v {ft) 0.150 0.250 0.3%0 0.450 0.550 0.650 0.750 0.850
27.38 27.38 27.20 26.55 26.60 24.42 24.80 22.87
0.950 1.050 1.150 1.25Q0 1.350 1.450 1.550 1.650

Run # 2-3-9
g_ﬁfps) 27.00 28.61 29.77 30.30 30.45 30.02 29.59 29.10
y (ft) 0.150 0.250 0.350 0.450 0.550 0.650 0.750 0.850
28.61 28.61 28.02 27.82 27.20 26.20 24.80 23.61
0.950 1.050 1.150 1.250 1.350 1.4530 1.550 1.650



Run # 3-1-1
U {fps) 8.50 v.97 1U.40 10.40 10.40 10.40 10.82 10.40 10.40
v (ft) .05 G015 0.25  0.35 .45 0.55 0.65 0.75 0.55
10,40 10,40 10.40 10.40 9.00 9.00 8.50 7.45
0.93 1.05 L1.15 1.25 1.35 1.45 1.55 1.65
Run # 3-1-2
U (fps) 10.40 12.04 12,40 12,04 12.04 12.40 12.40 12.40 1..63
y (ft) 0.0 0.15 0.25 0.35 0.4> 0.55 0.65 0.75 (.85
11.25 12,04 11.25 11,75 11.25 10.82 10.40 8.50
0.95 1.45 L.15 1.25 1.35 1.45 1.55 1.65
Run # 3--1-3
U (fps) 12.04 14.10 14,40 14,40 14,40 14.40 14.40 14.40 14.10
¥ {(ft) 0.05 O0.15 0,25 0,33 0.45 0.55 0.65 0.75 0.85
13.77 13.45 13.45 12.73 12.40 12,40 12.40 10.82
0.95 I L.L15  1.25 1.35 1.45 1.55 1.65
Ruun # 3-1-4
U (fps) 15.35 17.50 18.50 18.50 18.50 18.50 18.50 18.50 1&.00
y (ft) 0.05 0.15 0.2 0.35 0.45 0.55 G.65 0.75 (,85
17.50 16.72 16.20 16.20 15.90 15.35 15.01 14.10
0,95 1,05 1.15 1.25 1.35 1l.45 1.55 1,65
Run # 3=-1-5
U (fps) 17.00 18.50 19.95 19.95 19.95 19.50 19.27 19.02 19.02
y (fe) 0.05 0.15 0.25 0.35 0.45 0.55 0.85 0.75 0.85
19.02 18.50 1€,00 17,50 17,80 16,72 15.90 15.35
0.95 1,05 1.15 1.25 1.35 1.45 1.55 1.65
Run # 3-1-6
U (fps) 20.80 21.30 22,10 22.10 22,10 22.10 21.65 21.63
y (fr) (.15 0,25 0.35 0.45 .55 0.65 0.75 0.85
21,42 21,30 20.80 20.40 20.40 19.27 19.02 17.80
0,95 L,0% 1.15 1.25 1.35 1.45 1L1.55 1.65
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Run # 3-1-7
U (£ps) 21.87 23,85 24.40 24.90 24.90 24.65 24,40 23.65
vy {ft) 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
23.65 23.45 22,50 22.30 21.87 21.65 21.00 20.19
0.5 1.05 1.15 1,25 1.35 1.45 1.55 1.65
Run # 3-1-8
U (fps) 24,40 26,35 27.20 28.00 25.15 28.15 28.28 27.65
y (ft) Q.15 0.25 3.35 0.45 0.55 (.65 0.75 0.85
27.20 27.20 26.57 25.70 25.15 23.85 23.30 22.90
0.95 1.0> 1.15 1,25 1.35 1.45 1.535 1.65
Run # 3-1-9
U (fps) 24,90 27.90 25.53 29.25 29,25 29,25 29,25 28.80
v (ft) 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
28.28 28.15 26.00 27.87 27.90 26.57 26.20 24.40
0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65

