
A STUDY OF THE SURFACE TENSION

CONTROLLED REGIME OF OIL SPREAD

Robert A. S. Lee

Submitted in Partial Fulfillment

the Requirements for the

Degrees of

Bachelor of Science

and

Master of Science

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

january. 1971 9
- a wo Fu -

Signature redacted
Signature of Author

Cercified by. .

» Jo

Dr irnat of Mechanical Engineering

Signature redacted
i A a|NS.Y

Thesis S'pervisor

Accepted by . . .
Signature redacted

-yr
Chairman, Departmental Committee on Graduate Students

Archives
SS. INST. TE

FEB 251971
- LIBRARIES



A STUDY OF THE SURFACE TENSION

CONTROLLED REGIME OF OIL SPREAD

Robert A. S. Lee

Submitted to the Department of Mechanical Engineering on
January 22, 1971, in partial fulfillment of the requirements for
the degrees of Bachelor of Science and Master of Science.

ABSTRACT

The thesis investigates the spreading behaviour of a small

volume oil slick moving over calm water. A theory is developed

which predicts spreading rates and height variations within the

slick as functions of time. Experimental results are found to

agree well with the theoretical predictions: the end result, a

method for obtaining an estimate of volumetric release rate at

the site of a spill. is discussed
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non-dimensional radius
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~ Introduction

The increased occurence of major oil spillage accidents in

recent years has led to intensified efforts in the area of oil

pollution research. Initial phases of this work have involved

the predictions of size and location of a slick, given such

parameters as rate of release and physical oil properties. Only

with such predictions can effective use of containment and re-

covery techniques be made.

In past months, studiest?r®r3 have shown that by analyzing

the various forces which control the spreading phenomenon, de-

scriptions of slick size as a function of time can be obtained.

Pay’ has shown that the effects of gravity, surface tension,

inertia and viscous forces should be considered; the first two

drive the slick while the last two retard motion. By looking at

the magnitudes of these forces at any particular moment during a

slick's propagation, one finds that two of these forces, one

driving, the other retarding, control the spreading process

while the other two remain dimensionally insignificant.

The spreading of an oil slick, then, is characterized by

discrete regimes which depend on pairs of forces. For large slicks,

Suchon’ has found that initially, gravity-inertial effects dominate

motion and at some critical transition point the gravity-viscous

force couple becomes the important one. Figure 1 illustrates how

slick velocity changes as this transition takes place. Thus. each

spreading regime has its own particular spreading rate associated

with 1¢.



A more specialized aspect of this oil pollution problem is

that of determining, by aerial observation, the volume of oil re-

leased in a small leakage. In this way, regulatory agencies can

penalize offenders according to the amounts of oil which they al-

low to leak from their tankers.

Figure 2 shows how slick spread for this kind of a spill can

be approximated by a series of one-dimensional channel flows. The

problem of estimating the quantity of oil spilled, then, is re-

duced to one which involves determining for each for each channel

the height distribution from the center line out to the leading edge

integrating this distribution over that same length and summing

over all the channels. For these smaller volumes, one would ex-

pect the effects of gravity and inertia forces to be much less

significant than those of surface tension and viscous forces.

Thus, this type of leakage represents yet another regime of spreading.

The intent of this study, then, is to investigate this phase

of oil spread by first developing a theory which can adequately de-

scribe the spreading phenomenon, and then collecting experimental

data on spreading rates and height distributions to determine

whether our predictions can indeed lead to accurate estimates of

nil volume spilled.



II. Theory

In order to predict the motion of a thin oil film, the

ohysics of the spreading phenomenon must be analyzed; by

studying the forces which interact to cause this motion, one

can obtain descriptions of spreading behaviour. In specific,

it is necessary to derive a theory which can predict both:

(1) the spreading velocity of a thin oil slick, and

(2) the height distributions of oil in the slick as

a function of time and position away from the

source.

First, determine a scaling length, £, which will be used to

characterize motion in this surface tension-viscous controlled

regime.

Consider a slick with dimensions as shown in Fioure 3.

