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ABSTRACT

Set-up of various density and viscosity oils on water' s

surface when subjected to wind was studied analytically 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. AnaJysis 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

IiVPRODUCT ION

The economical and ecological impact of recent at-sea oil

spill incident. has created an engineering requirement to design

and deploy containment systems capable of retaining large valumes

of oil. As a result af this requirer.ent, a study was begun to

develop theoretical and empirical expressions describing the inter-

actions of wind, water and oil.

' he primary ofujective of this research is to study set-up

of. ail by wind and ta experimentally verify equations which describe

the interaction of a wind, oil and water system. The utilization

of these equations allows predictions of the two-dimensional

set-up of oil on the water surface when subjected to a steady

and uniform wi, d. From this, it is possible to make engineering

estimates for tne design af containment devices required to limit

the spread of oil an water.

Hach work has been dane regarding the prediction of water

sct-up by wind, botn 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 ta extend the theory to include the case af

The citatians on the following pages follow the style of the
Journal of t' e H dr;.ulic Divisia P d' f the American

So~cieL of Civil "'~ni'deere.



oil floating on water.

The experiments utilized three different oils ranging in

specific grav.'ty from 0.85 to 0.91, and kinematic viscosity from

4.3 to 388 centipoise. The viscosity was varied to determine

the oil set-up dependence on the Reynolds number. By using a

a densimetric Froude Number, based on the density ratio of the

and water, the relationship between oil set � up, fetch, wind speed

and oil density was established.



CHAPTER II

LITERATURE REVIEW

iTo previously published work has been found regarding the

study of oil set-up on water by wind. Set-up of. oil will he

defined as the observed increase in oil thickness, floating on the

water's surface at the windward side of a barrier, at the leeward

end of an oil fetch.

Keulegan �! 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

Q,79 in. to 5.72 in. and the cross sectional average wind velocity

ranged up to 40 ft per sec. Set-up of the water surface was

measured at various wind 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 directly as the square of the wind speed, U and was inversel '

proportional tc the water depth h,

2

Sa � �............. �!

Keulegan's studies give insight into the relationship

between wind velocity, fluid surface condition and resultirg

surface shear stress. Tnis is particularly significant for fluids

of different viscosity as will be the case when considering the

set-up of oil.



By treating Eq. 1 as a dimensionless quantity,

S AU

L gh
�!

where A is an experimentally determined constant having the value,

-6
A = 3.3 x 10 , L is the water fetch length, and g is gravity,

Keulegan showed that this relationship described the set-up of

water by wind wh. n no waves were generated on the water's surface.

In this work, Eeulegan made many correlations to see if a

relatio»ship existed between the air and water surface velocities,

as affected by water depth and viscosity. He established the

dimensionless relationship,

u u h

=f ,!........... �!

where u is the water surface velocity and v is the water kinematic
s

viscosity. Through a series of tests with varied water depth and

viscosity, and without producing waves, he showed that at Reynolds

number greater than 1000, the ratio of the two velocities approached

a constant value. This indicated that the effects of kinematic

viscosity and depth were negligible. It was further shown that

the ratio of velocities was constant regardless cf the water surface

condition, i.e., regardless of the presence of waves, Further,

."'eulegan showed that the constant relating the dimensionless

quantities in Eq. 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 limi.ting value of u /U = 0.333.
s

In addition, Keuiegan inferred from his data that this relation-

snip held when the wind velocities or water viscosity were of

such value as to produce waves.

A relationship was developed wherein the coefficient, A,

of Fq, 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

Usi-..g this surface coefficient, Keulegan developed an equation

for surface shear . tress, T
s

T = 0.0037paU
�!

d8
 ~!

dx p gh

ds
where � is the surface gradient, o is the density of water, n

dx w

is the flow form constant, and T is the shear stress. This

says the shear stress, acting on the water's surface, produces the

resulting gradient. Bv subst tuting Eq, 4 into 5,

p 2
a

0.0037n
ds

dx �!
p 2gh

it can. be seen

~7here pa is the densitv of air. The coefficient 0.0037 is very

close to the accepted values of C  drag coefficient! for air f!ow

across a smooth flat plate. From Eq. 4, Keulegan developed,



S = S + S . . . . . . . . .  8!

S is expressed by Eq. 2 and is t'nat part of the set-up caused
1

by the surface friction between the wind and the fluid, and S�

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. Iie reasoned

that

S2 U p
-! . . . . . .  q!

U o a h

~gh Jgh

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

,,2 R U-U!
2

+- '  h/L! ~
L gh gh

�0!

-6
where the constants A = 3.3 x 10, B = 2.08 x 10 and U is

defined as the formula characteristic  to a particular fluid!

velocity at which wave generation occurs. By analyzing S for

liquids of various viscosities and plotting S versus wind

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

which is basically the same dimensionless form shown in Eq. 2.

Eeulegan'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,



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 tne constant B, in Eq. 10,

is unaffected by viscosity. In summary, Keulegan said that the

only effect of the increase in viscosity of a liquid was to

increase the formula characteristic velocity, U of Eq. 11. The
0

result of this therefore, is to increase the total set-up

observed for a given wind ':rhen the kinematic viscosity of the

liquid is decreased.

By observing the beginning of wave formation, Keulegan

attempted to determine a critical velocity, U at which sraves
C

were generated. He found the relationship to be,

go v
V = 162  ! ........  ll!

c p
a

Xn relating this critical velocity to the formula characteristic

velocity, U , he s'nowed,
0

gp v
U = 21.0  !

0 p
a

which verifies tile previous statement that total set-up is a

function of two forms of set-up, one independent of, and «he

other dependent on the liquid's viscosity.

Van Ijorn �! conducted tests to determine the set-up of

water by trind in an 800-ft model-yacht pond. His tests were

modeled closely after the studies conducted by Keulegan in Lhe 60-ft

laboratory channel as discussed above. In his paper, Van Born



up due'- to waves was,

tl
Lu

l gh
ann S = � . . . �3!I8

2 gh

where;-r and 8 are empirical wind stress parameters for water

surface without and with waves respectively. In evaluating o,

and V . l > Van Dorn was able to reach agreement between his
critical'

work,under field conditions, and those obtained by Keulegan in

the laboratory. This was achieved by selecting the elevations

above the pond at which to measure the wind velocity.

Van Born could see na physical change in the water' s

surface when the critical velocity was reached. However, 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 the 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.

Tn looking only at. wind stress over smooth water, Van Dorn

showed that,

2 2
T = v p

S a

2 2
where y = o /p ! ~ . Using a value of a , taken at an elevation

w a

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

proposed equations similar to Pq. l0 for set-up caused by surface

friction and by ~aves. Essentially Van Dorn proposed that the set-



n

'3
with Keulegan's data, it was shown that, = 0.�037 and therefor»

�-3 �2
'I' = 3, 7 x 10, li

s

"his coefficien determined from fie'd data is the same as the

<inc in 'q .. as <t eve lope<I '."; i:sulegan.

Qualitative observations vere made 1 ' "an Born to supnort

nis relationship f<ir total stress when the r!ster surface was

rough. <ie proposed

2 2, 2o c< t.' + o ~  '' � '.' !
s W W C

;chico is a combination of the st.resses devej.oped for water that is

sr«ooth and. rough and is similar to the Er . 10 and 13, the:ormer

developed by Keulegan. Van Born's observations were that the

water surface= current was not decrease<' when soap was added

reduce wave action. ln addition� wh.n ther.. was soap on the sur-

face, a very sharp velo<.ity gradient exj'ted from the surface,

below whic't< there was a low speed area ol mot ion which was ..'teady

and horizontal. Tiith waves however, the water moved in typical

orbital motion with a mean hori zontal velocitv that was roughlv

independent of depth, <iis conclusion was that the waves t!<ems< Iv< s.

caused by the wind, increased the transport, thus the set-up cf

the water with waves was greater than the s t-up without .~nv< s

Vnn Born also attempted to measure bottom stress by u. e of

pressure disc roughene<'-. to appro:;imate the bottom roughness ot

tne pond. >oct; m stress measurcme<nts were recorded for a .ide



range of wind speeds, up to 10 m/sec, and no stress was re orded.

The lower value for measurement of stress. as limited by t~e

2
instrument used, was 0.1 dynes/cm and it was concluded that the

bottom stress was negligible when compared to the magnitud of

surface stress.

stress T was,
S

T =kg U
,2

s W
�7!

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

should then be,

S kU

L gh
�8!

at low wind speeds.

Using Eo. 10, l<ilson wrote,

A + ~� � � '!  -! "g � , . . . . . �9!S c 2 h 1/2 U
L U L Jgh

iu which

W+ a l = �.!   � !
c 2 h 1/2

U L
�0!

Wilson �! made a correlation of drag coefficients for set-up

oy wind for rory that had been done prior to 1960. Through the

use of the Varman -Prandtl equation for vertical velocity d f.stri-

bution, he achieved values for a drag coefficient. which we e

relat d to a common height above the water's surface.

Using the results of Keulegan  I!, which indicated thi need

for considering set � up as a combination of events resulting from

surface friction and waves, Wilson indicated that the surface



As the drag coefficient C equals k p /p !, and using h/L between
w a

0.0021 and 0.0076, p /p = 8.51 x 10  at 20'C and 1013 mb pressure!,
w a

and Keulegan's values for A and 8, Wilson found

-3 -3 0 2
"d = 2.81 x 10 +  8s15 to 15.2! x 10 � � � ! . �1!

U

Using the Karman-Pra»dtl relationship,

U 1 z
  � ! ln �.

U~ k z
0 0

�2!

where U is tnc wind speed at. z, U+ is the shear velocity defined

as ~i/P, i is ttte Katstan constant taken as 0.40, and s isl s l

the equivalent rou�hness height at which the logarithmic velocity

phofile is zero for a stationary surface, Wilson states,

and, therefore,

-1/2 U zCd � , = 2.5 ln � . . . . . . . �4!
* z

0

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

various elevations, Assuming there was a relationship for C
d

at z , z , z , etcal he concluded that
0

= 2.5 ln �... �5!
'2!-1/2 [C !-1/2

'2 1

Assuming that Keulegan took his measurements at 10 cm, Wilson

1/2

'2

U = U ~C ~ ~......., . �3!

2.5 ln � + [C ] . . . . �6!
2 -1/2

zl d
1



developed,

�7!

Then, using Keulegan's results ard calculating for prototype

conditions, i. . surface wind speeds takei at 10 n:eters, Milson

found, for low wind soeeds,

 C!=.l.lx10 �8!

and for high wind speeds,

 Cd! = .2 to 2.8 x 10 ...,  ?9!

bi lso" then used kq. 26 to calculate values for C for all

-3
1.49 x 10 , with a standard deviation of 0.86 xlight winds C

-3
10, For s trong

-3
winds C = 2. 37 x 10 with a standard deviation

of 0,56 x 10 . In addition, he concluded that between light

-3 � 3
and strong winds, C increases from about 1. 5 x 10 to 2.4 x 10

in a non � linear fasiiion, becoming asymrtotic for very high

veloci ties

Reid and Bodine �!, in their prediction of storm surge

Galveston Bay, utilized the drag coefficients presented by Van

Oorn �}, in calculating wind stress components. Utilizing an

-3
air density to v.ater density ratio of 1.2 x 10 and a resistance

-3 ,� 6
 C ! coeffi«1«nt of 3.0 x 10, thev calculated k = 3.6 x 10

which they used ns an upper limit for hiph wind speeds.

exper-imentai work done prior to 1960 and relate them to a specific

elevation, i.e..10 r~eters. The results oi his work were that for
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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 duri»g the storm.

Bretschneider �!, recommended using a value of k 3.3 x 10

for a wind stress coefficient in predicting wind set-up by a

synthetic hurricane i» Corpus Christi Bay. This value was derived

from

r
b -6 -6

k =  ] + � ! x 3.0 x 10 = 3.3 x 10
T

�0!

where T /T = O.i, taken from Saville's �! studies at Lake
s

Okeechobee, and T is the bottom stress and T is surface stress.
s

-5
The dimensionless coefficient, 3.0 x 10 was also determined

experimentally ;>y Saville   6! in his work at Lake Okeechobee.

-6
!]hen Bretsch»eider used the value of k = 3.0 x 10 to

determi»e a predicted ai»d 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 determi»e the shear stress of wind

over a moving surface is that taken by experimenters in studying

movement of sand by wind. Be11y �! in his work on "Sand lIove-

ment by Rind" utilized the Karma»-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

5.75 log � . . . . . . . . �1!
U 2
U* 0

where z is a roughness factor associated with the sand grain0

diameter.

klhen 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 focus,

z was described as a function of the surface roughness and sand0

grain diameter.

In an earlier work, Horikawa and Shen  8! used the same

relationship and achieved similar results. They made the point

that the Prandtl equation holds good when wind conditions do not

create sand motion. When the wind becomes strong enough to cause

motion, the profile of the wind i.s changed, which causes the

distribution to concentrate at the "focus" or focal point. Thev

said that to express this, the Karman equation should be stated,

as originally attributed to Hagnold  9!, as follows,

U = U+ 5.75 log � , + U'' z' �2!

a given wind speed and surface condition. As U = . /p , it is
* 's a

in which z' and L ' 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 1.'�, for



I Cj

possible to determine values for the surface shear stress. Recalling

T2that Zeulegan used the surface shear stress . = constant x p T',
5 a

 Eq. 4!, and that the constant he found was very nearly that for C

the drag coefficient associated with air across a smooth flat

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

surface condition by measuring and plotting the wind velocity

profile.