10¢



Run #

Run

Run

Run

Run

Run

# 3-2-1
U (fps) 17.90 18.40 18.62 18.62 18.62 18.62 18.40 18.62
y {(ft) 0.10 0.20 {0.30 0.40 0,50 .60 G.70 0.80
}18.83 18.15 17.90 16.85 16.85 16.05 15.75 14.84
.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60

# 3-2-2
U (fps) 19.35 19.77 20.25 19.77 20.09 19.77 19.77 19,05
y (ft) .10 0.20 0.30 0,40 0.50 0.60 0.70 (.80
12.65 19.65 18.62 18,15 18.15 16.84 16.30 15.1&
0, 9d 1.00 1.10 1.20 1.30 1.40 1.50 1.60

# 3-2-3
U (frs) 20.93 Z21.45 21.55 21.55 21.55 21.55 21.45 21.19
vy (ft) 0.10 0,24 0.30 0.40 0.50 g.60 0.70 0,80
20.93 20.93 _20.50 19.77 19.35 18.88 17.65 17.15
G.ud L. 1.10 1.20 1.30 1.40 1.50 1.60

# 3-2-4
U (fps) 20.43 21.75_ 22.05 22.05 22,05 22.05 21,55 21.45
y (ft) .10 0.20 .30 0.40 0.50 0.60 0.70 {1.80
20.43 20.71 20.71 20.71 20,22 19.77 18.83 18.40
0.90G 1.00 1.1¢ 1.2C 1.30 1..40 1.50 1. 60

ff 3-2-5
U (fps) 22.75 24.25 24.42 24 .42 24,42 24,25 24,25 24.25
y (ft) 0.10 0.20 0.36 0.40 0.50 0.60 0.70 0.80
24.25 23,90 23.72 23.55 22.98 22,05 21.19 :0..2
(1.90 1.00 1.10 1.20 1.30 1.40 1.50 1.0

# 3-2-6
U (fps) 23.35 25.10 25.75 26.22 26.10 25.55 25.90 {5.90
y (ft) 0.9 .20 0.30 0.40 0.50 0.60 0.70 0.8
25.75 24.82 24.42 24.25 23.35 22.75 22.05 Z0.71
0.90 1,00 1,10 1.20 .30 1..40 1.50 1.60



Run

Run

Run

Run

108

# 3-2-7
U (fps) 24.42 20.21 26.91 27,30 27.42 27.42 27.42 26.48
v (ft)  0.10 0.70  0.36 0.40 ©C.50 G.60 0.70 0.80
26.21 26,10 25,10 25.10 24,42 23.55 22.75 21.55
0.90  L1.00 1.10  1.20 1.30 1.40 1.50 1.60
# 3-2-8
U (fps) 24.25 26.43 27.75 28.08 28.08 28.08 27.96 27.75
y (Ft) 0.0 0.20 0.30 0.40 0.50 0.60 0.70 0.80
27.42 27.42 27.10 26.43  25.35 24.25 23.72 22.57
0.90  1.00 1.10 1.20 1.30 1.40 1.50 1.60
# 3-2-9
U (fps) ___ 28.70 28.90 30.08 30.20 30.20 30.08 29.60
vy (fv) 0.20  0.30 0.40 0.50 0.60 0.70 0.80
26.42 29.31 28.75 28.66 28.00 26,91 25.75 29.75
390 1.00 1.10  1.20 1.30  1.40 1.50 1.60
# 3-2-10
U (fps) 27.42 30.43 31.50 31.30 31.80 31.90 31.80
y (ft) 0,20 u.30  0.40 0.30 0.60 0.70 0.80
31.16 30,55 30.43 30.20 30.08 28.90 29.31 27.18
090 1.001.i0 L1.20  1.300 1.40  1.50 1.60



AP

Run # 3-3-1
U (fps) 21.63 22.96 23.05 23.30 23.30 22,96 22.50 22.i0
N (ft) 0.10 .20 0.30 0.40 ;.59 0,60 0.70 0,80
21.30 21.65 21.00 21.0C 20.60 20,40 19.50 18.%0
3.90 1.00 1.10 1.20 1.30 1.40 1.50 IRE