Balancing the two forces involved (force/unit Volume):

Surface Tension = Viscous

OW Tw
— EE csc

“7 xr

where

3 = surface tension/unit width

r = ghear stress at interface

Shear stress T is related to the velocity gradient in the water

boundary laver under the slick bv:

I
ou ou

U =5 = PV 77



By order of magnitude approximation:

du_(/t)
oy §

where J = poundarv laver thickness ~ vvt . Combining these terms:

1/2 2
ow pvLW
v Tar,

, =
523 1/4
=)
Nn)

Scaling Length

Differentiating 2 with respect to time gives

ag JL i
d “1/4t 2, L174

a velocity which varies like p17

The problem of determining height distributions in the oil

slick is approached by adopting the following solution strategy.

Consider a thin oil slick moving in the (r - y) plane as shown in

Fig. 4. To find the height as a function of position and time,

solve first for the velocity distribution in the water boundarv

laver. The resultant expression for velocity, when substituted in-

to the continuity equation for the oil film, vields a first order



partial differential equation from which a self-similar solution

for heights can be obtained. The details of the theory are as

follows:

Use incompressible boundary layer analysis; assume no pressure

pradients. Navier-Stokes equation for water boundary layer is the

r direction:

2ou Ju ou du
5c TY Use tT oy v7,

Continuity equation for water boundary layer:

Ju ov
re tag = 0

Continuity equation for oil film:

J oh
™ (uh) + Tt = () L

Define non-dimensional variables:

ot

 Vv . J

Jot

(4)

kh or J

where

2 = scaling length

v = viscosity



Rewriting the three equations in terms of the non-dimensional

variables:

2Ju , mu _3R Ou, ,v Y,3%u_1 3uetC30RTC wt oy?
y

[

l du 1 dv
2 oR T oY 0

i 3 3h 3 R3h_zag (uh) +35FTap=0

Now, look for self-similar solutions by defining variables u, v, and

h in terms of non-dimensional "tilda" variables u, v, and h. Velocity

u should be of form (2/t). By considering equation (2) it then fol-

lows that velocity v should be of magnitude JT . Height h will

depend on the inverse of the scaling length (as the slick spreads,

the height decreases) and on the initial volume of oil which shall

be called 0 . Thus, for the three variables:

Jd = 1

{J = (y +&gt;
-

Is
—

tg
h =f —=

(6)

(7)

3)



Writing (1), (2), and (3) in terms of the 'tilda' variables:

lo
~ 2~

Lip) My (5 -Yy du dniB sgt V-3) 5 Te

ou . ov5k Toy=©

3
JR @h -2rA 25-0

 2

Assume a standard simil-ritv solution for v:

” &amp; 7 4

Substitute Vv into (2) to get:

1] == Re’ [Y) LL))

Substitute this u into (3) to get:

oe
4
5 ) A = constant 1)

The results of this analysis are:

(1) determination of a spreading rate. Since R = r/%.

then r = R22. If Ro is the constant which characterizes

self-similar behavior at the slick front, then r., the

position of the front will be

[
r LZ



[n terms of velocity,

-

1 - L. -1/4 (re) Ret

- velocity of the slick front

11)

2) descriptions of height distribution by the expression

2 2

I? R 2

The theory as derived above presents one difficulty however. If

the volume of oil is evaluated by the integral

FL r

and the self similar solution for h is used, the volume becomes

infinite. Although the h which the theory predicts satisfies the

oil continuity relation, it does not conserve volume.

What is required, then, is a solution for h which will satisfy

both the oil continuity equation and the conservation of oil

ro 1 ume

ne solution which meets both these requirements is h = A

where A = constant. If the volume is evaluated with this h,
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Since V = Le, then AR, = AR. -
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ITI. Experiments

Laboratory experiments were designed with the following ob-

jectives in mind:

(1) Determine spreading rates for oil slicks moving in the

surface tension-viscous controlled regime.

(2) Study the oil height variations in a moving slick.

(3) Determine to what extent these observed quantities agree

with the theoretical predictions of Section II.

Tests were initially conducted in a two foot long plexiglas tank

with provision for seven observation points along its length.

An optical method of measurement, using a photocell at each

observation point, was chosen to monitor simultaneously slick in-

cidence and instantaneous slick height. Figure 6 shows the configur-

ation of each observation station with a fiber optic transmitting

constant intensity light to the photocell.

By looking at the resistance changes of each photocell as the

slick passes by, arrival times and an analog signal of height can

be detected; the latter can be processed to obtain information about

actual heights, while the former can be used to evaluate spreading

velocities (~observation radius/arrival time).