From tne foregoing, it can be seen that the use of a similar

wind stress coefficient has predominated. Additionally, there are

means for relating meaningful stress coefficients to any height, at

whicn 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 far

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 tne subsequent set � up of oil against a barrier

can be developed in several ways. One method involves use of

the 'levier-Stokes equations of motion. A similar but less

-ophisticated approach involves the use of a control volume of

oil and water on which a two-dimensional summation of horizontal

Equations of Notion

The Navier � Stokes equations for an incompressible Newtonian

fluid  an oil iu this case!, with non-varying density and viscosity,

in a uniform gravitational field, assuming two-dimensional flow,

can be written

!r 3u a
2 2

p g � �.+u i~+~1 = p a
0 x 3x 0 Bx Bz 0 x

�3!

2 .2
3P w 0 w

p, g, � ~, +~,l~>+ ~j = p, a, . �a!

forces can be conducted. A third, and more general method, require»

dimensional analysis of the significant parameters in an air-oil-

water:;ystem. Each of these developments will be summarized here,

along with the assumptions required to make solution of the problem

more tenable.
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~here:

thc oil viscosity,
0

Y~nld pressure!

fluid velocities in the x � and z � directions,

a , a = the t!tal fluid accelerations in the x � and z
X Z

i! �.' rections, and

p , p = eravity constant in the x � and z � directions.

For the case of oil floatine on water, it us assumed that

steady state conditions will exist.

Hecau'c o' th lo:; liquid velocities which exist when steady

be nnv,lecf ~ 0, fit'i cc

ou Bu du
= � +u � +-r � = 0

x 1t ax az �5!

and

dw 3U
a = � �+u � +w � =0, ~ .., . �6!

3X az

Fc,. 33 and 34 can no ' ho. written,

':.P u 3 u
2 2

p >l �: � +> [~+~! = o ~ ~ - ~ �7!
0 x Ux 0 3x Rz

2 2
dp 8 w d wr' g � >- � + u [~+ ~j = 0....,. �8}

The surfac- curvature a~d displacement will be small when the

oil is set � up apainst the '-arrier. It is assumed that W=O� thcre-.

fore,
3w� = 0
dx

�q!

Stat» ie ," ta.. i.-.her,, The CorveCtiVe acceleration termS Can alSO



1.8

and i q. 38 becomes

3P l
�1!gz = '. p

0

As uniform conditions exist, and thus

8u
0

3X
�2!

and the last term in Eq. 37 becomes

u 3 3u
2

  � -!j..., -, . �3!
0 dz 3z o 32

As,

T=»   � !
Bu

o 3z

where T Is the shear stress in the fluid, Fq. 37 can be

written

ar aT

o x Bx Rz
�4!

Assuming the system is a horizontal plane, g is zero.
X

Therefore,

� � + � =0......... �5!
ap aV

X Z

at x,

�6!P = p g d
0 Z ox

Substituting into Eq. 45, yields

Integrating Eq. 41 between z = 0 and z = d  the oil depth!
ox
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Bd
ox

po gz ax
aT+ � -0
8 z

or,

Bd
ox 1 3T

Bx p g 3
0

. �7!

liultiplying both sides by 3z, and again integratIng with

respect to z, bet~eon 0 and d , the result is,
0

Bd

 �'!d =  T � T !........�8!
0

d T
  � '!d
2L o p g

o
�9!

where T is independent of x;
s

The surface shear stress can be. written

2
T = C p U ...........�0!

where C is the wind stress coefficient. Subst.i,tuting

C p U

pog

d2
0

2L ~ . ~ ~ o ~ ~ ~ e�1!

and divIding by the oil fetch length L,

d2CpU
0 'a
L p gL

o

As 3d /3x is the ratio of the change in the oil depth to the
0

length along the oil fetch, and T can be expressed in terms of,

T  T + T !, where it is assumed  as before! T «T, T
s b b s 0

can be neglected from Hq, 48. Eq. 48 can now be Integrated to

yield



or

2
d 2C P U 1J'2
L'=~ p'gL] �2!

Considering the air-oil-water system, it is correct to

replace the gravity term;~ith a densimetric gravi.ty based on the

ratio of the buoyant force to the unit mass of the oil, expressed

as

P
g' = g l � � ! . �3!

and substituting, vvhere,

or

P,
C= C'

P
. �4!

2C'p
T.7

This expression says that,

d

L � f  ! . . . . . . . . . . .�6!
1

To determine the functional relationship, it is necessary to

determine tne set-up of oil d , for a given oil length L, and

-.rind speed U, snd express them as described above,

P
C I B.

Pw

1/2
x . . . . . , .�5!

Jg r,
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Control Volume

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,

T»e previous assumptions can be applied, and the acceleration

terms either r' glected or assumed to be zero. The resulting

equation. is

ZF=F+�+T!L-5'=0.....�7!
x w s b 0

where:

force on the left of the control volume
w

I = the force on the right and,
0

L = oil fetch length.

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

gd o =gd p
0 o w w

P
0

d = d
w 0

w
�8!

3r. R. ~l, Sorensen of Texas ASH~ University developed the

following simplified approach for predicting the wind set-up

of oil against a barrier. His development ~ as part of the research

conducted by Texas A6'i University while under contract to the U.S.

Coast Guard for the development of an oil containment system

during the period December 1959 to June 1970.
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where:

d = oil depth
0

d = wat r depth to the bottom of the oil wedge
W

p = oil mass density
0

Note, that the increase in the surface level at the barrier

is d � d and from Eq. 58, the increase is d � d  p /p !
0 w 0 0 0 w

d � � p /p !.
o o

Assuming tnat

T + T = K T
s b s

where K is a numerical constant, and as before, T « T , itb s'

follows directly that,

K = 1.0 �9!

acting are,

1/2 p�g d�!2 �0!

F = l/2 p gd !2
. �1!

Substituting into Kq. 57 yields,

Keulegan �!, Van Dorn �!, and Bretschneider �! have

shown that the bottom stress is considerably less than the surface

stress and, as before, is negligible.

Assuming a unit width for the control volume, the forces
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2I/2 o g d ! + K T L � 1/2 p g d "! = 0... �2!
W s o 0

12and using T = C p U, d = d p /p and rearranging,S w ' w o o''w

2VC p U L
2

0
p g�- � !

0 p
W

~ �3!

pince g' = g� � p / p !, this becomes,
o w

d
0

L
f Zzc � ] � �...., .. �4!

.z I/2 U

�5!d = d + d
0 0 0

t

where;

d the total oil set-up
0

which is the same as Eq. 55, As before, plotting the dimensionless

terms d /L versus U/ ~g L vill result in a curve which allows
0

evaluation of the wind str ss coefficient, C.

The relationship developed is independent of fluid viscosity

and is therefore independent of Reynolds number. It is believed,

however, that Reynolds number and hence, fluid viscosity play

an important role in the development of waves in the liquid, If

waves are developed, the set � up cari 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 exp' essed,
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d =- thc s .t-up due to waves
0 w

It is;.elieved that d can be expressed similarly to d or,
0 o

2' 'w 1/2
d = [ �,� j  U � U !

0 g p c
w 0

�6!

ere 8 i= a ~umerical constant which relates the viscositv of

the critical wind speed at which waves aret!.e fluid to U
C

,",: nerat ed in t..e fluid. 3 vill be called the wind-wave stress

~ oeff 'cic::nK

P.,carta! I <,!

2BvJ

  !"2
Pw 1/2 ~B w 1/2

0 0
�7!

1/2ta <;ng t. ne   e ' vative of d / L! with respect to U, or,
0

. �8!
dU

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

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

:.s t»e right-!»and term. This wilI allow determination of the

constant G.

''o dot~ rmine the value of d , plot the total set-up, d
W

using the r!.Iationship expressed by Eq. 64. t!then the values begin

!o depart from ,'';!e curve, expressed by that relationship, it will

d
0

d  !l/2
= f �   � !]

2a 'w

'o
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that depth greater than d, oroil set-up due to waves, d is
0

d = d � d . Using the wind
0 0 0

calculating d   L! , ' being
0

W

speed, which generated d, and

the fetch length associated with

d , l;q. 6B can De plotted.

t The equation For the totalset-up of oil can now be written,

2KCP 8 ~ l2 2BLP.2

] + [, J  V-U!�9!
P gt 0 g P 0

c

where U is that wind speed associated with a given oil, at which
c

set-up due to wave motion begins and U is determined from the
c

plot of Eq. 68 where d = 0.
o

The set-u. of oil can be related to the wind shear velocity,

2~* Substituting the shear stress, T = C p U , and the oil

density written as

�0!P G P
0 a.

where G is a constant, into Eq. 64, for a given oil the resul,t

~ ..  jl!

and

d

�2!

be because an additional set-up has occurred, i.e. the waves

generated in the liquid have created an additional oil depth. The



The shear velocity is expressed

�3!

therefore,

d U�
0

�4!

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

signif icant var ladles,

d = f L, U, g',u, p, pg..... �5!
0 o o

f' d, L, U, g',u, p, p !..... �6!

if a mass-length-time system is considered, it can be seen there

vil.l be  n' � m! � � 3! = 4~ terms.

Selecting L, U, and p as repeating variables, Buckingham m
0

dimensional analysis leads to

U   w!l/2ULp
�7!

This development shows that the oil depth to oil fetch length

This is another method of expressing the original development

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

profil.es.



ratio is 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 the 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. 65,

d = d + d
0 0 o

t w

L'q. 77 can be arranged,

L p
2

po  L ! 1/2   w! 1/2d +d = f'
0 0

w

When d = 0, the result is that
0 w

  w! 1/2  T. ! 1/2p

0 p
0 g

~ ~ ~ ~ ~ �9!

A = I2KC] .  80!

When d = 0 and U > U
0 c

B'   �,!  U � U !........  81!, L 1/2
c

if the viscous effects can be neglected when U   0, and where A
c

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



,>9

dU

and, if as before,

 83!

the expression i

0
w
l/2'

 L!
2B p

= [ ~ ~  8<!

the same as Eq. 68.

The significance of the foregoing discussion is that three

approaches can be used resulting in the same expression for oil

set-up. This research will then be conducted so as to measure

the two-dimensional set-up of oil and to determine the empirical

constants, developed above, which relate the dimensionless terms.

The term d /L is a dimensionless ratio in which d is used
0 0

X
for d and x for I . The dimensionless ratio would then be,

0

d
OX ~ ~ t ~ ~ ~ ~ t  85!

where the depth of oil at any point d , and at any fetch length
ox

x, from thc beginning of the oil wedge, is defined. This is

where B' is a functional constant of proportionality relating the

viscosity p and the critical velocity U . Rearranging Eq. 81
0 c

and taking the derivative with respect ca U,
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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,

1/2 1/2

X 0 0

whi.ch describes the oil set-up at any point along a two-dimensional

cross-section of an oil 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,

d dx....... �7!~ ~ ~
0

X

or

2KC P U L 1/ 2BL P l/22 3 3

V = 2/3[ w ]1/2 ~ [ J � U !  88!
P g P g C

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

V = 2/3 d L . . . . . . . . . . 89!

To determine the oil 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

oil depth at any point along the barrier can be accomplished.



CHAPTER IV

E>PERIlKNTAL PROCEDURE

Equipmenc Arrangement

The work for this investigation was conducted in the two-

dimensional wind-wave channel located in the Hydromechanics

Laboratory at Texas A6." 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 fIoor. Toe walls of the channel are constructed of 3/8

in. thick glas>s panels held in place by steel T � sections. The

glass panels allow maximum visibility within the tank. The tank

is equipped wit'! a pendulum-type wave generator, and a wave absorber

constructed af 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 the 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

morc than lg in. from the top. The other end of the tank terminates

at one of th>e outside walls of the laboratory through which

air is removed from t»e tank by a centrifugal blower located outside
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the Laboratory building. A general arrangement of the tank is

shown in Pig. 2.

It was necessary to construct barriers to contain the oil

within 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 tne volume of oil tested was constant from one run to the

next, to min.imi.ze the amount of oil getting into the wave absorbers

and to insure a sufficient fetch length was available to contain

a representative volume of oil. In addition, it was discovered

the oil would dissolve the sealant used around the glass panels

and, therefore, by containing the oil in a smaller portion of the

tank, this risk was minimi ed. The barriers were constructed

of 1/2 in. plywood, backed by an aluminum frame. Soft rubber

strips were attached in layers at the ends af the barrier to act

as oil seals along 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 height to contain the oil

set-up.

The downwind barrier had wave absorbers attached to its face
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to minimize wave reflections and thus to prevent standing waves

from being established in the oil. The wave absorbers were con-

structed of wire screen and contained gravel larger than the wire

mesn, which provided the wave attenuation desired. The absorbers

were made in I f t long, triangular-shaped sections, and two were

hung on the 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 d.iameter holes were drilled in the center of the

tank covers to allow access of point gauges for measuring the

oil 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

holes with respect to the barrier for each set of runs is shown

in Table l.