Run # 3-3-2
U (fps) 22.96 24,05 24.65 24.65 24.65 24.65 24.65 25.65
y (ft) 0.10 U.20 ¢.30 0,40 0.50 0.60 0.70 0.8
24,40 23.65 23.30_ 23.30 22.30 22,10 21.42 20.40
3,80 1.08 1.10 1.20 1.30 1.40 1.50 1.60

Run # 3-3-3
U (fps) 22.10  23.65 24.40 24,90 24.05 23.85 23.65 23.8Y
y (it) .10 0,20 0.30 0.40 0,50 0.60 70 0.80
23,65 23.65 23,30 23.30 22.50 201.65 20.80 19.95
.90 1.40 1.10 1.20 1.30 1.40 1.50 1.60

Run # 3-3-4
U (fps) 23.65 25.15 25,52 25.70 25,70 25.70 25.52 25.52
vy (ft) .10 0.20 0.30 0.40 0.50 0.60 .70 0.80
25.52 24.99 24.40 23.85 23.30_ 22.50 21.65 21.00
0.90 1.60 1.1G 1.20 1.30 1.40 1.5 1.60

Run # 3-3-5
U (£ps) 23.65 25.30 26.00 26.20 25.82 26.00 26.00 26.2C
y (ft) 0.10 0.20 0.30 0.40 0,50 0.6G 0.70 0.80
25.70_25.30 24.96 24,65 24.40_23.45 22.30 1.3
0.90 1.00 1.10 1.20 i, 30 1.40 1.50 L.nl

Run # 3-3-6
U (fps) 24,05 26.57 27,38 27,57 27,65 23.00 27.87 27.57
y (fr) 0,10 0,20 0.30 0.40 Q. 50 1.60 .70 .80
27.20_26.90_ 26,20 26,00 24.96 24.22 23.30_ 22.30
U, o0 1.10 1.20 i, 30 1.40 1.50 L.60



Run

Run

Run

110

# 3-3-7
U (fps) 26.57 28.00 28.80 29.08 29.08 29.22 28.80
y (£t) 0.20 0.30 0.40 0.50 0.0 0.70 0.80
28,80 27.97 27,57 26.71 26.57 24.96 24.65 23.65
0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
# 3-3-8
U {fps) 26.90 29.05 30.42 30.52 30.10 30.00 30.00
y (ft) 0.20 ©.30 0.40 0.50 0.60 0.70 0.80
30.10 29.80 29.08 28.68 27.75 27.02 25.67 24.75
0.90 1.00 1.10 1.20 1.30  1.40 1.5 1.60
# 3-3-9
U (fps) 20,43 26.75 30.42 31.12 31.12 31.1Z 30.9&
y (ft) 4.20 Q.30 0,40 0G.50 0.0 Q.70 0.80
30.52 30.10 29.08 29,05 27.90 26.94 26.60 25.60
9.90 1.00 1.10 1.20 1.30 1.40 1.50 1.&0
# 3-3-10
U (fps) 26.90 29.62 31.38 32,09 32.40 32,20 32.0€
y {(ft) 0.20 0.30 0.40 0.50 0.60 0.7¢ 0.80C
32,00 31.60 31.38 30.80 30.10 29.71 28.03 26.94%
0.90 1.00 1.10 1.20 1.30 1.40 1.5¢ 1.60