Unfortunately, the change of resistance for a conventional

photocell varies exponentially with change in oil height as shown

in the typical calibration curve in Fig. 7. In order to get a

linear correlation of signal/height data, the logarithm of photo-

cell resistance change must be taken: Figure 8 shows the circuit

used to obtain a linear voltace output analogous to a linear
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change in slick height. Output voltages for all seven observa-

tion points are recorded simultaneously on magnetic film by a

seven track tape recorder.

Experimental procedure is as follows:

(1) Measure net surface tension (see Appendix 1).

(2) Load a given volume of oil behind the dam; note

starting length and starting height @2).

(3) Start tape recorder,

(4) Allow the oil to reach stady state height (which

gives a calibration voltage for each photocell).

Dump another known volume of oil into the tank

and record this second height (which gives another

calibration voltage for each photocell).

This procedure then gives a calibration curve for each photocell

and eliminates the need for careful pre-experiment checks of

amplifier settings and light intensities.

The raw data recorded on magnetic tape is further processed

by analog and digital computers as shown in the flow chart in

Figure 9; Figure 10 traces a data signal from photocell to com-

puter disk storage, giving approximate voltage ranges and digital

amplitudes. Discrete data points can then be retrieved from disk

storage and processed to produce final granhical reporesentations

of each experiment. In particular. we require two plots:

(1) heieht vs. time for each of the seven channels
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(2) similarity variable h vs. R according to equations

(8) and (4) which give

h = hr/RL2
o

The second plot is particularly important, because if h data

points form a coherent pattern along an h = constant line, we can

conclude that the similarity solution for h proposed in Section II

is indeed a valid one.

A sample of each of the two graphs required is shown in

Figures 11 and 12; accompanying each computer plot is a figure

which shows, in simplified form, the results of the machine

graphics.

Since slick spread from end to end in the two foot tank was

observed to last only about 3 seconds, a four foot tank, in which

the bulk of the experimental data was collected, was later con-

structed.



IV. Results

Figure 11 shows that arrival of the slick at any observation

point is easily detected because of the sharp increase in height.

Using this arrival time and noting the distance from the front wall

(r = 0), a simple 1/t velocity can be evaluated. Figure 13 shows

non-dimensional length vs. non-dimensional time for the experi-

ments conducted in the longer tank. The line drawn through the

data is of slope 3/4, in agreement with the prediction of Section
4

[I and the previous work of Garrett and Barger.

Figure 12 and the simplified representation of Figure 12a

show that the similarity variable h is characterized by three

distinct regions:

(1) an initial surge

(2) a flat region

(3) a monotonically increasing section in which h grows in

a 1/R fashion (R decreases with increasing time).

Part (3) indicates the end of the experiment when a steady state

oil height has been attained in the tank, and thus, h, described

py the relation

hn = nf? r/R

becomes C/R for any fixed observation radius, where C is a constant.

Part (1). which corresponds to the arrival of the slick at the

photocell, exhibits a surge characteristic which cannot be explained

by considering surface tension and viscous forces only, and suggests



that perhaps gravity and inertia are also called into play in

the immediate vicinity of the slick nose. This surge, however,

was found to be of short duration (passing by any one photocell

in about 0.2 seconds), and is therefore of minor importance com-

pared with the remainder of the experiment.

The region of primary concern, then, is that section of the
od

h curve where that variable is approximately a constant. As can

be seen from the graphical results of Figure 12 and those included

in Appendix II, h remains a constant within a factor of 1.5, the data

centering about the value h = 0,75



Vv. Errors

There were several sources of error in the experiments

conducted:

1) There is a possible timing error of about 0.2 seconds

between lifting the dam and electrically marking the

beginning of the experiment on the magnetic tare.

This introduces some error in the 2/t evaluation of

velocity.

(2) Gravity effects could not be totally eliminated from

the experiments in the larger tank; the minimum steady

state height needed to keep the photocells in their

linear range (about 0.1 cm) required the use of large

initial volumes. This resulted in volume-dependent

velocities which is responsible for much of the scatter

in the length vs. time graph in Figure 13. In general,

the points below the line drawn through the data corre-

spond to smaller initial volumes (~500 cc), while the

remaining points correspond to the larger volumes

(~1000 cc). A factor of 2 increase in initial volume

resulted in a 277 increase in spreading rate. However.

pure surface tension experiments in the two foot tank

vielded spreading rates which were independent of volume.