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 need 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 oi l surface and, therefore,

the number one 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, it 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.Q,, plexiglas tubing. A series of holes

were drilled along a vertical ! ine along the tube at a level which

coincided with the ail level in the tank. The stilling tubes were

inserted in a short section af pipe welded to steel plates. The

plates were used as weights 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 oil  and water! levels in the

tank. The size of the holes drilled in the tubes was increased in

proportion to the oil viscosity to pravid the necessary 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 oil thickness at the

side of th» tank, This was done with a scale placed on the glass

tank wall which permitted a direct reading of the oil thickness.

This v.ri ficat ion was nnt 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 when the point ga»ge was in contact with the oil and oil-

water surface in the 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 positi.on. A

fixed light was put behind the stilling basin under the fixed

point gauge at position cumber 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 fij I< d with 18 inches of fresh water during

the tests on tne first oil.. After the water was established at

this level, the oil was «dded in 55 gallon  one drum! incremental'
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By adjusti.ng the quantity of water in the tank, there was approx-

imately 18 in. total depth at all times.

To lessen the effect of the Lank covers on the wind profile

during the conduct of the tests on the last two oils, the water

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

0q] Conditions

The suggested range of oil fluid properties was predicted

by the possibilities of the types of oils that might be encountered

by a prototype oil containment system. The suggested �0! 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 quantities desired. The

three oils used are listed in Table 2.

Each test series consisted of placing one, two or three

barrels �5 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 af 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, and 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.
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Tahle 2 Oil Properties

Viscosity, 60'F Specific Gravity
 Centipoise! 60'F

tent

bio ~
:lame

Chevron RPi~ Delo 0.888388

3.8

96

Special

Gulf Diesel Oil

Shell Legion 43

0.858

0.911



The properties shown are averages of the tests conducted for

eacn volume. Little, if any, variation in the properties of the

oil was noted from test to test.

The selection of the test 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,

Pitot Tube and Manometer

Mind velocities were measured with a pitot tube attached to

a movable point gauge staff. The pitot tube was connected with

flexible tubing to an inclined air-water manometer. The slope

of the manometer was adjusted to I:48 with a carpenter's level,

Tne manometer was mounted on an adjustable base which allowed

securing the base after bringing the manometer to the correct slope

prior to commencement of each run.

Calculation of the wind speed for a given deflection. of the

manometer liquid level utilized Bernoulli's equation.

For each test run, the pitot tube was set a known distance

above the surface of the undisturbed oil level and wind velocities

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

Down wind oil barrier and directIy in front of the oil depth gauge,
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position No. l.

To gain better understanding of the wind patterns that existed

in the wind-wave. tank, a series of crass-section velocity profiles

was taken at the down wind position described above and at

positions 25 and 45 ft upwind from the barrier. Similar blower

settings were used at each position and isovel patterns were

taken for low, medium and high wind velocities. Mditional 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 horizontal velocity gradients which existed.

Wind Velocity Determination

The use 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.

Sernoulli's equations, with elimination of elevation terms

 neglected due to relative weight of air to water!, is

p p
s 0

Y
8

wher e:

P the stagnation pressure, in ft of air,
S

P�= the free stream pressure, in ft of air,

the specific weight of air, and

U ~ th wind speed in the tank.
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The slope, S of the manometer water column is,

H

R Cos 8

where:

R =. horizontal manometer deflection

H = the vertical rise in the water level

8 = the an le whose tangent is 1/48 or = 0.0 .

Cos 9 "- 1.0Therefore,

and we can assume,

H
S

R

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

H 1

R 48

or

R
H � ~

48'

s o 48 w........  92!

Substituting in to Eq, 90,

2

48 w 2g

or

y 2gR
=   � ! *

y 48
~ ~ ~ ~ ~ I  94!

3 -3 3
Using y = 1.936 slugs/ft, y = 2.37 x 10 slugs/ft, and

W a

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

the water column rising the distance H,



2g = 32.17 ft/sec and expressing R in inches, the wind velocity,

fps, is

V = 9.51 R

This relationship was used through the research to compute

the wind velocity, V, 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 same longitudinal plane or due to

residual air motion in the tank.

The pitot tube was moved in O.l ft increments from the under-

side of the tank covers to a position as close to the disturbed

oil surface level as was possible, depending on the surface

condition. of the oil. At 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. In

addition> complete wind velocity profile data are included in

Appendix l.

To insure that the centerline wind velocity profiles were an

accurate representation. af the wind creating the surface stress

and causing the set-un of oil, it was felt that a correction factor

should be applied for it was '.;nown that the wind profiles across

the tank would not be uniform. T', 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
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recognized that the ultimate success of this research would depend

greatly on the ability to determine the wind speed which created

the stress producing the 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 l0 dieters

above the water's surface. It was, therefore, necessary to insure

the observed wind profi.les 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 design 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 pausing 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 useo. Examples of the isovels can be seen in Figs. 6 and



WIND SET-UP OF OIL

WIND CHANNEL ISOVEL PATTERN

AVG. VELOCITY 6.98 FPS
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WIND SET-UP OF OIL

WIND CHANNEL ISOVEL PATTERN

AVG. VELOCITY 2I.76 FPS

CONTOURS IN FEET PER SECOND
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7, Oil surface conditions were duplicated during these tests and
I

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 RNS  root mean square! value for each

elevation in the tank  from the oil surface to the tank top! was

calculated  See Fig. 8!, Then, for a given wind speed, the

vertical profile of RHS wind speed was compared to the actual center-

line velocity for the same wind speed  See Fig, 9!. The mean

variation between the profiles  RNS versus centerl,ine! 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 l.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 w'ith calculating

and plotting the dimensionless terms which represented the oil

set-up.

Oil 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 tnickness of the oil, plotted against the horizontal

distance along the o-'L's fetch length, shows the general shape

of the oil ;edg-. As the wind set the ail up against the barrier,

the fetch lcngt I became shorter and the oil thickness, at the down

wind positions, became greater. For the oil volumes used, no

fewer than two thicknesses were taken for each wind speed. Several

of the runs are plotted i» Figs. 20, 21 and 22, and all data taken

for oil depth versus oil fetch length are shown in Appendix 2.

The oil fetch Longth measurement was that distance from

position number one to the point where the oil wedge began. It

was noted that for steady state conditions the oil 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 wi;.d 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, thereby, varied the air discharge rate.

To minimize the effects the surging of the oil might have on

the data, the oil fetch length was always measured when it was

believed it had reached a maximum set-up, or minimum fetch length.

To insure that t! ickness 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 rrind

velocity in the wirrd-wave tank; take velocity profiles, while

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

and then take oil depth and fetch length readings.

Tem erature Measurement

To insure that the effects of temperature could be accounted

for in determining tire 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. Tire 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.



CHAPTER V

DATA REDUCTXQN

All data were taken manually using the equipment and apparatus

described in Chapter X". The general procedure used in obtaining

the data is as follows:

1. The water level was established in the wind-wave tank.

Z. The first volume of oil was placed in the tank.

 i:ote: all runs were numbered consecutively in the

order taken, e.g. 3-2-1, meaning; the third oil

tested, and second volume, wind speed/run number one.!

3. 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.

4. 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.

5. Wind velocity profiles were taken on the tank center-

line using the pitot tube and air-water inclined

manometer.

6. Oil depths were taken at all positions � through

5! within the oil fetch length.

7. Oil temperature and oil fetch length were recorded.
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8. The wind speed was increased to reduce observed fetch

length and ta increase oil set-up.

9. Steps 5-8 were repeated until the wind speed resulted

in loss of oil over the downwind barrier due to

waves and sprays

10. The second and third barrel  volume! of oil was

added to the tank and steps 3-9 repeated.

ll. 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 pla"e

during and after testing of the previous oil. This

aided in minimizing problem areas encountered in

the previous tests and allowed planning the necessary

techniques far handling the next test series.

The reduction of the data taken for a given oil was accom-

plished before testing began on the next oil. The data reduction

followed a general procedure. This procedure is described as

follows:

l. All wind velocity profiles were converted from

manometer deflection readings to wind speed, in feet

per second. Tabulation. of these data can be seen
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in Appendix l.

2, All v locity profiles were pIotted on graph paper.

Lxampies of the wind profiles can be seen in Eigs.

3, 0 an i 5.

ciil depth readings were takenand recorded for each

position. As the oil fetch length varied for each

run, the distance from the beginning of the oil

wedge to the position of oil depth measurement also

varied. 'ach i. ngth therefore was calculated based

on the distance between the positions and the total

length. The results of these calculations and the

oil depths are shown in Aopendix 2. Additionally,

all of thos~ data were plotted on graph paper to

show the profile of the oil wedge. Examples of this

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

Using >.q. 63, where
1 ~'~

U I2KC
w

o 'l p

~1

in whrch '.~C = ', 3 x IG, 77  generally taken at 0. 7

ft elevation! and c were those values associated with
o

a particular run and oil, and with I. selected in 5

ft increments, d was calculated. This theoretical
0

value oi d was plot ted ~ i th the actual d to
0 o

compare the actual set � up with a predicted value for



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 fram the difference in the center-

line velocity and the P+tS 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 particular run, and used for further

calculation of the dimensionless terms d /L and
0

U/ ~g'L, are also tabulated in Appendix 3.

5. The values of d /L and U/ ~g'L were plotted for each
0

run. hese can be seen in Figs. 10, ll, 12 and 13.

These four figures show that a straight line relation-

ship exists for each oil below certain values of

L'/~g'L. Above that value, the data departs from

the original linear function. The data above that

certain value of U/ ~g'L, also form a linear rel ation-

ship and represent d /L, or that set-up caused by

waves in the oil.
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The original linear relationship allowed determina-

tion of tne functional relationships expr'essed in

Eq. 64 as the slope of this line is,

2KC p 1/2
Slope = [ J

0

6. Having plotted the values of d /L versus U/ ~g'L
0

and observed  both in the wind-wave tank and on the

grapns plotted in iso. 5, above! where the set-up

became a function of wind and waves, the values of

d /L could be taken from the graphs and recorded.
OV

Using the fetch length L, d could be calculated
ow

from d /L. Using the run wind speed U, d / JL
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  /~! B o 1/2
Slope =� = [, ]

dU g' p
0

it was possible to evaluate the wind-wave constant, B.

7. Using the vaIues of B determined for each oil tested

and the value of the critical wind velocity U
c

 taken from the graphs plotted in bio. 6 abave!, a

plot was made comparing B and U versus u, the
c

kinematic viscosity of the oil.



8. USing Eq. 63 and Suhstit!!ting

,2
U

sd
 96!

results i T,

2 T L
sd

d = [
0 0

0
g� � � !

0

	12  . l!

Rearranging,

2 0
g o �- � !

0 0 0
.  98!T

d
21.

where ! is the shear stress calculated from oil
sd

set-up data. From,

0
0

go �- � !
0 pJ

W
 99!

values were

I = 1.59
I

I = 1.96
2

I = 1.3]
3

where I , I� and I, were for oils No. l., 2 and 3
l 2

respectively. Using these values of I and,

0

s I,
�00!

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



values of were calculated for each run based on

d

tne oil depth at position number one and the associated

oil fetch length. Using Ea. 96, where

7=KCp
,2

s a

� 3
in which K = 1, o = 2.37 x 10 and by rearranging,

a

T

d

d 2.37 x 10 U

values of the wind stress coefficient were cal"u'.ated

for each run. The results of these calculations

can be seen in Appendix S.

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 abscissa 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 cycles!, !t

was possible to obtain a value, Y', which is

representative of tne surface roughness. Using the

karman � Prandtl relationship,

rg 23 Y
log �,Y'

0



where:

O,l ft  an elevation .'.n the boundary layer!,

= wind . peed «t Y,

surface roughness olevar ion, and

16 = 0.4
0

it was possible tv obtain U,;

l 1 l
!

or

U

Y I2.5 ln�

 I03!

S  w 	/2
*

where T is the shear stress based on wind prr i i le
s

W

data. Pearranging results in,

2
U . I li�!

Again using Fq. 96, it can be said

T = }' C v
s W

N

. lU5!

and

  l  l6!
2. 37 x li1'

and calculation of the wind stress coefficient based

on wind pro..ile data was pcss '-lb.~ ~ . This ca Lou 1 ation



allowed a comparison to be made wi th the values o f

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 .4ppendix 5.
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CHAPTER VI

!ISCIISSION OF RESULTS

For each run conducted, a set of dimensionless numbers,

d /L and U/ ~g'L, were calculated and plotted. The data for the
o

individual oils are plotted in Figs, 10, 11 and 12. For each

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

'w 1/2
d /L = 
KC � ]

0 g 'I.
.�4!

The initial slope of each of the these curves represents a

constant term which relates the dimensionless numbers to the set-

up due to wind only. The slopes are:

-3
Oil P, 1 � 2.4 x 10

Oil J! 2 � 2.4 x 10

-3
Oil /' 3 � 2.53 x 10 �07!

};quating these values with the constant terms in Eq. 64,

Slope = j'2KC � J
'w 1/2
P

0

and solving for the wind stress coefficient C, when K = 1, yields

the following:

Oil i'f 1 C = 2.55 x 10

Oil 8 2 C = 2.47 x 10

� 6
Oil fr' 3 C = 2.'91 x 10 .  ]08!