APPENDIX 2
OIL DEPTH PROFILLS
Run # 1-1-1

x (ft) 29. rlb 19,478 9.5¢4

d (fo) 0.273  £.95  0.173
Run # 1-1-2

16.291  6.353
0.166  0.134

x (fr) 35.107  26.229
194

]

d (1) 020 0.af
Run # 1-1-3

x (ity 400 an.ny 20,45 10,51

G (foy ol 73 700160 0.3t
Run # 1-1-4

x () 45.92  35.98 26,04 16.10 _ 6.16

d (ft) O 0193 0.152  0.124 7 0.082

Run # i-1-5

0,775 T %58 0.139 0.114  0.90

% (£r) 48.25 38,31 28,37 18.43 __8.49
d (it}

Run # 1t-1-6

x (TE) 56 46.89 35,95  26.01 16.07  6.13
d {fr) 0,104 0.147 0.129 0.111 0,089 061
Run # i-i-7
x (ft) 61, 51.83  41.89 31.95 22,01 12.07 _2.13

d (fey  G.o T w83 00121 9.106 0 0.090 0.068  .033

fun # i-1-8

?‘_§_5f_§,>_, ?O J_ B ]O 56
d (i) R Y

x (Ft) 22,92 12,98

d (Fo) 0.3 0. 26



Run # 1-1-10
x (ft) 25.75 15.81  5.87
d (ft)  0.271 0.240 0.235

11z



Run # 1-2-1
x (ft) 47.33 37.39 27.45 17.51  7.57
d (ft) .267 .237 .212 .176 134
Run # 1-2-2
x (fr) 49.20 39.26 29,32 19.38 9.44
d (ft) .256 .232 .205 .178 .143
Aun # 1-2-3
x (Ft) 57.60 47.66 37.72 27.78 17.84  7.90
d (ft) 234 .213 .199 167 .139 104
Aun # 1-2-4 (a}
% (ft) 63.69 53,75 43.81 33.87 23.93 13.99  4.05
d (ft) .219 .201 .183 . 160 134 .107 070
Zun # 1-2-4 (b)
x (ft) 63.50 53.56 43.62 33.68 23.74 13.80 3.86
d (ft) . 220 . 204 .185 164 .139 L1111 065
Run # 1-2-5
x (fr) 40.17 30.23 20.29 10.35
d {ft) -289 .258 .229 .195
Aua # 1-2-6
x (f£) 35.25 25.31 15.37 5.43
d (ft) .321 .287 257 L230
Run # 1-2-7
x (ft) 33.00 23.06 13.13
d (ft) 342 . 308 .278



Run

Run

Run

Run

Run

Run

Rur

Run

Run

Run

# 1-3-1

x (ft) 66.17 56.23 46.29 36.35 26.41 16.47 6.53
d (ft) .270 . 248 .226 . 203 .167 .143 .098
# 1-3-2

x (fr) 64.58 54,64 44.70 34.76 24,82 14.88 4.94
d (ft) .274 .255 .228 .202 179 .142 092
# 1-3-3

x (fr) 62.25 52,31 42,37 32,43 22,49 12.55 2.61
d (fc) .283 258 . 234 -201 170 .137 .090
# 1-3-4

X {ft) 6G.17 50.23 40,29 30.35 20.41 10.47 Q.53
d (re) . 284 .261 .236 . 208 174 L1353 .086
# 1-3-5

x (ft) 58.92 48.98 39.04 29.10 19.16 9.22

d (fr) .296 . 268 .241 .205 173 .134

# 1-3-6

x (ft) 36.42 46.48 36.54 26.60 16.66 6.72

d (ft) .307 .275 .246 .213 .175 .126

# 1-3-7

x (ft) 49.92 39,98 30.04 20.10 10.16

d¢ (ft) 312 .283 .253 W222 .186

# 1-3-8

x {ft) 49,33 39.39% 29.45 19.51 9,57

d (ft) .334 .295 .253 .219 .188

# 1-3-9

x {ft) 35.67 25.73 15.79

d (fr) 405 362 .316

# 1-3-10

x (ft) 30.50 20.56

d (ft) 485 .405
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Run # 2-.-1

x (It)

60.03 45.70

35.87

25.83

12.75

d {7t)
Run # 1-1-2

x (Zt)