(3) Scatter in the h vs. R diagrams is attributed to height

fluctuations caused bv small amplitude, high frequency

waves introduced at the lifting of the dam. The surface

of the oil slick just after the start of the experiment

was seen to be "rippled". Other height errors involved



!

the reflection of the slick after hitting the back wall of the

tank causing a sudden jump in the signal recorded at observa-

rion stations 5, 6, and 7



VI. Conclusions

A. Spreading rates

The experiments conducted have shown that physical spreading

rates for this regime agree closely with those predicted by theory.

The constant Re which relates instantaneous slick length r_ to

scaling length § was observed to be 1.33 for pure surface tension

spreading.

+.33

N

| g2e3 1/4
| p2v
ape

od 1

That this spreading velocity remains invariant for different oil

volumes ®%) was also verified

B Height distributions
[t was found that the h similarity variable is approximately

a constant for a major portion of the spreading process for a

small slick. According to equation (8) then

nv, /4

’
or

—
 k Constant/{

which tells us that on the average, the slick height decreases

aniformlyv with time such that

f 1



In other words, the slick ''flattens out' as it propagates, obeying

continuity (hr, = 22) throughout its motion; Figure 14 illustrates

this spreading process for times ty &lt; t, &lt; ta “ot,

We must remember of course that this is only a crude descrip-

tion of the actual phenomenon and does not account for the nose

region mentioned earlier. This rough approximation, however, can

be used to make an estimate of the initial volume, the problem

posed in the beginning of this thesis. Using equation (8) again:

TkAr
0

he”
-—°

2] 1747
pv

[22B 2
02 = tovJ

0 h

ly

(153)

In the above expression for 22, 0, p,and v are known, or can be

measured easily enough without the need for visiting the site of

the spill. All that is required now is a reference oil height and

a measurement of the time it takes the slick to reach that height.

A convenient reference height is that thickness which causes

'vrainbows', interference fringes which can be spotted from the



&amp;

[n order to make a volume estimate for one of the one dimensional

channels pictured in Figure 2, one need only measure the time it

takes the slick to become colored at its outer boundary, and substi-

tute this time into equation (15) along with the appropriate reference

height (on the order of a wavelength of visible light). This

resulting estimate of £2 (cm?) when multiplied by the ship velocity,

(cm/sec) gives the final approximate value of volume rate of release

(em)sec)

[t should be noted here in the concluding remarks that there is

still an inconsistency in the arguments presented which remains

unexplained. We have seen that the similarity solutionh= constant

satisfies the oil continuity equation (3) and the conservation of
vo lume by the integral {har However, if the empirically determined
value of h is substituted into equation €¢3) and the resulting value

for g'(0) is used as an initial condition for the third order partial

differential equation for g, the solution obtained is g = Constant,

which is incorrect (a constant vertical velocity component in the
water boundary layer). It is not known at this time how this

inconsistency was introduced into the analysis of the problem, but

it does not affect the validity of the experimental results or their

agreement with predictions of the theorv.
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Appendix I

The Measurement of Net Surface Tension Coefficient

Since it is surface tension which controls the spreading

process in this regime, it is critical to the experiments to deter-

mine accurately the net spreading coefficient for each test run.

As can be seen from the figure below, this spreading coeffi-

cient is the algebraic sum of three surface tensions:

Cy.2
sr

2
Sy-3

S2-3

het © 913 7 912 T O23

[t 1s this J” which regulates the speed of the slick nose

enclosed in the control volume.

The various surface tensions were measured using precision

capillary tubes according to the formula

ana (0, = P-,



“i_

where:

g = gravitational constant

d = inner diameter of capillary tube

h = height rise above the interface

J = density

m

— a.

TN

—
d

le—
————  rr

The liquid-liquid interfacial surface tension was measured
5

using the procedure suggested bv Bartell and Miller.
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Appendix II

Experimental Data

[ncluded in this appendix are the details of each experiment

conducted; surface tensions, starting lengths and heights, initial

volumes, and photocell placements are listed. Also included are

the computer vnlots of h vs. R for each experiment.