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
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be constructed r .pre»anting the entire set of data, inclrrding set�

up occurr fng d!re < o wav! s. ln addi.tion, tho rredian s!op> I irrn

is representative. of an oil which has a vi s! osit; range betwr e ~

4 and 440 cent 'stoke», and an average den»i ty of O.RS6. Yhe

-3
slope of the median i.ine is 3.0 x 10 . For this slope, the wind

6
stress coefficient is, C = 3.99 x 10

Por tire design of an oi1 containment barrier it would perhaps

be more conservative tc select a slope from .":. ig. 13 from the upper

half of the enclosing envelope. I'his wo!rid add more weight to

the data taken wi?en waves were pres nt in the oil, a condition

more li!!ely to occur under design conditions. However, using

the median slope, it can be concluded t'rat for. engineering purposes,

the set-up of oil can be expressed,

d
0 ,-3 U

3.0 x 1U

~v,'-'-
 'lU9!

Vo predict;!ore accurately tne oil set-up due to wind anger

waves, it is r:ecessarv to determine separately the set-rrp due '.:o

Eq, 68, the slope of tlreso curve» c;rn r?e expro»si d

8 G 1 /
Slope = [ � �, ] . |110!

wind and due to waves. To do this, values of d were taken from
ow

Pigs. 10, 11 and l" for;!1.1 oat a pr?int s above thc initial. slope

line. 'fhese r;ere plotted, usinp 1;q. 66, in 'igs. 14, 15, 16; rd L7.

The data for r ho»e f igure» are tabrrlated in Ar?pendix 4. l'sing
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isis roiatiois»ip c;in be used to determine the value of the

wine!-wave con; �,! an', .=', "h» zesui ts for .=acl o i l. i. ere as follows:

!6,6> x 10

-6
1i 1;'.-' 2 8 = 7. 5 x 3 U

-6
3'l p ' 3 8 = 14.4 z J'!

oe se..n t!i it the slc!n,. of the curves vary

c.:ang» i the .", ii!!e d.'. r <'.c tion foi- increasing viscosity. Corrected

ai.so increases.fo. thc nl ' <!»n .'. y

Lh' v,ilu-s ~ ' ."' <!-. t,ained for each oil; ere plotted in Fi.g. 18

again.'t oil 1,''sc. i;.! tv, ! t appears, although inconclusivelv, that

reac!ies;1 i!a:<i,.u!! '1-.;';ing value for high viscosities. For use

"i,.in~.»ri.. » d: .-;i!i 1, ', ~ is be! ieved t;iat Fig. 1S 1"ill provide

oil .

valui s of !,!e critical wind sneed, U, at which set-up
c

due. to w'nd waves ' »gina, were determined by that point at which

d j ir l. = i, as,~..~.z 1- in Figs. 14, 1.5, 16 and t 7.
ow

w»re as follows:

The values of U
c

Uil f/ 1 � U = 31.6 fps
c

 !il 3 � U = 24.U fps
c

.  »2!

Addit iona i 1", I t was obs=zved dui ing testing t!rat these wind

the nec ssary wind-�av- constaiit to aliow pret! i cting the set-up of



speeds were essentially those speeds at which waves were created

in the oi.i and water of sufficient size to travel along the oil

fetch to r':~e point of measurement  at positIon 'to. 1!. These obser-

vations support those of Van Dorn �!, who said that the waves

caus' i;. «~..ort of liquid by their motion:nd t .ereby contributed

to the si- -up f the mean liquid surface levet.

To d; velop a usable relationship, the three values of U were
c

p!otted in Fig. 18. As with the constant R, U is seen to increase
C

with viscosity.

The values of U are plotted versus oil viscosity on log-log
c

paper in Fig. 19. By extension of the resulting curve, to a

viscosity equai to unity  water!, the critical wind speed, taken

at an eLevation of 0.7 ft �~ .3 cm!, is 8.3 fps �.53 m/sec!.

Using the Karvian relationship

� i =, 10 �...,...,, �. �13!c 1 Y

k
c 0

wnere U ' i s the. critical wind speed at 0. 7 f t, values of U were
C

found  at 10, 25, 100 and 1009 cm! to be:

10 cm � U = 1.58 m/sec
c

25 cm � U = 2.85 m/sec
c

100 cm � U = 9.80 m/sec
c

1000 cm � U = 24.3 m/sec . . . . . � .�14!
c

Thus- valu:s of critical velocity can now be compared with
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those obtained by Van Dora �! and Keulegan �! in their deter-

mination of set-up of water by wi.nd. The values of critical wind

speed which they found were,

10 cm � U = 3.9 m/sec  Keulegan!
C

25 cm � U = 3.1 m/sec
C

100 cm � U = 4.0 m/sec
c

1000 cm � U = 5.6 m/sec.
c

The elevations of 25, 100 and 1000 cm. are elevations at which

Van Dora 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 oils tested.

This slope is approximately 0.20, Keulegan �!, in Eq. 11, indicatec

the slope should be 0.33, using metric units,

Based on the foregoing, it is now possible to obtain the

necessary sign.ifican.t constants to be used in Eq. 69, to predict

the total set-up of oil:

2KC P U L 1/2 2BL P 1/2
2

d = t, ] + [, ]  U � U ! ..�9!
0 go g P 0

c

Fig. 16, shows a wide range of data points associated with

8 et-up o f oi 1 due to waves for oil No . 3. The reason for this is

believed to be because of testing procedure. Each of the three
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curves represents a different volume. Lt was o'bsei v. «<!�it the

amount cf open water upwind of the oil wedge ere;<t.< d ~!i t Ee -ent

wind speed at .,hich wind waves would be generate<!,- t <-.:.fi .:i<'nc

energy t.o p .net.rate the oil wedge to the point of r.ens<rri .: «51

set -up. I ' .>as observ "d that for. the smaller o' .< . h. e

was more o; .', water in front of t.ie oil, an<t a t ' '!.<i: I i i"- dge

t!ian would occur for a large oil volume..".s a; -u!.t ..: <'!nd

waves generated iii t!ie «ater  a function of fet<.- Ier . ' . Ii<- arne

higher sooner  at lower wind speed! and were ahie to !- e.-.s-

the oil we<ige:,<ore easily. T!iis resulted in << bein ~
C

tiie smalle,. <ro3.uric and higher for the larger velum<. '.

1 or

. IljsT!iis pnenonenon was not. observed in Oils i'Io. l

believed to he because Oil 'Ao. l was so viscous t!iat , I '<'< s war<'

quickly di<r'pcd an<! at o<nly the very high wind spec<':, ': ...... es

able. to peiictrate tiie oil wedge through its ful' loc-'-

ally, t<>o f tw Rata point:s were taken in the wit.<I

: � i!< ition-

where

 !i! No. 2 nad a viscosity very near that of wn,:-,, -,<,iuently

tile wave.' war» generated regardless of the amount ot <:. ".it..r up-

wind of t he oi ' wedge. In this case the open w;it <.;

maske<i i~," t,'>e existence of waves generated in the, i i

<,.-,I:i t!i oil depths measured along t!lp oi! . '-, '.'..: '. i I.

prof il . �ere determined. Figs. 20, 2l and 22 sh«;,' .!:..:...!:<.<..dge

profi i.c <n' <!if.ferent oils and oi!. volumes. To al '«: >. r:.:<-.ans zf

cot,<part.... t.. first term on the right hand aid<

waves wi;<-'- generated to allow correlation of t.'i« "'I<:-,,-i <i .-Efect."
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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 nf

these calculations are the solid line in each of the figures.

As can be seen, Eq. 69 closely predicts the set-up of oil, fox any

value of L, when no waves are generated in the oil.

Use of Eq. 69 fails however, when ~aves 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 liquid, it is found that d = 0.422 ft at L = 50

ft. This compares favorably with the actual set � up of 0,283 ft at

L = 51.67 ft. The constants I and U were obtained from Eqs. ill and
c

112.

Run No. 3 � 3 � 10 was a run in which oil 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 oil. However, additional

work is believed necessary to validate the constants B and U , as
c

associated with other oil viscosities.

T.t was stated previously that it was necessary to use a value

of wind speed which represented the wind actually causing the

set-up of the oil. Comparing the predicted set-up with the actual



set-up was one method of verifying the selected values af wind

speed. It appears that the wind speeds selected were reasonably

correct as the predicted set-up curves indicate in Figs. 20, 21

and 22

Additional methods used to validate the wind profiles involves

the comparisan of shear stress as indicated by the set-up af ail

and the shear stress based on the wind velocity profiles.

2 p
d gp  I- � !

0 0 p
w

T

d
2L

was used to compute values of average shear stress based on cil

depth and fetch length for each run. These values are tabulated

in Appendix 5.

For comparison, the wind veIocity profiles taken an 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 relat.ionship, i.'q. 22,

U 2.3 Y
log �,U~ k Y'

o

it was possible ta calculate the shear velocity using Eqs. 102 or

103. Then, using Fq. 104, the shear stress based on each wind

velocity profile was calculated. These values are also tabulated

in Appendix 5.

Ta present a graphic comparison between the two shear stresses,
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Pig. 24 was plotted showing 7 versus T . The results are as
sd 8

anticipated. Fig. 24 indicates that the shear stresses, based

on the wind velocity profiles, are higher than the shear stresses

based on oil set-up. As a correction factor was applied to all

wind velacities used  and thereby achieving good comparison an

the oil profi' e prediction curves!, it follows that the centerline

wind profiles were slightly higher in magnitude than the profile

representative of the boundary layer caused by the actual shear

stress.

The corrected values of wind velocity were used to calculate

the dimensionless terms in Figs. 10, ll and 12, From these plots,

values of C for each oil were determined. Using these values of

2
G, and the relationship T = C p U , taken from Eq, 63, values of

s W

shear stress were calculated. The results of these calculations

were excellent and the shear stress values were similar to those

abtained using Eq. 97. This procedure allowed a crass check of

data calculations, a check an plotting of the data and finally

a validation of the values of C as obtained fram Figs. 10, 11 and

12.

As a final comparison, values of the wind stress coefficient

C were calculated for T and T , for each run. This was done
S 8

using Eq. 106,
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The values of C, for each oil, based o. oil set-up

data  '1' ! were,
d!

-3
0il ~'f 1 C = 1.412 x 10

-3
0il " 2 C = 1.475 x 10

Oil 8 3 C = 1.537 x 10 . �15!

The average for the three oils is C = 1.474 x 10

"he values of 0, for each oil, based on the wind velocity

profiles  T ! were,
s

w
0il if 1 C = 2.542 x 10

Oil // 2 C = 1.834 x 10
--3

Oil // 3 G = 1.689 x 10 �16!

� 3
The average for the three oils is C = 2.025 x 10

-3
Oil Set-Up Data C30 1.135 x 10

-3
Wind Profile Data C = 1,495 x 10 �17!

'J'hcse values compare favorably with the values obtained by

--3
Wilson for light winds. His results were C = 7..49 x ]0 with

-3
a standard deviation of 0.83 x 10

0!sing the relationship developed by Wilson �!, for

evaluating values of C, at Y = 30 ft the wind stress coefficients

were found to be,
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CHAPTER VII

COilCLUSIOiJS AND RZCOÃ4Ei4DATIONS

Conclusions

The following conclusions may be drawn from this investigation

of set-up of oil on water by wind:

1.. The amount of oil set � up against a barrier is a

function of the wind stress on the smooth oil surface

and wnen the wind exceeds a certain critical value

 a function of oil viscosity! waves are produced

and an additional set-up of oi1 occurs.

2. The total set-up of oil can be expressed by the

equation,  Eq. 59!

2KC p 'J 1/2 28 p L 1]2
d =   , ] + [ ,!  U � U ! ~

0 p g
t 0

P F0
c

3. The assumptions made in the development of Eq. 59 are

basically correct.

The wind stress coefficients C, based on wind and oil

set-up data, were found to compare closely with

previously determined values for water set-up.

5, The wind-wave constant, 3 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

be made.



Recommendations

It is bc]ieved t..'.;.t ::.-<.''< is<: c:,.I.:< i!"e' « work was conducted

to validate the E'c'L i i<".!; ',.1<' . '. c t! <'!' .,'- <.! .'; < wi thout 4 1vps.

However, because cni.. thr<.. c i.I s ';!'r < est =<d, it i fe I t that in-

sufficient data were ia.'.e=.! t < I r<c;.;. �,. ' ~ <'va.'u<:t»;1<e wind-wav»

and the critical «in<i -' « i ',:, < ' ! ..c, <!, ~ to 1 imitations in

! -..;in,. s:«! iu .!! ~ '< c.. more extensivetest procedure, a<i<''I.

evaluation of t .. 'at--.: «, . !' iy, . he I ~<l. owir<g r»comme!~dations

for any additio..al wor'. ;<:. t .is go< erai arcs «re suggested toward

a<i»l i t i cn, the f c 1 lowingimproving tne r< u.' s <!!!<, rl«c«;. hni«...<o.

is inten<led as a se if-cr iti»i'm of the .!or!.. accomplished:

l. 'i'est zt least tvo more oils in the 10 � 100 centistoke

rang< and a! I eas<; nne between 100 and 400 centistokes.

