@ https://ntrs.nasa.gov/search.jsp?R=19810018891 2020-03-21T12:08:02+00:00Z

iew metadata, citation and similar papers at core.ac.uk brought to you by ,{ CORE

provided by NASA Technical Reports Serve

NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE


https://core.ac.uk/display/42860035?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

\
\

NASA TECHNICAL MEMORANDUM NASA TM-T76502

THE MARANGONI EFFECT AND TRANSLATION
OF FREE NON-DEFORMABLE DROPS

E. Chifu, I. Stan, Z. Finta, and E. Gavrild

Translation of "Efectul Marangoni gl translatia pic‘a’.turii libere ne-
deformabile, " Revista de Chimie, Vgl. 31, No? 8, 1980, pp. 765-7T71.

(NASA-TM-76502) THE MARANGONI EFFECT AND N81-27429

TRANSLATIOF OF FREE NCN-DEFCHKMABLE DRCPS

(National Aeronautics and S5Space

Adainistration) 24 p HC AO2/MF KOV CSCL 2uD Jnclas
63734 26872

NATIONAL AERONAUTICS AND SPACE ADMINISTRATICN
WASHINGTON, D.C. 20546 MAY 1981



I i

D

!

| Ropcvv No 1?. Goverament Accesaren No. ‘
 Naba TH-76500

4. Title ond Subntle

THE MARANGONI EFFECT AND TRANSLATICN OF
FREE NON-DEFORMARLE DROPS

e SR W

STANDARD TiTHE PACE

— [

3 Ronp 1ent’'s Cotolag No

e R PO ——

5. Report Date

May 1981

6. Pettorming Organization Code .

T Ahe) g, Chifu, I. Stan, Z. Fin%a, and
Eo a&Vt’lla

Department of Chemical Technology,
_thpg-aolyai University, Cluj-Napoeca

8. Performing Organizotion Report No.

10. Work Unit No.

9. Pertorming Orgonizction Nome ond Address

Leo Kanner Associates
Redwrod City, California 94063

1. Contract or Gront No.

NASW=-3199

12. Sponsoring Agency Name oand Address

National Aeronautics and Space Admin-
istration, Washington, D.C. 20546

13. Type of Report and Period Covered

Translation

14. Sponsoring Agency Code

15 Supplementary Notes

1980, pp. T65-TT1.

Translation of "Efectul Marangoni g1 translajla plcaturil
libere nedeformabile," Revista de Chimie, Vol.

31, No. 8,

16 Abstroc?

A model is presented for flow caused by interface tension
gradients - the so-called lMarangoni effect - on a free, non-
deformable drop. A free drop, initlally at rest, undergoes
a translation motion upon the action of surface flow. The
experiments carried out by injz2cting a drop with surfact-
ants, which induce an interface tension gradient, are in
gond agreement with the theoretical model proposed.

17. Ke~ Words (Scucud by Au!hor(s))

18. Distribution Statement

Unlimited-Unclassifried

b
119, Secunty Clasarf, (of this repart} ]m Security Classif, (of this poge!

| Unclassified L Unclassified

Lo

ril '1{0. of Pages 22. Price

NASA Hy



Bl L L

it S

THE MARANGONI EFFECT AND TRANSLATION
OF FREE NON-DEFORMABLE DROPS

E., Chifu, I, Stan, Z. Finta, and E. Gavrild
Department of Chemical Technology
Babeg-Bolyal University, Cluj)-Napoca
Drops suspended in an immiscible 1liquid undergo a complex motion
when an interface tenslon gradient appears at the surface, In this
context, studlies can be mentioned on the pulsations of suspended drops

[1-5] and the "interface activity" of "free" drops [6-7].

Recently, chemical and hydrodynamic instability has been studied
for fluid interfaces, instabilities of the Prigogine-Glanadorff "dis-
jpative structure" type, in which interface tension is the parameter

1inking chemical and hydrodynamic processes [8-21].

The phenomena generated by interface tension gradlents have heen
arousing special interest in recent years in the problem of mass trans-
fer at fluid interfaces [19-20] and in modelling certain processes of
deformation and motion at the biosurface level [8-11, 14, 211. Final-
ly, because surface (interface) tension plays a decisive role in the
behavior of liqulds at zero gravity f?2-30], the authors consider that

the phenomena defined by gradients of this size will also occur in

space.

In this work, phenomena are studled, theoretically and experiment-
ally, which are caused by interface tension gradients in the case of
"free" drops. Such a drop, devoid of buoyancy (motion) is obtained by
suspending it in a liquid of the same density. The studies carried out

show that, as a primary result of interface tension gradient, a sur-

#Numbers in the margin indicate pagin:ation in the foreign text.
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face flow or so-called Marangoni effect 1s produced at the drop sur-

face [31-42]. Upon the action of surface-flow processes, a translation
motion then appears in the drops as a whole, although the initial drop

was lmmobile.

Model of Surface Flow nd Translation Motion of Free Drops

Let us consider drcp L', with radius &, suspended in an immiscible
liquid L (Fig. 1). Force F, which acts as a unit drop volume:
7‘»(?'~p);
wlll go to zero, when the densitias 5f thess two liquids are equal

(¢ =ph Or in zero gravity (z=0).