Run_# Initial
Volume

30 cm”
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Height
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Net Surface
Tension
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J 7 §

1
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Placement of
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13.0

25.4
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Run # Initial
Volume

y00 am

ve UE

Starting L
Length

) oh

Starting
Height

~
vi cm

Net Surface
Tension

22.6 dynes
cm

/

Placement of
Photocell #1

 &gt; 2 J om

For the experiments described here, distances between photocells was fixed. To get
placement of photocells 2,3,4,5,6, and 7, add to photocell #1 placement successively
13.0, 13.5, 12.7, 14.1, 15.5, and 16.7 cm.
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Appendix III

The Data Reduction Program

As described in Section III, experiments are finally stored

on IBM 1130 disk in the form of discrete data points ranging

from +512 to -512 in digital amplitude. These points are retrievd

from disk storage and punched on cards, 16 points, or exactly

,32 seconds of the experiment per card. (Time elapsed between

sampled points is 0.02 seconds.)

The program included in this appendix takes each card and

converts the digital amplitudes into physical oil height by using

two calibration levels and two calibration oil heights.



19
20

J}

25
30

3 5

REAL LC ,NU
INTEGFR CL(20C0),C2(2000),C3(2000)4C4(20C0),C5(2000)+C6(200C)
INTEGER CT(20CU)Y oCHANL VII oV2]1eV31eVa]l yVS519VOELyVTL1,,V12,V22,V32
INTEGIR Va42,.,V524,V62,VT2
SEIMENMSTION HLEZCON) yB2(2C000) 4b3(20C0)HA(2C000),H5(20C0),+6(2C0C)
CIMENSION HT(2000) T2000) HITELI(20CO)HITF2(2000)4HITF3(20C0)
SIVMENSION HITIAa(2000) 4HITES(2COC) yHITEE(I2000),HITET(2000)
DIMENSION PISTUTYoHITEAT42007)ePROFLI0,T)oNSI3N)4R(T,2000)
SIMENSION HTILEA(T,2CC0)
RATE=SANMPLING FRELUUENCY
2ATE=50.0
T=TIME ARRAY
CONSTRUCT THE TI: ARRAY
[=1
(I)1=0.0
L100 I=1y1999
(I+1)=T(I)+1.C/RATEH
JONTINUE
IREAD=S
REAL IN THE CALIRRATICON VUOLTACES (2/CHANNEL) AND THE
CALIBRATION FEIGHTS
CEALINRFAC yLIS)IVIL a VIZ V219V229¢V314V3I2,3VAE],V4E2,V51,4,VH2,VE]L,VE2,VT1,
I723¢CH10H2
TCRMAT (L144, 2F10.0)
ARITE(6,205)
NRITE(6,y16IVILIoV1I23V214V2724V314V324VELl,4VL2,V5],VE?,V7
yCH14CH2
FCRMAT(IX,16(14y1X)y2FR4)
nRITE(6,205)
V=CALIBRATI(N VILTAGES FOR EACH CHANNEL
Cr=CALIRRATI[ON KHEIGHT
CETERMINF WHICH CHANNEL FF CATA TS ARCUT TO PE READ In
RFAC(NREALD, 20)CHANL
FCRMAT(12)
NRITE(6,23) CHANL
FCRMAT(20X,12)
[F{T7-CHANL) 54729, 3C
SC 1C 19
J=1
“=J+l5
NCHANL=CHANL+
GC TN (4N,60C80,2100,12C414C,160), NCHANL
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READ IN AND PRINT CATA SFQUENTIALLY RY CHANNEL
READINRFAC,45) (C11), I=JyK)
FURMAT(4X,1614)
WRITF(&amp;y45) (CLINC)y NC=JyK)
[IF(CLIK=-15))5C455,50
J=J+le
K=J+15
GO TIN 4
GC TC 19
REACINRFAT 445) (C2) I=JdyKI
ANRITF(E yan) (C2(NC)y NC=J,K)
IF(C2(K=19))7C,75,70
J=J+16
K=J+15
GO TT ¢0
GC 1C 19
READINREAC,y45) (C3(I)y I=JyK)
ARITF (64,45) (C3(NMC)y NC=JyK)
[FIC3(K=15))3Ce7590
J=J+16
K=J+15
5C 1C #0
GC TC 19
READ(NREAL,45) (Call)y I=d,yK)
ARTITE(6945) (CL(NC)y NC=JyK)
IF(C4(K=-15))11Ce115411C
J=J+16
“=J+15
GC TL 100
GC TN 19
READ(NREAL,45) (Co(1)y T=JdyK)
ARITE(GE,45) (Lo(NC)Yy NC=J9K)
[F(CH5(K=125))13C+135.,130
J=J+16
K=J+15
GC TC 120
SC TD 13
REAC(NREAC,45) (CO6(1)y [=JdyK)
ARITF(6445) (C6(NC)y NC=J,yK)
[FICO6(K=15))1oMy 155,150
J=J+16
(= J4+41%
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GC TN 140
GC TN 19
READINRFEFAL 49) (CT(I)y I=JyK
WRITF(6465) (CTINC)y NC=J,yK)
TF(CTIK=-15))17C,175,17C
J=J+156
(=J+15
SC T0160
INVERT ANL CFFESET
W200 I=14FK
Cl(I)==-Cl(.)+5}”
C2([)==C2(1)+&gt;17?
C3(I)==-C3(1)+51°2
Ca(l)=-Cal{l)+512
C5(I)==-CS(1)+&gt;51¢
T6(1)==Co(l)+512
STE) ==CT(1)+512
CCNTINUF
WRITE(E,205)
SCRMAT(/YZ)
JSE CALIRRATICN VOLTAGES ANC HEIGHTS TO CCNVERT THE INTEGER DATA
INTO PHYSICAL HEIGHTS
SC 210 I=14K
HI(I)=Cl(I)#(Ch1-Ch2)/(V]11-V12)+(CHLI-V11#(CHL1-CH2)/(V]1-V12!})
H2([)=C2([)= (CH! 21 -V22)+4(CH1-V21#(CKH]1=-CH2! 1'2]1-Vv22')
43(1)=C3( * (C+) 31-V32)+(CHl1-V3l#(CH]1-Ch2)/(V3]1-V32)