It is not bali'.!ed . <'«s.:.ary, h .t .onsideration.

be giv, n;! oi <  l»ang < tv

,,on<<uct a!! l <;l '. <! ' ng ...' <!<,steat ~! <ter fetch

'! en@<. > <!!i<., nd <-. 1 ' .- oi I;« .! "<-'. ] h s vill ens<ure

4<v 6<1' <"' '?a'i<'s <','!!er '.t ,'d i' 1 1 ' occur in. the same

fet<h pn<'5'th «< !ar il< ss < I tl!<- cil volume.

3, 1]s» ai, ' Io<; ",I r.<i <h! < ners both at air intake and

achates.-. '< ',, ~ .; I 1.1 prevcn; prer ot ation of tne

air enl.e! ',.!! t!< i]ower ani . r sate a more uniforr! air

f lo r  ver t «» < 1 I s«< ';!c<

constant 3 and to <c'.: < i ..<;.! i<I; <- istic< .-hi ~ bet<!een oil viscosity



Conduct all tests with at least 3 ft of air space

above the oil level. This should minimize the effect

by the tank cover on the wind velocity profile.

5. Use the smoothest possible under surface for tank

walls and top to prevent establishing large boundary

layers.

6. Conduct extensive isovel determination, over the

range of wind speeds used for testing, to allow

proper correction factors to be applied to wind

profile data.

7. use a hot-wire anemometer for measuring wind velocity

profiles  and isovels! to obtain more accurate

profile information and speed up data taking and

reduction.

8. '!easure wave height and period spectra of waves in

the water and oil fetches to determine effects of

oil viscosity and density on wave damping.
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APPENDIX 1

VELOCITY PROFILES

Run /I 1-1-1

U   f s! 26. 30 29. 80 30. 10 31. 50 32. 50 31. 90 31. 102
y  f t! 0,088 O. 188 0. 288 0. 388 O. 488 0.588 0. 688

31.95 31.48 30.37 28.84 28.35 27.21 10.00
0.788 0.888 0.988 1.088 1.188 1.288 1.388

Run 0 1-1-2

U  fgs! 24.50 27.40 28.53 28.55 30.20 30.20 29.01
y  ft! 0,088 O.l88 0.288 0,388 0.488 0.588 0,688

29 . 15 29 . 18 27 .90 27 .02 26 .10 24 .60 11.60

0,788 0.888 0.988 1,088 1.188 1.288 1.388

Run /3 1-1-3

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 0.688

27.20 26.03 25.30 25.29 23.80 21.15 12.20

0.788 0.888 0.988 1.088 1.188 1.288 1.388

Run j/ 1-1-4

U  f s! 20.20 22.55 23.20 23.60 23.90 24.17 24.55
y  ft! 0.088 O.l88 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

.tun ip 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 0.988 1.088 1.188 1,288 1.388



9i

H,4 , 18.10 l&.40U  fg< ! 14, 3',l 16.00:17.13 17.5 !
y  ft! G.GH,! 0, i 88 0.288 0. 388 4,'-,H j. iH8 0, 68�

16.,'> 9, 5 1

! '.":8 i .,288 . 3F:8

Run /> 1-1-7

U  f s! ] 2. 36 �.91 14.55 14, 1' .i 5 .  '2 15. 35 35.90
 f t! i,'   HH i", 188 028i- 0 388 i H~ i . 5HH 0688

160. l605 1562 14 > I .i-'. ' ' 3!.'.' 647

0, 788  !,888 0.988 l, !8H .!, 1,'-'8 ',288   . 38'3

Run 0 1-1-8

3540 3760 3895 .'', ' 5 3840 37.''-'
0.18H 0.28H �, 3H.' ' . -'i" 8 U.588 0,688

'36 'Ii i4 /5 3'3 6 ! 3, g ' < i,20 30.HG ] 7 52

0. 788  'i.888 0.988 1,0HH

Run 8 1-1-9

35. 20 36. 65 37. 05 3 i, '.~ ! 36. 40 34 . 40U   fys!
0.188 0.288 0,388 0.488  !.586 0.688y  ft!

32.80 33.20 31. 80 30. 80 '  ,. 0 2h. 50 12. 58

0, 788 O. 888 0.988 1. 088 i, 168 J .286 J . 388

Run i/ 1-1-10

U  f~s! 28. 72 32.70 35 08 35 20
y  ft! 0 088  	88 0 28" 0 3i88

34 06 33 10 31 9! 3 ~ JO '9 i~G '9,'.5 ]2 95
 l,7HH 0.888 0.988 1,0HH : ,, !.2H8 J.388

U  fpa!
y  fi!

18.3 ~  8.40 18 40 ! 7

0. 78. i!. 888 0.988 3 .   H3

35, -'iG 35. 80

0,588 0.688
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Run 3 f' 1-2-1

~U f s! 23 90 '9 20 30 4' 32 40 3'..5. 'll 80 34 40
y  f t! 0 05� 0. 150 0.250 0. 350  ', "".' ' ..' 0 0-6', 0

3440 3405 3350 3240 3I,.'1 31 i9 19.':0
0 750 0 850 0 950 I 0! . '..' ' ' '0 I 3'0

Run 0 1-2-2

U  f~s! "3.02 25,03 28.20 29,70; }
y  ft! 0.05 s 0 i50 O. 250  '. 3':0

3l . 10 30. 80 30. l5 28.9o

0.75''  !.8 0 0.950 1. ."..0

Pun 2 / 1 � 2 � 3

~U f s! !9.7� 0 23.40 24.85 5.7"if ." .':1;7.',0 28,80
f 0.655y  f t!  !.O~ ': Cr.23' � ~ 3> ! '. 150

26.60 '7.ZO 26. 9'' �.00

0. 750 0.850 0.9'0 1.0,0

Run 0 1 � 2-4  ;f!

Zi.10 
.05 22.80 , ', I 24.1Z 24.i5U  f s! li.9;.7
y  f t! O. Oii! 0. ' 50 0. 250  ', 3' '7 0 6"�

24,1 ' "4.0i 23.80 23.17!

0, 7'� �. 850 0,950 l .050

Run 0 1-2-4  L!!

~U f s! 7 7.90 .1.30 2'.20 '3.7 '.
y  f t! 0,050 0. 'I 50 0, 250 O. 35�

24. 75 24. 20 23.90 23.05 '' ', ' " .'.L.  iO 16. 85
0.750 0.850 0.950 3,050: . L ' ..'!50 1.3'�

Run ff 1-2-5

U~ f s! 26 ~ 20 31.40 33.38 34.35  ' "'' '..78 36.30
0 150 0 250 0.3>LI  ..'. ':'7 '7 ~U� 0 650y  f t! 0.050

3561. 3402 3329 32 . I '7 30.70 9,72
0.85� 0.950 1.05 '7 .L..' '7 ! .2'� 1 ~ 350

36.22
O. 7'�

'I . 40 31.10

0.6'  I

,".; . a0 L5. 3 r
; sO 1. 3'30

..00 15. 40
i ..: '� l. 3'>0

1".. 22 12.74
,'50 l. 3'�

? ..10 24.80

0. 
0 0.650



Run f/ 1-2-6

U  fps!
y  ft!

Run ~F 1-2 � 7

y  ft!
U~ f s !

27.l' ' ! .08 36.00 36.60 37.30 37.18 36.80
0.0',i 'i. I50 0.250 0.350 0.450 0,550 0.650

35.rl ' '! . 40 33. 80 32.90 31.60 30. 20 ll, 02
0.7'' ' d� 0.950 1.050 1.150 1.250 l. 350

'.CO 37.00 38.05 39.03 39,05 38.04
. I 50 0.250 0. 350 0.450 0.550 O.I>50

37. '.,58 34.60 33.45 32.20 31.40 9.72
0.7--. ..' 0 0.950 1.050 1.l50 1.250 l.350
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Run 8 1-3-1

U  ~f s! 20.71 21.70 26.61 27.70 28.40 29.10 29.58
y  ft! 0.050 0.150 0.250 0.350 0.450 0.550 0.650

29.42 29.20 28.60 27.60 26.90 25 .82 10.47
0,750 0.850 0.950 1.050 1.150 1.250 1.350

Run. 0 1-3 � 2

U  f s! 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 > .050 1.150 1.250 1.350

Run ft 1-3-3

~U f s1 23.70 23.80 29.70 30.80 31.60 32.00 32.10
y  ft! 0.050 0.150 0.250 0.350 0.450 0.550 0.650

31.40 31.60 31.00 30.04 28,95 27.20 11.08
0.750 0.850 0.950 1.050 3.150 1.250 1.350

Run // 1-3--4

U  f~s! 24.25 28,10 31.30 33.10 33.28 33.65 33.80
y  ft! 0.050 0.150 0.250 0.350 0.450 0.550 0.650

33.70 33.28 32.40 31.58 30,20 28.90 11.90
0.750 0.850 0.950 1.050 ] .150 1.250 1.350

Run f/ 1-3-5

U  f s! 23.90 30.40 32.00 33.60 34.20 34.75 35.40
y  ft! 0.050 0,150 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 J.050 1.150 1.250 1.350

Run /k 1-3-6

U  fps! 24.95 31.82 33.40 35,20 36.00 36.90 37.10
y  ft! 0.050 0.150 0.250 0.350 0.450 0.550 0.650

36.90 36.50 35.60 34.80 33.30 32.00 29.60

0.750 0.850 0.950 1.050 1,150 1.250 1.350



i,.':0 35.90 36.90 37.80 38.35 38.50
'.'>0 0.250 Q.350 0.450 0.550 �.650

~i 9 ! 37.10 35,50 34,60 32.90 17.22
H> i 0.950 1.050 l.150 1 "50 1.350

20 35 90 36 60 39 20 39..5 39 95
0,25Q P. 35Q 0,45 i  !, ' '.0 0.650

i! 38 05 37 30 3b 8 "'- ' ' 14 55
0,950 1.050 '1. ]50 ':.''-..". 1. 350

37.40 39,60 40.49 40.~0 40.25
Q."50 0.350 0.450 Q.'.50 0.650

37. 20 36. 20 35. 21 s4. 06 10. 08

0.950 j .Q5Q l.150 ] . 250 1.350

'3. ip 37.20 40.60 40.95 41.15 41.08
0,250 0.350 0.450  '.550 0.650

" .40 38.60 37.65 37.00 .:6.20 15.50
',!'50 0,950 1.050 1.150 .I .250 1.350



c! 9

Run // 2-1-1

~U f s! 704 766 794 79' 794 '79' 794 766 766
y  f t! 0.094 0. 194 0.2.!~ 0, 39' 0,494 0. 594 0,694 0 ~ 794 0 ~ 894

7. bb 7. b6 7. 94 7. 66 7. 36 7. 04 6. 72 6. 38 6. 38
0.994 1.094 l.i94 1.294 1.394 3 .494 1-594 1.694 1.794

Run 0 2-1-2

 f~s! 7 l6 .I8 ~ Zl 8 ' 21 8.21 8.50 8.50 8.21 8.21 7.94
y  f t! 0.094

0.994 .094 1.194 1.2944 .'..394 1.4.'   .594 1.694 l. 794

Run // 2-1-3

8. 7 ! 8.50 8.50 8.21 8.21 7',94 7.66 7.36 h. 72
0.994 1.094 1.194 l.294 l.394 '..494 1.594 1.694 1.794

Run Jf 2-1-4

U  f s! 8.~� 9 " ! 9 51 9.51 9,,1 9 "!' 9 51 9 51 9 51
y  ft! 0.094 0.194 0.294 0.394 0.4!94 0.594 O.b94 0.794 0.894

9, Zb 9,02 9.  
! 8. 7� 8. 5!� 8, 2 i ?.94 7.66 7.04

0.994 ].094 l.,'94 1.29~ 1.394 '.494 1.594 1.69> 1,794

Run // 2-1-5

~U f s! 7!h 827 876 9.7! 94:: 97'?. 972 951 951
y  ft! 0.094 0,194 0.294 0.394 0.494 0.594 0.694 0.794 3.894

9.26! 8.76 9 26 8./b 8.76 8 /b 7 66 7 66 7 04
0.994 1.094 1.194 1.294 1. 394 .',494 l,594 1.694 l. 794

Run // 2 � 1-6

U~ f s! 9..'	 9.51 8.50 10.40 11.62 11.2� ll.23 11.62 9.51
y  ft! 0.094 0.194 0.294 0.394 0.494 0.594 0,694 0.794 0.894

9.0.' �. jZ 11.2j 9.51 10.< Z 9s.51 9.02 l0.40 9.51
0.994 1.094 l.l94 1.294 1.394 1.494 l.594 1.694 1.794

U  fys! 8..'i!
y  ft! 0.0'7'4

0.294 0.394 0 49 '7 0 "9-'! 0.694 0.794 0.894

7
7.94 7.66 .bb 7.66 7.:b 7.04 6./2 b.38

8.76 8.76 8,76 8.76! 9.02 9.02 9.02 9.02

0.194 0.294 0.394 0.'! Vi 0.594 0,694 0.794 �.894
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 continued Run f/ 2-1-6!