0.068 0.059

59.54  45.21

0.051

35.38

0.048

25.34

0.037

12.26

d (7t

Run # 2~1-3

0.069 0.059

56.63  42.30

0.054

32.47

0.048

22.43

0.033

9.35

Run # 2-1l-4

x (Ct
d { o

0.072 0.064

53.96 _ 39.63

0.057

29.80

0.048

19.76

0.034

6.68

0.078 0.064

57.29 42.96

0.055

33.13

0.046

23.09

0.030

13.01

0.080 (.068

51.67  37.34

0.054

27.51

0.042

17.47

0.032

4.39

Run # 2-1-7

x (It

0.074 0.061

47.25 32.92

0.053

23.09

0.035

13.05

d (it}

Run # 2-.-8

(.080 0.067

0.059

x (ity 45.17 30.84 21,01

d (it
Run # “~.-~9

.

x {(1I't]

$.097 0.073

33,17 18.84

0.058

9.01

d (&’

0.103 0.072

0.058

0.039

10.97
J.036

0.015
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Run # 2-1-10
x (ft) 32.08 17.75 7.92
d (ft) 0.115 0.087 0.063



Run # 2-2-1

x (ft) 60.67

46.34 36.51

26.47

13.39

d (ft) 0.149
Run #f 2-2-2

x {(ft) 56.25
d (ft) 0.164

Run # 2--2-3

x (ft) 54.83
a (fty 0.181°

Run # 2-2-4

x (fr) 49.58
4 (ft) 0.184

Run # 2-2-5

x (ft) 47.00

0.132 0.125

41.92 32.09

0.104

0.086

8.97

T0.143 0.133

40.50 30.67

0.077

7.55

"0.155 0.136

35.25 25,42

6.072

2.30

0.162 0.143

32.67 22.84

d (fr) 0.204

Run # 2-2-6

x (fr) 45.83

d {ft) 0.208
Run # 2-2-7

x (ft) 43.00

0.163  0.146

31.50 21,67

0.169 0.L145

28.67 18.84

8.80

d (ft) 0. 215
Run # 2-2-8

x (ft
ft

(

Run # 2-2-9

') 41.50
) 0.223

x (ft) 38.50

d (ft) 0.238

0.176 0.099

27.17 17.34

0.087

7.30

0.183 0.146

24,17 14.34

0.074

4.30

0.188 0.148

0.050

0.071

t17



x {721 61.67

d Cony 0,220

Run # :-13-2

40 0237
gun # -=3

S S50

oo T2he
Run # -3-4

L b4.50

Run # 1-3-5

~ (.t 52,75

\

0.7

Lo 5250

D8.LT

TS

47.34 37.51 27.47 14.39

U.207 0.191 0.152 0.124

43.84 34,01 23,97 10.89

0.213 0.188 (.158 0.126

42,17 32.34 22.30 9.42

0.220 0.191 0.155 0.108

40.17 30.34 20.30 7.22

£0.233  ¢.190 0.153 0.103

38.42 28.59 18.55 5.47

0,232 0.192 0.150 0.105

38.17 28.3& 18.30  5.22

T

Run # . -.-7

x 1. bl.ui

(O IR R 436
Run # .--.-§

x ULy 59.20
d G 0.306

Run # [--5-9

x i) 48,17

¢y G.313

0.226 0.205 0.156 0.101

37.34  27.51 17.47  4.39

0.238 0.198 0.148 0.077

34.92 25.09 15.05 1.97

0.238 0.202 0.156 0.073

33.8424.01 13.97  0.89

0.250  0.198 0.148 0.068
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Run - .-1