“4 (1)=Cal ( 21=V42)+(CH1-V41#(CHL1-CH2)/(V&amp;l=-Va2))
AS([)=ChH( T1-V52)+(CHL-VS]1#(CH1-CH2)/(V51-V52)
46 1)=C61(. ( 1-V62)4(CH1I-V6LI#(CH1-CH2)/(V61-VE2)
A7(I)=CT(T)=(vC. T1-V72)+(CH1-VT1#(CHLI-CH2)/I(VTLl=-VT72"
 CNT INUE
ARITE(E,220)
NRITE(64205)
ARTITE(L,220)
ARITE(G,205)
ARITE(6,220)
ARITE(64,205)
ARITE(E 220)
ARITE(6,4,205)
ARITE(6,220)
WRITEL(6,205
ARITE(L 22M bE (MMY yy MV] ,L,K)



WRITE(EL,4205)
WRITE(64220) (HT(MM), MM=],K
FCRMATI(SX,16F6e3)
"FFSET TIMFS SC THAT THE EXPERIMENT STARTS AT T=0
I7T=1
[FIRT(IT+1)-HT(IT))I24C4235,24C
[T=1T+1
SC TN 230
(S=K-IT
ELIMINATE ANY NEGATIVE HFIGHTYS CUR 10
CC 25C M=1,KS
HITEL(M)=FL1 (IT)
[F(RITEL(M)GLT.0LO)HITEL(M)==FITEL(M)
HITE2(M)=+2(1T)
ITF(HITE2(M)LTO0LCIHITF2(M)==+]ITF2(NM)
HITE3I(NM)=FE3(IT)
[FIHITE3 (MY) eLTeOJODIHITERI(M)==+]TE3(M)
HITE4(M)=k4(]T)
[F(HITFA4(M)LTCaO)HEITFELG(M)==H]ITEL(M)
HITES(M)=FS(IT)
IF(HITFS(M)LT0GIHITES(M)==+ITES(M)
HITE6(NM)I=HE6(TT)
[FIHITFAIM)LTOOIHITES(NM)=-F]ITESL(M)
HITET(M)=+T7(IT)
[FAHITETIM)LTeCeDIHITET(M)==FITFT(M)
[T=1T+]
CONTINUE
REAL(94255) (CISTIL)y L=1,T7)
FCRMAT(T7FLC.0)
WRITE(L,2€60)
FORMAT (20X,'PHCTCCELL PLACEMENT?)
NRITE(64265) (DIST(L) L=1,7)
FCRMAT(10X,7FELL)
PLCT FEIGHTS AS A FUNCTION (CF TIME
CALL STOICV('vH221-9CN2',6,C)
CALL GRIDIVI130eN9195e090Cef92.CyCal25400
CALL APLDIVILICOCyT4yHITFI,19141442, 1ERR
CALL APLCTVI(1ICOOsTyHITEZ2y1lylelyb4,1ERR;
CALL APLOTVI(ILICO0ToyHITE3ylylelslb6sERR]
CALL APLOTVILICCOyToyhITF4,a1y191455,1ERR)
CALL APLOTV(ICOO sToHITESs1l9leley€E3,4,1ERR)
CALL APLCTVIICOODTeHITFGEelelels2&amp;lERRY
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CALL APLOTVIICOO ToyHITETewlelele Ey 1ERR)
CALL PRINTV{(-12,12HTIME=-SECONLCS450,10)