8.50

1.894

Run 0 2-1-7

y  ft! 0.080 0.180 0.280 0.380 0.480 0.580 0.680 0,780 0.880

10,40 9.96 9.51 10.82 10,82 9.96 9.51 9.51 8.50
0.980 1.080 1.180 1.280 1.380 1.480 1.580 1.680 1.780

7.36

1.880

Run g 2-1-8

~U  f s! 9.96 l1.23 12.02 12.02 12.40 12.40 11.62 11.62 11.62
y  ft! 0.080 0.180 0.280 0.380 0.480 0.580 0.680 0.780 0.880

12.40 11.23 11.23 10.82 9.96 9.96 9.51 9.02 7.94
0.980 1.080 1.180 1.280 1.380 1.480 1.580 1.680 1.780

Run f 2-1-9

~U f s! 10.82 13.45 14.08 14.40 14.40 14.08 14.40 13.45 13.45
y  ft! 0.080 0.180 0.280 0.380 0.480 0.580 0.680 0.780 0.880

13.75 13.08 13.75 13.08 13.08 12.73 12.02 11.23 9.51
0.980 1.080 1.180 1.280 1.380 1.480 1.580 1,680 1.780

Run 0 2-1-10

V  f s! 13.45 15.60 16.19 16.47 16.47 16.19 16.19 15.89 15.89
y  ft! 0.080 0.180 0.280 0.380 0.480 0.580 0.680 0.780 0.880

15.89 15.60 15.60 15.01 14.70 14.40 13.75 13.08 12.40
0.980 1.080 1.180 1.280 1.380 1.480 1.580 1.680 1.780



Run >/ 2-2-i

U  fps! 14.70 l6. l9 16.73 17.00 16.7 ! Jb. 73 16.73 16.47 l6.47
y  f t! 0. 10 O. 20 O. 30 0. 40 O. 50 O. 6 ,' 0. 70 0. 80 0. 90

16. 7' 15.89 15.60 15. 30 15.01 14.08 13.45 11.62

1.00 1.10 1.20 1.30 1.40 1.50 1.60 1.70

Run 5 2-2-2

~U f s! 1!.88 1?.60 17.78 18.26 18.-"6 18.66 18.26 17.87 17.78
 >.40 0.5 ! 0.6A 0.70 0.80 0.90G. 2 ! O. 30y  f t! 0.10

17.50 15.70 l7.31 lb.74 15.88 15,31 14.46 l2.74
1.00 l. 10 I . ZO . 30 I . 4� 1. 50 I . �0 I . 70

Run 8 2-2-3

19.2i 19.21 19.02 19.21 19.02 18.54

0.450 O.7'7 l 0.6 0 0.,50 0.850 0.950
U  fps! 17. 50 18.73 l9.21

0.250  !.350y  ft! 0.150

l8.26 17.97 l7.78 17.50 i?.02 15.88 15.02 13.12

Run // 2-2-5

U  ~fs! 19.68 21..68 22.35 22.06 22.06 22.06 22. 35 21.68 21.49
v  f t! O. 150 0. 250  j. 350 0. 450 0. 550 0. �50 0. 750 0. 850 0. 950

21.30 20.83 20.35 19.97 19.50 18.54 17,50 15,88
1.050 1.150 1.250 j.350 1.450 ].550 1.650 1.750

Run f/ 2-2 � 6

U  fps! 18.54 19.47 21.49 22.06 22.06 22,35 22,06 22,06 22.06
y  ft! 0.150 0.250 0.350 0.450 0.550 0,650 0.750 0.850 0.950

22.35 21.87 21.49 21.30 21.02 20.35 19,97 17.97
1.050 1.150 1.250 1.350 .1.450 1.550 1.650 1,750

1.0'70 l. l 50 1.?50 .' . 350 1.45 ~ 1,550 1.650 l.750

Run /j 2-2-4

U  f~s! ]8. 54 19,.'1 20.35 20.35 ' !.35 20.35 20.35 20.35 19.50
y  ft! O. 350 0.250 0.350 0.450 0.5.'~ ,' �.650 0.750 0.850 0.950

'19.02 l9.02 1 8.26 I 7.97 17. 78 1! .31 15.88 14.46

 .O5� ..150 :.250 1.350 1.450 1.550 1.650 1.750
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Run $i' 2 � '.� r

,.! 'i . 49 25. 30IJ  fps! 21. F!8
y  f t! U, {5{! '!.850 0.930

24.

], 05{!

Run // 2--2 � 8

25.87 25,68lJ  fps! 2{!.64: . ' '.' .'.< 2'i.25 25.4".
{!.850 0.950y  ft! 0.150 O. 450

Run // 2- -9

,'! i .,'.39 28.3-. ' .. ' . 28.82 28.53

.5,,: { .450 0,550 .3 '.. O. - 0.850 0.950

. {;.91 25 87 ',i ". .'-. 21.49

j: >'.' { .350 1.450 1,5'~ ' ' .'-:"~ J .750

U  ~f
y  ft!

28. 24

! .i!50

.. -, 20 25. J{.'

' ', -'t 5 i O . " 4!

.'3.68 22.92

!.350 1.430

.. '5.0>

.:,350 1.4 �

. i.!'.. i 19.02

1 .;.' 50

9.g8

1.750



Run fi' 2-3-1

U f s! 20.12 21.65 22.45 23.05 23.05 22.87 22.87 22.65
y  ft! O.I50 0.250 0.350 0.450 0.550 0.650 0.750 O.H.'>P.

22.22 21.90 21.02 21.02 20.80 19 .45 18.50 17.OO
0,950 1,050 1.150 1 250 1.350 1.450 1.550 1.650

Run 8 2--3-2

U  fys! 21.22 22,65 23.80 24.00 24.00 23.80 23.83 23.41
y  ft! 0.150 0.250 0.350 0.450 0.550 0,650 0.753 0.83,.>

22.47 22.22 22,08 21.43 21.02 20.38 19.45 18.53
0.950 1.050 1.150 1.250 1.350 1.450 1.553 I.6.>3

Run 0 2-3-3

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 0.85O

24.60 24.20 23.61 23.41 22.87 22.22 20.60 19.45
0,950 1.050 I,I50 1.250 1.350 1.450 1.550 1.6">0

Run // 2-3-4

0  ~fa! 20.36 22.45 23.61 24.60 25.00 25.15 25.15 25. �!
y  ft! 0 150 0 250 0 350 0 450 0 550 0 650 0 750 0 85O

24. 80 24. 80 24. 80 24. 20 24. 00 23. 61 22. 45 21. 22
0.950 1.050 1.150 1.250 1.350 E.450 1.550 1,6 ">0

Run  I 2-3 � 5

U~ f s! 2341 2515 2655 2768 27 55 2720 ? 7. 20 26 65
y  ft! 0.150 0.250 0.350 0.450 0.550 0.650 0.750 O.H'>O

26.00 25.61 25.00 24.60 24.00 23.41 22.45 21.0'
0.950 1.05Q 1.150 1.250 1.350 1.450 l.550 I.|>5>O

Run </ 2-3-6

U  fps! 23.61 25.42 26.65 27.38 27.68 27.82 27.55 27.':!.;!
y  ft! O. l50 0.250 0.350 0.450 0.550 0.650 0.750 O. 3

26.65 26.20 25.42 25.15 24.40 23.22 22.45 21.22
O,r'50 1.050 1.150 1,250 1.350 1.450 1.550 1.6>">O
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Run I 2-3-7

U  ~fs! 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 II 2=3-8

0  f~s! 22.22 24.00 25.42 26.20 27.20 27.68 27.68 27.68
y  ft! 0.150 0.250 0.350 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 1.250 1.350 1.450 1.550 1,650

Run 0 2-3-9

U  f~s! 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 1.450 1.550 1,650
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Run fk 3-1-1

U  f s! 8.50 !,97 10.40 10.40 10.40 10.40 10.82 10.40 10.40
y  ft! !.05 '!.15! d."5 0,35 0,45 0.55 0.65 0.75 0.85

10.40 10.40 10.40 10.40 9.00 9.00 8.50 7.45

0,95 1.05 1,15 1.25 1.35 1.45 1.55 1.65

Run ft 3-1-2

U f 10 40 12.04 12,40 12.04 12,04 12.40 12.40 12.40 1' .63

y  ft! 0.05 0. 15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

11.25 l2.04 11.25 11.75 11.25 10.82 10.40 8.50

0.95 l.05 1.15 1.25 1.35 1.45 1.55 1.65

Run 8 3-1-3

y  f t! 0.05 O. I 5 0. 25 0, 35 0. 45 0. 55 0.65 0. 75 0.85

13.77 13.45 13.45 12.72 12 ~ 40 12.40 12.40 10.82

0,95 l.05 !.15 1.25 1.'35 1.45 1.55 1.65

Run I/ 3-1-4

U  f s! 3.5.:35 17.50 18.50 18.50 18.50 18.50 18.50 18.50 18.00
y  ft! 0.05 O.i.5 0.25 0.35 0.45 0.55 0.65 0.75 0.85

17.50 lb.72 lb.20 16.20 15.90 15.35 15.01 14.10

0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65

Run ~3 3-1-5

00 18.50 19.95 19.95 19.95 19.50 19.27 19.02 19.02

y  ft! 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85

19.02 18.50 lb.00 17.50 17.80 16.72 15.30 15.35

0.95 3.0.! !.15 1.25 1.35 1.45 1,55 1,65

Run i/ 3 � 1-6

U  fps! 20.80 21.30 22,10 22.10 22.10 22.10 21.65 21.65

15 0.25 0.35 0.45 0.55 0.65 0.75 0.85y  tL!

21,42 2I,30 20.80 20.40 20.40 19.27 19.02 17.80

0.95 1.05 1.15 l.25 1.35 l.45 1.55 1.65

~U f ! 12.i� i i..lo 14.60 ih.4il .14.40 �.40 14.40 i4.40 !l..lo



Run t 3-1-7

U~ f s!
y  ft!

@un jj 3-1 � 8

U  ft!

@un ii 3-1-9

~U f s!
v  ft!

21.87 23.85 24.40 24.90 24.90 24.65 24.40 23.65

O.i5 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

0.95 1.05 J.i5 l.25 1.35 1.45 1.55 1.65

24,40 26.35 27.20 28.00 28.15 28.15 28.28 27.65

O. i 5 0.25 0.35 0.45 0.55 0.65 0.75 0.85

27.20 27.20! 26.5i 25.7O 25.15 23.85 23.30 22.90

0.95 i.05 1.15 1.25 1.35 1 45 1..55 1.65

24.90 27.90 Zc.53 29.25 29.25 29.25 29,25 28.80

O.i5! 0.25 0.35 0.45 0.55 0.65 0,75 0 85

28.28 28.15 28.00 27.87 27.90 26.57 26.20 24.40

0,95 i.05 3.15 1.25 1.35 1.45 1.55 1.65



Run 7't 3 � 2-1

0~ f s! 17 . 90 1 8, 40 18 . 62 18, 62 1 8 . 62 18 . 62 18 . 40 18 6 '
y  ft! O.LO 0.20 0.30 0.40 0.50 0.60 0.70 0.8 !

18.83 18.1.5 17.90 16.85 16.85 16.05 15.75 L4.84
O, si! 1 .00 ! . 10 1, 20 ! .30 1 . 40 1, 50 !, 60

Run il 3-2 � 2

35 19.77 20.25 19.77 20.09 19.77 19.77 19,65
y  ft! 0.10 0.20 0.30 0,40 0,50 0.60 0.70 0.80

19.65 19.65 18.62 18,15 18.15 l6.84 16.30 i5.18
O. 9 ! 1.0i! 1.10 1.20:1 .30 1.40 1,50 ! .60

Run 7  3- 2-3

U  frs-! 20.93 "1.45 21.55 21.55 21.55 21.55 21.45 -'1.19
y  ft! 0.1i! 0 ,;! 0 .30 0 .40 0 . 50 0 .60 0 .70 0 .8 .'

20.93 20.93 20.50 19.77 19.35 18.88 17.65 17..15
0.90 L,OO 1.10 1.20 1.30 1.40 1.50 1.60

Run i! 3-2-4

U  f s! 21!.43 21,75 22.05 22,05 22,05 22.05 21.55 21.45
y  ft! i!.]0 0.20 0,30 0.40 0.50 0.60 0.70 0,80

20.43 20.7l 20.71 20.71 20,22 19.77 18.83 18.40
0.9i! l,.00 1.10 1,20,! .30 1.40 1,50 1.,6i!

Run // 3 � 2-5

U  fps! 22.75 24.25 24,42 24.42 24.42 24.25 24.25 24.25
y  ft! O.LO 0,20 0.30 0.40 0.50 0,60 0.70 0.&0

24.25 23.90 23,72 23.55 22.98 22.05 21.19 '0.22
 I, 90 1, 00 l. 10 1. 20 I .30 ] . 40 1 . 50 1 . ' 0

Run I/ 3-2-6

 f g! Ll 35 2S,10 25.75 26 22 26.10 25. 5 25.90 5,.'0
y  f t! 0. ! i! O. 2� 0. 30 0. 40 O. 50 O. 60 0. 70 0.8 .