i) 51.50 40.46 29.67 20.21 7.17
d i 0.L14 0,094 0.076 0.064 0.043

Run :* [ - -2

T 46,10 35.06  24.27 14.81 1,77
{75 0.i29 0.101 0.085 0.071 0.032

Run ¢ [ «.-3

;T 39,17 28.13 17,34 7.88
[ TTTT0.132 0.116 0.093  0.069

Run i [ - .4

S 30.50 19.46  8.67
T 8.155 0.126 0.105

Run i+ 7 -.--5

v 29,17 17.13  6.34
(T 00165 0.139 0.107

Run 1 1-- -6

“i) 25.17 14.13 3.34
i 0.18 0.le0 0,111

Rumn { .- -7

3o 21.83 10.76

¢ 4t 0.205 0.164

Run 4 Z--0 -8B

;{1 19.25 8,21
(1. 0.233 0.188

Run { -7 -9

30,1, 17.50 6.46

¢ 47t:  0.269 0.198




Run # 3-2-1
x_ (fr) 55.25 44.21 33.32 23.90  10.92
d (£} 0.137 0.1s6 0,143 0.1'a 0.092
Run # 3-2-2
x (FE) 52,17 41.13 30,34 20.84  7.84
d {fr) g.1u2 0. 168 00154 9.12y 0.097
Run # 3-2-3
x (fr)  50.75 39,71 248,%! 19,44 6.42
d (fr) 0.204 0.177 0,155 0015 0.092
Run # 3-2-4
x (Ft)  46.58_ 35.54  24.7. 15
d (ft) 0,204 00386 .40 o
Run # 3-3%<5
x (FE) 42,67 5363 2040 100
d (ft) ©.2i9 0,181 0.10, 0.147
Run # 3-1-6
®x (ft) 49,50 38,46 27.nr LB, I
d {(fr) (G.228 0,201 0,17y 0,126
Run # 3-2-7
% (£t)  38.50 _:7.46 le.ty 7.0
d (fi} 0.239 0,208 0.155 C.307
Run # 3-2-8
x (ft) 17.83 26,79 16,00 6.5
d (ft) 0.266 G.223 0.1%  G.10F
Run # 3-2-9
x (FL) 3075 19.7) 8.9
d L} 0,299 0,240 6,200
Run # 3-2-10
x (£1)  PB.4i 17.36 6.
d (£t} 0,347 266 0.2
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Run

Run

Run

Run

Run

Run

Run

Run

Run

Run

# 3-3-1

x (ft)  64.08 53,04 42.25 32,3 [d.05 o
d (ft) 0.239 0.218 0.193 .13 0.1+ 0,00,
# 3-3-2

X (ft) 60,50 49.46 38,67 29,01 iv..’ 4.0}
d (fr)  0.245 0.222 0.202 0. 7% 0. 0.092
#3-3-3

x (ft) 63.58 52.54 41,75 32.29 19.25 1l.4.
d (ft)  0.246 0.221 0.203 0,160 0.lsd 0.104
# 3-3-4

x (fr)  60.33 49.29 38.50 4. 16 00 3.1b
d (ft)y 0,253 0.228 0.2046 00 ¢ sl 0,105
# 3-3-5

x (ft)  57.24 46.20 35,40 L5 1.

4 (ft) 0.264 0,237 0.2i, © O

# 3-3-6

x (ft) 54,67 43.63 32,84 2%, 0.l

d (fr) 0.279 G.241 0.221 0.I5t 0.%d¢

# 3-3-7

x (fr) 50.50 39.46 28.67 1Y9.17  G.i7

d (ft)  0.301 0.259 0.22¢ (.i%6 €17

# 3-3-8

x (fr) 45,92 34.88 24,0¢ 4.4 TG

d (fr)  0.327 0.279 G.260 G,z Q. il7

# 3-3-9

x (Et)  44.25

d (ft) 0.344

# 3-3-10

x (ft) 39.00 27.96 17.17 7.7i

d (fr)  0.378 0.313 0.282 (.Zo8
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APPENDIX 4