CALL APRNTIVI(Oy=144=9,9+FFIGHT-CM,10,700)
NEXT, PLNT SLICK PROFILE (HEIGHT VS.PCSITION) EVERY 1/2 SECCNC
CCNVERT THF 7 HEIGHT ARRAYS INTC CONE 2 CIMENSIONAL ARRAY
CC 270 Kl=1,KS
HITE(LyKiV=HITEFI(KI])
HITE(2,V St ¥1)
FITE(3,K
1JTE(4,K.
'TTF(S5,K.
TITTE(6 KL,
AITE(TyK1l) =r]:
COCMTINUE
SC 2R0O K3=1,3C
SC 28BC K2=1,7
IRCFIKByK2)=HITF(..2,25%#K3)
CONTINUE
PROF (K34K2)=PRUFILE(NUMBER,PCSITION)
CALL GRIDIVI140aCoCIST(7)40eC92+0431e090e05954595,5,972,44)
CC 2R5 K4=1,1C
NS(K&amp;4)=K4-]
CUNT INUEF
oC 288 K4a=11,19
NS(K&amp;)=K4+6
CCNTINUE
JC 290 K&amp;=20,24
NS(K4)Y=K4+13
CONTINUE
20 292 K&amp;4=294 30
NS(K4)=Ka+21]
CONTINUE
SC 295 KS5=1,3C
JC 295 K6=1,7
CALL POINTV(LIST(KGE) 4PROF(KHS4yKE)yNS(KS))
CONTINUE
CALL PRINTV(-114311IHPCSITICN-CVN,£00,10)
CALL APRMNTVI(04=164-9,9+HFIGHT-C¥,10,70C)
NEXT PLOT HMTILLA VSR (SELF-SIMILAR HEIGHT SOLUTICN)
LC=STARTING LENGTH HC=STARTING HEIGHT
SIGMA=MET SPREADING CCEFFICIFNT RCE=WATFR DENSITY
NU=WATF VISCOSITY
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READ(S5,300)r _7yHC,SIGMALROEZANL
FCRMAT(5F10.:
ARITE(643C5) LI
ARITF(6,3C6) FP
NRITE(LL,3CT)Y SIGMA
FCRMAT(LOX,y *STARTING LFNGTH =1',F6.1)
FCRMAT(1O0Xy 'STAKTING HEIGHT =',F6el)
FCRMAT(10X, *SPFACING COEFFICIENT ='4F6.1)
CONST=((SIGHA»#2,0)/(NUSRCFasn2(0))ne,25
oC 310 K7=1,7
NC 310 KB=7,KS
RIKTyKABY=LISTUKT)#(1C/CONST)#(]1.C/T(KB)w2_,T75)
CONTINUE
SC 320 K7=1,7
CC 320 KB8=2,KS
HTILDA(KT KE) =HITHE(KT KR) #DIST(KT)/(R(K7,KB)sLC#HO)
CONT INUF
CALL SMXYVIC,l1)
CALL GRIDIVIL49¢191e990e191CCaCe0alple0sG0te
CC 330 KT7=1,7
CC 330 K8=2,K5S
CALL POINTVI(R(KTykE) yHTILCA(KT KB) yNS(KT7+1))
CONTINUE
CALL PRINTVI(=-14y1HR,450C,10N)
CALL APRNTVI(Cy—144y=649€HHTILCA,104+,€00)
CALL PLTNL(N)
caLL =XxIT
STGP
ENT

‘2343)