25.75 24.82 24.42 24.25 23.35 22.75 22.05 20.7L
0.9i! !..00 1.LO 1.20 !.30 I..40 1.50 1.60



Run // 3-2-7

U  ~fs! 24.42 2 . 21 26. 91 27.: 0 7 7. 42 27. 42 21 .42 26. 48
y  ft! 0.10 0.20 0.30 0.40 Q.SQ 0.60 0.70 0.8Q

ikun 8 3-2-8

0  f~s! 24.25 26.43 27.75 28.08 28.08 28.08 27.96 27.75
y  ft! O.l0 0.20 0,30 0.40 0.5O 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 OO 1 10 1 20 1 30 1 40 1 50 1 60

Run 8 3-2-1.0

U  f ps!
y  ft!

Run fh 3-2-9

U  fps!
y  ft!

26.21 2f'!.,10 25.10 25.' 0 24. i2 23.55 22.75 21.55
0,90 1..00 1.10 1.20 1.30 1.40 1.50 1,.60

28.70 28.90 30.08 30.20 30.20 30.08 29.60
Q.ZQ 0,~0 0.40 O.50 0.60 0.70 0.80

29.42 29.31 28.75 28.66 28.00 26.91 25.75 29.75
0.90 1.00 1.,10 L.20 I.30 i.40 1.50 1.60

27.42 30. 43 31. 50 3 1. 80 31. 80 31.90 31. 8Q
0.20 O.30 0.40 O.50 0.60 0.70 0.80

3t .! 6 30!.55 30 43 30.20 30 OH 28 90 29.31 27.18
0.90 100 L. 10 1, 270 1. 30 l . 40 1. 50 160



Run P 3-3-1

U  fps! 21.65 22 96 23 05 23.'30 23.'<0 2".96 2'.50 22.'0
y  f t! 0. JO O. 20 O. 30 0. 40  .". 53 O. 60 0. 70 0.80

21.30 21.65 21.00 ZJ..OO 2 i,6A 20.40 19.50 18.80
0 90 1.00 1 10 l.20 I .30 J.40 .1.50 1 6 '

Run iF 3 � 3-2

ii  t~s! 22 96 24 05 24 65 24 65 24 65 24 65 24 65 ".4,6!
y  ! t ! 0 . JO b . 20 0 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
0.90 1,00 1.10 l.20 I.30 1.40 1.50 1.6 I

Run lt 3-3-3

U  fps! 22.JO 23.65 24.40 24.90 24.05 23.85 23.65 23.85
y  ft! 0 10 0 20 0 30 0 40 0 50 0 60 0 70 0 80

23.65 23.65 23,30 23.30 " .50 21.65 20.80 19.9!
0.90 J.OO l.lO 1.20 1.30 1.40 1.50 1.60

Run 4 3-3-4

U  f~s! 23. 65 25. l5 25. 52 25. 70 25, 70 25. 70 25. 52 25. 52
y  ft! 0.1.0 0.20 0.30 0.40 0. 50 0.60 0 .70 0.80

25.52 24.99 24.40 23.85 23.30 22.50 21.65 21.OL!
0.90 1.00 l,IO 1,20 1.30 1.40 1.50 1.60

Run t" l-3-5

U t~f. s! 23.65 25.30 26.00 26. 20 ">.82 2I .00 26.00 "6."t'
y  ft! 0.10 0.20 0.30 0.40 0.50 A,60 0.70 0.8 i

25.70 25.30 24,96 24.65 24.40 23.45 2 .30 21.30
0 90 ' OO 1.J.O 1.20 i,30 1,40 1.50 T.t~ i

Run </ 3-.3 � 6

U  f ps! 24  i5 26. 57 27 38 27. 57 2 7 . h3 28 00 27. 87 27 ..>,'
y  f t! 0, 3.U i!, 20 0.30 0. 4 i 0. 5 i  i. 60;i. 7 i �.80

27."0 26.90 26.20 26.00 24.".6 24.22 23.30 22.3�
0. iii I . JO l, 10 1, 2 i . 3',! 1.40 1 . 50 l.h i



Run Ii' 3-3-7

26.57 28.00 28.80 29.08 29.08 29.22 28.80U  fps!
0.20 0.30 0.40 0.50 0.60 0.70 0.80

28.80 27.97 27.57 26.71 26.57 24.96 24.65 23.65

y  fe!

0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60

Run fi 3-3-8

0.20 0.30 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 1.50 1.6 l

y  ft!

Run /f 3-3-9

26.43 26.75 30.42 31.12 31.12 31.12 30.9FU  fps!
0.20 0.30 0,40 0.50 0.60 0.70 O.BCiy  ft!

30.52 30.10 29.08 29,05 27.90 26.94 26.60 25.6Ci

0.90 1.00 1.10 1.20 1,30 1.40 1,5CI 1.6Ci

Run >< 3-3-10

26.90 29.62 31.38 32.09 32.40 32.20 32.000  f~s!
0.20 0.30 0.40 0.50 0.60 0.7Ci 0,80y  ft!

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 1.50 1,60

v  z~s! 26.90 29.05 30.42 30.52 30.10 30.00 30.00



APPENDIX

UIL DEPTH PROFILES

Run /t 1-1-1.

x  ft! 29.':l6 19.478 9.54
d  ft! 0.' '3 0.f95 0.173

Run j7 l -1-2

26.229 16.291 b.353

0. 194 0. 166 0. 134

Run ~/ 1 -i. -3

Run O' 1-1-4

x  i t' 4~
d  ft! D.l.90 0.172 0.152 0.124 0.082

Run l/ . � j-5

x  ' tl
0,139 0. I l4 0.90d  f t! 0..I,!. 0. l58

Run </ i.-1-6

x  rtl 56.8
ci  foal u, i

Run // i-i-7

.",un 8 l..-',-8

x  .. t! 20. 5 10. 56
d  Ct! 0. l < l>.32

Run >$ L- i-9

x  I-'t! 22.9? 1'.98

x  ft! 35.1~ 7
d  tt! 0.'

x  it!
d  Ct! 0,

x   tj 6l, '
  t=t! 0

.">. 39 20.45 10.51

'.. 173 0. 360 0.13 i

35.98 26.04 16.10 6.16

38,31 28.37 18.43 8.49

46.89 35,95 26.01 16.07 6.13
0.147 0.129 0.11 1 0.089 .061

51.83 41.89 31.95 22.01 12.07 2.13
".133 0.121 0i106 0.090 0.068 .033



x  ft! 25.75 I5.81 5.87
 SU! 0.271 0.240 0.235



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  ft! 49.20 39.26 29.32 19.38 9.44
d  jt! .256 .232 .205 .178 .143

:,un /l 1-2-3

x  jt! 57.60 47.66 37.72 27.78 17.84 7.90
d  ft! .234 .213 .199 .167 ,139 .104

Run 8 1-2-4  a!

x  ft! 63.69 53.75 43.81 33.87 23.93 13.99 4.05
d  ft! .219 .201 .183 .160 .134 .107 .070

Run // 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 .111 .065

Run  / 1 � 2-5

x  ft! 40.17 30.23 20 ~ 29 10.35
ct  ft! .289 .258 .229 .195

Run Ir' 1-2-6

x  ft! 35.25 25.31 15.37 5.43
d  ft! . 321 .287 .257 .230

Run 0 1-2-7

x ft! 33.00 23,06 13 ' 13
d  f t! . 342 .308 .278
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Run ft 1-3-1

x  ft! 66.17 56.23 46.29 36.35 26.41 16.47 6.53
 ft! .270 .248 .226 .203 .167 ,143 .098

Run 8 1-3-2

x  ft! 64.58 54.64 44.70 34.76 24.82 14.88 4.94
d  ft! .274 .255 .228 .202 .179 .142 .092

Run >< 1-3-3

d  f t! . 283,258 . 234 . 20l .170 .137 .090

Run N 1-3-4

x  f t! 60, 17 50. 23 40, 29 30. 35 20. 41 10. 47 0. 53
.284 .261 .236 .208 .174 .135 .086d  ft!

Run  / 1-3 � 5

x  ft! 58.92 48.98 39,04 29.l0 19.16 9,22
 f 0! . 296 . 268 .241 . 205 .173 .134

Run i 1-3-6

x  ft! 56.42 46.48 36.54 26.60 16.66 6.72
d  ft! .307 .275 .246 . 213 .175 ,126

Run P 1-3-7

x  ft! 49.92 39.98 30.04 20.10 10.16
.312 .283 .253 .222 .186d  ft!

Run 0 l-3-8

x  ft! 49,33 39.39 29.45 19.51 9.57
d  ft! .334 .295 .253 .219 .188

Run /f 1-3-9

 f t! 35.67 25.73 15.79
d  ft! .405 .362 .316

Run t'j 1-3-10

x  ft! 30.50 20.56
d  ft! ,485 .405

x  f t! 62.25 52.31 42.37 32.43 22.49 12.55 2.61



Run ij 2-. -1

x  .:t'i 60.03 45.70 35.87 25,83 12.75
d  .=t i 0.068 0.059 0 ~ 051 0.048 0.037

Run I/ � I.-2

x  .-:t! 59 .54 45 .21 35. 38 25 .34 12 .26
d  -ti 0.069 0.059 0.054 0.048 0.033

Run lr' 2 � L-3

x   -t,i 56.63 42.30 32,47 22.43 9.35
d  =t' 0.072 0.064 0.057 0.048 0.034

Run fk .!-'-4

 : t i 53. 96 39. 63 29. 80 19. 76 6. 68
d   ';i 0.078 0.064 0,055 0.046 0.030

Run >/ .'-.'-5

x  .tl 57.29 42.96 33.13 23.09 10.01
d  >-.t.'' 0.080 0.068 0.054 0.042 0.032

Run 0 - -6

x  .:t',i 51.67 37.34 27.51 17.47 4.39
 .":t.' 0.074 0.061 0.053 0.035 0.015

�un ii -:.-7

x  ' t, '47.25 32.92 23.09 13.05
d  , t',i 0.080 0,067 0.059 0.039

Run  ! ? � -8

x  ::t7 45 17 30 84 21 01 10 97
 ' t,' 0.097 0.073 0.058 0.036

Run /f 2- -9

x  ] t', 33.17 18.84 9.01
d  l t'; 0.103 0.072 0.058



Run fi' 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 0.132 0.125 0.104 0 .086

Run // 2-2-2

x  ft! 56.25 41.92 32.09 22.05 8.97
d  ft! 0.164 0.143 0.133 0.106 0.077

Run f/ 2-2-3

x  ft! 54.83 40.50 30.67 20.63 7.55
d  ft! 0.181 0.155 0,136 0.104 0.072

Run I/ 2-2-4

x  ft! 49.58 35.25 25,42 15.38 Z.30
d  ft! 0.184 0.162 0.143 0.109 0.071

Run /I 2 � 2 � 5

x  ft! 47.00 32.67 22.84 12.80
d  ft! 0.204 0.163 0.146 0.098

Run fi' 2-2-6

x  ft! 45.83 31.50 21.67 11.63
d  ft! 0.208 0.169 0.145 0.096

Run  t 2-2-7

x  ft! 43,00 28.67 18.84 8.80
d  ft! 0.215 0.176 0.099 0.087

Run 8 2-2-8

x  ft! 41.50 27.17 17.34 7.30
d  ft! 0.223 0.183 0.146 0.074

Run >l 2-2-9

x  ft! 38.50 24.17 14.34 4.30
 ft! 0.238 0.188 0.148 0,050



Run // '. -3-1

? .� i 61 67 47 34 37 51 27 47 14 39

<1 ', -i:, i!. 20 0.207 0.191 0,152 0.124

Run 8 '. - !-2

'!8. iL? 43.84 34.01 23,97 10. 89

'!.2 37 0.233 0.188 0.158 0.126

Run

 ' . !',! 4'.17 32.34 22.30 9.22

cl .. i. -''! ~ !! 220 0 191 0 155 0 108

Run !! - 3-4

54. '3 ! 40. 17 30. 34 20. 30 7. 22

cl; '-' 0. 275 i'. 2 33 0. 190 0.155 0. 103

Run

52.75 38.42 28,59 18.55 5.47

 !. '77 0.2 32 0.192 0.150 0.105

Run j! .. - 3-6

52.50 38.17 28.34 18.30 5.22

0. 275 0.226 0. 205 0. 156 0.101

Run ik . -. -7

''l .67 37. 34 27.51 17.47 4 ~ 39

I,, 83 0,238 0,198 0,148 0.077

Run jh,' --' -8

49. 25 34.92 25.09 15. 05 1.97

  ~,'! 0. 306 0,238 0.202 0.156 0.073

Run 8;-.=-9

t i '! 48. 1 7 33. 84 24.01 13. 97 0.89

0. 3 ! 3 0. 250 0. 198 0. 148 0.068



Run,' . - -1

.'! 51,50 40.46 29.67 20.21 7.17

l > 0. L14 0.094 0.076 0.064 0.043

Run ' - -2

46.10 35.06 24.27 14.81 1.77

! 0.129 0.101 0.085 0.071 0.032

Run   . - -3

39.17 28.13 17,34 7.88
 l --;i 0.132 0,110 0 093 0 069

Run i

30.50 r9.46 8.67

 i ' i 0.155 0.126 0.105

Run   ' - -5

29.L7 17.13 6.34

 i ' ' i 0.165 0.139 0.107

Run r - -6

25. 17 14. 13 3. 34

0.18 0.1,60 0.111

Run i ' -.-7

21.83 10.79

    t 0.205 0.164

Run j = - -8

19.'5 8.21

    ! 0.233 0.188

Run f:-- 9

 ,I i7.50 6 46

0. 269 0. 198



Run r'f 3-2-1

x  tt! 55. 25 44.21 33.4 ' '3.96 10.92

d  tt! 0.187 0.166 O.lri5 0.1.!6 0.092

Run iIr 3 � 2-2

x  ft! 52. I 7:>1. Ld 30.'5+ 20.II r 7.84
d  ft! 0. 19" 0. L.68 0, 154 r!.l.'. ! 0.097

Run i,' 3-2-3

 f t! 50, 73 39. 7 ' 2d.:i.' 19, > 6.42
d  ft! 0. 204 0. 177 0. 1'! ~ 0.! '' ' 0.092

Run if 3 � 2 � 4

x  f t! 46.58 35. 5'~ 24." .'.5 ..
d  ft! 0 l 0.18r! 0. ' ! r

Run lf 3-2-5

x  ft! 42.6! i r . 6'r 20. ir: 1.':I

0.2'9 r'> '9' 0,1rr, 0.'d  ft!