doy,» SET-UP DUE TO WAVES

RUN # do,, L Ji dow(/"fxloz U(fps)
1-1-1  0.014  29.42  5.42 0.258 29.44
1-1-8  0.119  20.50 4.53 2.626 52.37
1-1-9  0.078  22.92  4.79 1.628 34,64
1-1-10  0.059  25.75 5.08 1.161 36.70
1-2-5  0.010  40.17  6.34 0.394 33.12
1-2-6  0.056  35.25 5.94 0.942 34.31
1-2-7  0.066 33.00 5.74 1.149 36.10
1-3-9  0.113  37.76 6.14 1.840 37.76
1-3-10  0.201  30.50 5.52 3.641 39.09
2-1-8  0.017 45,17 6.72 0.253 12.08
2-1-9  0.023  33.17 5.76 0.399 13.87
2-1-10  0.035 32.08 5.66 0.618 15.57
2-2-1  0.069 60.67 7.79 0.886 16.04
2-2-2  0.084  56.25 7.50 1.120 17.29
2-2-3  0.101 54.83 7.41 1.363 13.05
2-2-4  0.106 49.58  7.04 1.477 19.03
2-2-5  0.124  47.00 .86 1.808 20.51
2-2-6  0.122  45.83  6.77 1.802 20.60
2-2-7  0.135  43.00 6.56 2.057 23.45
2-2-8  0.143  41.50 6.44 2.220 23.68
2-2-9  $.158  38.50 6.21 2.544 26,31
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RUN # doy L L doy 4 Tx10%  U(fps)
2-3-1 0.140 6L.67 7.86 .73 21.39
2-3-2 0.157 53.17 7.63 2.758 22,23
2-3-3 0.176 56.50 7.52 2,340 23.60
2-3-4 0.135 54,5 /.33 2.h42 23,22
2-3-5 9,197 52,25 71,23 2,125 25,35
2-3-6 0.1495 52.50 L .30 25.55
2-3-7 0.203  5L.67 /.19 10323 26,40
2-3-8 0.226 49,25 7.0¢ 30219 25.48
2-3-9 0.23% 48,17 by P, 457 27.78
3-1-5 LUd4 28,17 SIS a2 18.53
3-1-6 L03% 0 25.317 0 Loz CLal? 20.44
3-1-7 500 21083 4,67 LT 22,91
3-1-8 066 19,25 430 ol 26.02
3-1-9 06 17.50 4,48 2,535 26,76
3-2-7 015 38.50 6.21 .24l 25,23
3-2-8 028 37.83 6.15 0,618 25.78
3-2-9 077 30.75 5.54 1.389 27.63
3~2-10 .126 28.42 5.33 2.5364 29.10
3-3-7 .028 50.50 7.11 0.393 26.67
3-3-8 .055 45.92 6.78 G.8611 27.82
3-3-9 L071 44,25 6.65 1,667 28.44
3-3-10 L1089 39.00 6.24 1.746 29.49
3A-1-4 0.017 24,75 4,08 G.247 21.3¢0
3A-1-5 0.019 23.83 4.88 0.39i 23.10
35-1-6 (.052 22,50 4,74 1,095 24,80
3A-1-7 J.036 21.40 4.54 0.825 26.90



RUN # doy, .L /L dow//Lxloz U(fps)
3A-1-8  0.07Fb  18.67 4,32 1.640 29.95
3A-1-9  0.124  16.33  4.08 3.040 31.10
34-2-4  0.025  36.17  6.0% 0.422 25.90
3a-2-3 0,031  34.75  5.89 ¢.532 27.40
3A-2-6  0.045 32.33  5.68 0.797 28.90
3a-2-7 0.102 29,00 5.33 1.887 30.40
3A-2-8  0.115 28,00  5.29 2.170 33.00
3A-3-6  0.023 46,50 6.82 0,340 29,25
3A=3-7  0.067  41.67  H.4n 1,030 30.80
3A-3-8 0.123  37.67 4.1ib 2.000 31.80
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i

APPENDIX & - LIST OF SYMBOLS

In the dimensions used below
F is tae force dimension
L is the length dimension

T is tiwe time dimension
i+ iz the mass dimension

Description Units

Dimensionless wind stress co-—
efficient as defined by Keulegan (1)

Toral fluid acceleratien in the ft

x-dirzction sec2

Total fluid acceleration in the  ft
z-direction sec

Dimensicrnless wind-wave co-
efficient

Dimensionless wind stress co—
vificient

Dimensionless wind stress co-
afficient based on 0il setw-up
data

dimensionless wind stress co-
efficient based on wind profile
data

139
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LIST OF SYHMBOLS (Continued)

140

BDescription Units Dimensions
Dimensionless wind stress
coefficient at 30 ft elevation
0iL]l set-up due to wind ft L
Total ofl set-up ft L
Nil set--up due to waves ft L
Jeptin of 0il at any vpoint x
along oil fetech length ft L
Water depth tt L
Force on control volume from ML
right 1bs TZ
Torce on control volume from HL
left 1bs T7
ML
Forces in the x-direction 1lbs TS

Function designaticn in lig. 3,
7, 9, 96, 75 and 77

’

Function designation in Eg. 76
and 78

A dimensionless constant expressing
a relationship between the density
of oil and the density of air
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LIST OF SY#BOLS (Continued)

Description Units Dimensicns
Acecleration of gravity ft L
. sec? T2
Acceleration of gravicy in the ft M
z-direction sec? LT~
Densimetric acceleration of ft M
gravity sec? LT?

Vertical rise in the water level
in the air--water inclinec
malnoneter ft L

Water depth ft L

Constant uss=d to describe the
il paraneters in kq. 99 and Eq.
100

wumerical constant showing the
ratio of surface and bottom shear
stress

Jumerical constant defined by
Wilson (3) in Eq. 18.

Farman's constant equal to (,40

Water or oil fetch length ft L

Constant eqgual to the number of
variables used in dimensionless
analysis
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LIST OF SYIBOLS (Continued)

Symbol NDescription Units Dimensions
n Dimensionless flow form constant
n'! Constant equal to the number of
dimensions used in dimensional
analysis
P Fluid pressure 1b M
Fe? LT?
PO ¥ree air stream pressure ib |
fr LT~
Ps Stagnation pressure 1b M
ft? 172
R Horizonral air-water inclined
manometer deflection of water ft L
) Water set-up due to wind ft L
ds Differential water set-up due to
wind ft L
Sl Set-up of water due to wind ft L
52 Set~up of water due to waves ft L
t Tine sec T
U Wind speed ft L
sec T
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LIST OF SYMBOLS (Continued)

Deseription

Tormula characteristic wind
velocity as defined by
Keulegan (1) ia Eq. 10

Used in ig. 90 to define
dimensionless wind speed

Wind vulocity at z'

Wind shear velocity

Critical wind velocity at which
waves are generated in the
fluid

Critical wind velocity at 0.7 ft
elevation

Wind velocity in the x-direction

Water surface velocity

0il volume

Wind velocity in the z-direction

Anv distance along water or oil
feren lengtn

Sifferential feteh lengtn

Units

ft
sec

ft
sec

ft
sec

ft
sec

ft
sec

ft
sec

L]

fr

ft
sec

ft

143
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LIST OF SYMBOLS (Continued)

144

Description Units Dimensions
Ylevation above still oil level ft L
any elevation above a surface
which is creating a boundary
layer in the wind profile ft L
Egquivalent roughness height of
a surface creating a boundary
laver ft L
Any elevation above a surface
creating a boundary layer at
points 1, 2, etc. ft L
flevation of fecal point
describing an equivalent
roughaess associated with
sand grain diameter ft L
Dimensionless wind stress
parameter for water surface
without waves
Dimensionless wind stress parameter
for water surface with waves
Defined by Van Dorn (2) as (pW/pa)a2
Specific weight nf water lbs M

ft ° L2T?
Specific weight of water lbs M
ft - LZT2
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LIST OF SVMBOLS (Continued)

Description

The angle the air-water man-

oneter makeg with the horizontal

nlane

Fluid shear stress

Adottom shear stress

Surface slicar stress

Surface shear stress based on
0il set-up data

Surface shear stress based on
wind profile data

Mass density of air

riass density of cil

iass density of water

Fivid viscosity

Uil viscosity

finematic viscosity

1.5

Units Dimensions
1bs M
T 1.7
ibs M
[T 1.7
1bs M
fr2 1z
1bs M
fe2 17
1b sec? i

ft LA
1b sec? A
ft L~
1b sec? 14
[ Lo
1b sec M
ft LT
1lb sec M
ft LT
fee L2
seq T