Run i'," 3-l-6

 f t! 49. 50 38. 46 27. ri'r ..8, 2..
d  ft! 0 228 V,201 0 1 .' 0.13 ,

Run /r' 3 � 2 � 7

x  ft! 3b.ab ~7.46 J b.l~r

0.~..

Run f/ 3-2 � 8

Run Ii 3-2-9

x  ft! 30.75 19.7i 8.9'.

0.299 0.240 0.20'

Run iF 3-2 � lJ

x  l t'! ?h.4 ' l7

d  ft! 0.3r'7 0,266 0.2

d  f t ! 0.239 0.208 O.ll .

x  ft! 17.83 26,79 6.r. 
d  f t! 0.266 0.2 '3 G.l':

r ~

t. 1



Run !'J 3-3-1

x  f t! 64.08 53.04 42. 25 !Z. ~ L ~. ' i 7
d  ft! 0239 0218 0199 !, 'i'!! 0 -' i' 00'' i

Run <I 3-3-2

x  f t! 60. 50 49. 46 38, 67 29.:. 1.! .
<1  ft! 0 245 G. 222 0 202 G. 'l G. ' ~ 00!'?

Run l> 3-3 � 3

x  ft! 63 .58 52.54 «' 1,75 32.29 19.;.'.> 11.4:
d   f t! 0. 246 0. 221 0. ZG 3 <! . 1~%' 0. 1«5 0. 10<i

Run l/ 3-3-4

0. LE .id  ft! 0.253 0.228 0,20' !i,: !

Run d 3-3-5

x  f t! 57. 24 46. 20 35 ..
d  f t! 0. 264 !!. 23; 0. 2.

Run f 3-3-6

x  ft! 54 bj l<3 63 32 84 .'>'-,,;, !!'.' ~
d  ft! 0.279 0.2<] 0.221 0..;-,< G,'~<

Run i /3-3-7

 ft! 50.50 39.46 28.67
d  f t! 0.301 0.259 0.22'=.' 0..'~",i 0,1~ i'

Run /f 3 � 3 � 8

x  f t! 45.92 34.88 24 0'-:4
d  ft! 0.327 0.279 0.24i. ! ..". G.: ' '

Run /$ 3-3-9

x  Et! 44,25 33, 23 22, 42
d  f t! 0.344 0. 287 0.24'  '.'.i '

Run  / 3 � 3-10

x  ft! 39.00 27.96 17.jj 7.'

d  ft! 0.378 0.313 0.282 0.2 !>'

x  ft! 60.33 49.29 38,5i! .9.. ' 1�<!i 3,:n
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L ~L d�g LxlO II  fps!v.UN  t

1-1 � 1 0.014 29.42 5.42 O. 258 "9.44

~2.37

34.64

36.70

1-1-8 0.1.I9 20.50 4.53 2.626

1-1-9 0,078 22.92 4.79 1.628

1 � 1-10 0.059 25,75 5.08 1.161

1-2-5 0.010 40.17 6.34 0.394

1-2.-6 0.056 35.25 5.94 0.942

1-2-7 0.066 33.00 5.74 1.149

33.12

34.31

36. 10

1-3-9 0.113 37.76 6.14 1.840

1-3-10 0.201 30.50 5.52 3.641

37.76

39.09

2-1-8 O. 017 45. 17 6. 72 0. 253

2-1-9 0 . 023 33 . 17 5. 76 0. 399

2 � 1-10 0.035 32.08 5.66 0.618

12.08

13.87

15.57

0.8862 � 2-1

0.084 56.25 7.50 1. 120

1.363

1.477

1.808

1.802

2.057

2.220

2.544

2-2-2

2-2 � 3

2-2 � 4

2 � 2-5

2-2 � 6

2-2-7

2 � 2-8

2-2-9

APPENDIX 4

do, SFT-VP DUE TO RAVPSO~ t

0.069 60. 67 7. 79

0.101 54.83 7.41

0.104 49.58 7.04

0.124 47.00 6.86

O.I22 45.83 6.77

O. I 35 43.00 6. 56

0.143 41,50 6.44

0.158 38.50 6.21

16.04

17,29

18.05

19.03

20.51

20,60

23.45

23. 68

26.31
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/j Lxl0 L! fps!r,L!'.» //

I. ~81,2 � 3-1

2 �:3 � 2 '? .'>58

2, 540

0.157 58.17 7.63

7. 5256.502-3-'3

23. 22-'. 64 22-3-4 54. 5 ! /.38

1   75 ! 72 � 3

0.195 52.!U / 2 >

0. 226

0. -'5'3

49.25 7.02

48.17

 ,,~ 5 2 .m8.55

20.44

3-1-5

2 9 '

26.02

26.76

26.673-3-7 .028 50.50 7.11 0.393

27.820.&15

5,067

.055 45.92 6,78

.071 44.25 6.65 28.44

29.49

3A-1-4 0.0i7 24.75 4.98 0.347

88 0.393A-1 � 5 0. 0i9 23. 83

3A � 0-6 0.052 2".50 4.74 !.095

3A-1-7 0.036 21.00 4.58 0.825

2-'3-6

2-3-7

2-3-8

2-'3-9

3-1-6

3-1-7

3-1-8

3-l -9

3-2-7

3 -2-8

3-2-9

3-2 �.10

3-3-8

3-3-9

3-3-10

O.i40 6 L.67 7. 86

0.576

0.595

O.L97

L! . 20'5 5 L . 6 7 7 . 19

.03': 25.:I I '..02

.050 25 .83 4.6;

.066» 9,2! 4,3'> iO.

.106 57. >0 ';. L8 ', '>35

,055 38. 50 6. 21 0.:!.41

.038 37.83 6,15 0.  18

. 077 '30. 7 5 5. 54 i, 389

.l26 28.42 5.33 2,364

.109 39.00 6.24 l./-'6

2l.39

22.23

23.60

25.35

25.55

26.40

25.48

27.78

25.23

25.78

27,63

29.10

21.30

23.10

24.80

26.90
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1. J 1 d+ /jI.x10 U fps!RUN Ii' d !

3A-1-8 0.071. 18.67 4.32 1.640

3A-1-9 O.l24 16.33 4.08 3.040

29. 95

31.. 10

0.025 36.17 25.90

27.40

6.0'

28.90

30.40

33.00

1.887

2,1703A-2-8 0.115 28,00 5.29

3A � 3-6

3A-3-7

0, 340

0,067 41. 67 6. 46 1.030

3A-3-8 0. 1'3 37. 67 6. li~ 2. 000

3A � 2-4

3A-2 � 5

3A � 2 � 6

3A-2 � 7

0.031 34.75 5.89

0.045 32.33 5.68

0.102 29.00 5.38

0.023 46.50 6.82

0,422

G.532

0.797

29.25

30.80

31.80
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APPKr!DIX Ci � I I.ST OF SPABOLS

In the dimensions used belo~;

.'s the length dimension

Dimensions~sr&pl Description Units

Dimensionless wind stress co-

efficient as defined by Keulegan �!

Total fluid acceleration i» the ft

x-direction sec
2

a
z

8, B'

C~ C

Cd

C

F is t.~e force dimension

T is t';c time dimension

!; -'..- the mass dimension

Total fiuid acceleration in the.

z-direction

Dimensicnless wind � wave co-

ef fi cient

Dimensionless wird stress co-

nf f ici eI1't

Dimcnsio»less wind stress co-

eff!cient based on oil set-up
dat.a

.'imensionless wind stress co-

e f f ic. ient based on wind prof'ile
data

ft
sec2

L
TZ
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DescriptionSymbol

30

d
0

Total o, ';. set-un

ow

d
ox

1;:.<ter deI th

F
0 lbs

7

lbs

F
x

lbs

d
0

t

1 TST OF SY:lBOLS  Continued!

'3imensionless wind stress

coefficient at 30 ft elevation

OI 1 set--up due to wind

V' l. s:t.-i p due to waves

depth of oil at any point x
along oiL fetch ler.gth

' orce on control volume from

«rght

:"orr e ou control volume from

Left

l'orces in the x � direction

Function designation in I.'q. 3,
7, 9, 56, 75 and 77

Function des'enation in ' q. 76
and 78

dimensionless constant expressing
a relationship between the density
of ofl and the density of air

Units Dimensions



Units Dimensions:1eSc rip t i O:1~Sz op 1

LT '-

LT'

mal tome L er

Water dep th

.-.tress

k
0

: f S Oi. SY.'iROI.S  Continued!

ACc, ' ...:.'ian Of gr:.1v ty

Acceleration Of gr;1Vity 'n the
,".� d i re c t i. on

Densimetric accelerat.ion of

gravity

Vertical rise in the .«'ater level

in I1c air--Uater inclined

Constant us; d to describe the

oil l>arameterS in 1;~. 99 and
IOO

i.umer'. cal cons tant shozring t 1e
ratio of surface and bottom shear

.Jumerical cons tant defined by
Li'i lson �! in Kq. 18.

Barman's constant equal to 0.40

Water or oil fetch length

Co«stant equal to the number of
variahl s used in dimensionless
1na lir

ft

sec

ft
~sec

ft

sec

L

1



l T2

Units DimensionsDescription~S>nba 1

Fluid pressure

M
IT

P
s

dS

LS

S2

Time sec

4 l! ld speed
sec

L1ST OF S'!.IBOLS  Continued!

Dimensionless flow form constant

Constant equal to the number of
dimensions used in dimensional

analysis

Free «ir stream pressure

St.agnation pressure

Horizontal axr-water inclined

manometer deflection of water

plater set-up due to wind

Differential water set-up due to
w1. nd

Set-up of water due to wind

Set-up of water due to waves

lb

ft

lb

ft

M LT

L T
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Sambo 1 !!escrip tion Units Dimensions

U
0

tJind v:locity at z'

Wind shear velocity

U
c

IJ 1
c

CriticaI wind velocity at 0.7 ft ft
elevation sec

Oil volume

Wind velocity in t!!e z � direction ft

sec

LISP OF SYNBOI.S  Continued!

Forarala c':aracteristic wind

veloc'ity as iefined by
i-'eulegaa  I! in Lq. IQ

Used in ..q. 90 to define
dimensionless wind speed

Cri ical wind velocity at which
waves are generated in the
fluid

Wind velocity in the x-direction

Water surf ace velocity

Any distance along water or oil
f< tcn length

!inferential fete!J length

ft

sec

ft

sec

ft

sec

ft

sec

ft

sec

ft

sec

ft

sec

L

7
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LI ST OF SYlG3OLS  Can t inued!

Uni ts Dimens ionsDescription

~ny elevation above a surface
which is creating a boundary
layer in tne ..in<i profile

Equivalent roughness heigh t of
a surface creating a boundary
Layer

~~ny elevation above a surface
creatiny a bo ndary layer at
paints 1, 2, etc.

z , etc.

Elevation of focal point
describing an equivalent
roughness associated with
sand grain diameter

Dimensionless wind stress

parameter for water surface
without waves

Dimen~ionless wind stress parameter
for water surface with waves

Def ined by Van Born �! as  p /p ! u
w a

y

lbs
ft-

Specific weight of waterY
a

Specific weight of water lbs
ft�

Elevation above still oil level ft



Units DimensionsSyElo O.l Description

lbs
mI

sd

P
0

L-

lb sec2Pw

Fluid viscosity

i! il vis cosity lb secpl
0

sec

T
s

w

LIST OF S~'iBOLS  Continued!

The angle the air-water man-
oneter makes with the horizontal
p'. ane

Fluid shear stress

Bottom shear stress

.:uzfacc shear stress

Surface shear s ress based on

oil set-up data

S»=face shear stress based on

;.1»d profile data

:lass dens i ty o? air

.'.:ass density o' cil

:;«ss dens i ty of water

finetratic viscosity

lbs
~ft

lbs
f ~F

lbs
f ~P

lb sec2
If

lb sec2
~fl

lb sec
~ft

N LT

I 2
T