Such a "free" drcp and initial lack of motion (buoyancy) are as-

sumed,

Let us assume that the initial 1iquid/liquid interface tension is
o, » At point P1 (F!ge. 1) on the drop surface, the interface tension
18 then roduced (@) by injecting a surfactant, while at the "pole"
opposite PO. it remains as initially (00 Along the meridian of the ngg

drop, a gradient (ditfference) appears for interface tension (% o)

The processes which appear as a result of this gradient are com-
plex, and it is probablse that at least the following must be taken into

considerations
- displacement of drop translation and its eventual rotation;

- deformation and oscillation of the drop, appearance of waves on

its surface;

- circulatory currents in the liquid.



In revealing such processes, Valentine and co-authors [6-7] es-
timate the order of size for energy dissipated in different forms of
drop "motion", bat they consider that solving the equations of fluid

motion is a much too complicated prodlem.

It 18 noted that up to now no rigorous and complete theory has
existed for the phenomena generated for interface tension gradient

relative to a "free" drop.

In an effort *o solve th~ problem, the authors of the present
study consider that the Maraugonl effect, relative to surface flow
[31-43],must be taken into account firat of all in a quantitative
treatment. It 1s surprising that the authors cited [6-7] do not ex-
prassly specify this process among the phenomena enumerated, although

it represents the moat direct effect of interface tension gradlent.

From Figure 1, it results that, upon the actlon of the gradient
(5~ @), flow takes place at the drop surface itself L'. Simultaneously,
one layer of the 1iquid L, which corresponds to the arrows on the out-
slde of the sphere, undargoes movement)and liquid currents appear in
the interior of the drop L' (dotted arrows). These last two processes
are explained by the absence of slip between the surface propexr of the
drop, activated by the interface tenslion gradient, and the two liquids
(L and L').

Due to surface flow involving the exterior of the 1liquid L,
forces of hydrodynamic pressure act upon the drop L'. Thelr rasultant
must define the translation motion of the whole drop in the direction
wvhich 1inks the pointa of the drop'e maximum and minimum interface ten-

sion (Fig. 1, arrow pointing straight up).



o~

Experimental studies have led the authors tn the ccnclusion that

two limiting cases exist:

- large interface-tsnsion gradients and reduced drop viscosity,
in which situation the drop is highly deformed, oscillation phenomena

appear, as well as its possible flssion, etec.;

=~ low inrurf.ce-tension gradients and elevated drop viscosity,
in which situation the drop behaves as belng practically non-deform -

able, like a rigid sphere.

In this work, the latter case is studied. Using non-deformable
drops has permitted the direct experimental determination of the rate

of surface flow. At the same time, it has been possible to "isolate",

at least partially, translation motion of the whole drop from the other

effects (deformation, oscillation, rupture, etc.) which appear as a re-

Bult of interface tension gradlent.

Utilization of a non-deformable drop model has led, in addition,
to a satisfactory theoretical treatment of the hydrodynamics of these

two processes.

Hydrodynamics of the Marangonl Effect at a Spherical Fluid Surface

Let us assume that:
- the 1liquids L and L' are viscous and incompressible;

- the densities (p. ¢) viscosities (v=ulp, v = pﬁﬁ))

and temperatures (T, T') are constant;

- the volume force u'—»ﬂg which acte upon the drop is zero,

according to the assumption in the model described;
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- flow caused by the interface tension gradient is, in the

first approximation, stationary;
- the Reynolds number (R) is small;

- the Bond (Bo) and Weber (We) numbers are less than one, and
the forces of acceleration and inertia are small in comparison with
those of surface tension, in conformance with the model proposed;
this implies that interface tension o 1is domlnant in determlining the
flow of the liquids [22].

The equations which govern flow are continuity equationss
div =0 (1)
div ' = 0 (2)
where * 1s the rate of flow of the medium (L), and - for the liquid
L' from the interior of the drop, and the Navisr-Stokes equations ares

(3)

(?V)-l. - - -’-:— gradp - VA-:'

(3\7)?- -——:— gradp - v'AF (4)

p and p' being the pressures at the exterior and interior of the drop.
Recause for a small Reynolds number, convection terms can be neglected,

equations (3) and (4) becomes

(5)

-
grad p =p A

grad p’ ~ u‘.:xr (6)

The symmetry of the problem suggests a spherlcal coordinate sys- /167
tem (r, 0.2 ) with the origin at the center of the drop and the 0Oz
axis intersecting the sphere at the point of minimum interface tension
& (Fig. 2). Assuming that motion 1s symmetric with respect to the

Oz axis, the 1iquid flow rates for exterior L and interior L' are in-



these rates will have only a normal (radial)

dependent of angle ¢ ;

component.
ro(r, 9); "',("- 0)

and a tangentlal one, at the drop surface:

tglr. 0): re(r, 0)

In spherical coordinates, equation (1) becomes [43]:

. o, 1 dry 2y rocigh =0
Ve Ty T T (7)

ap _ 0%, l, 0%, - '_1 oy . C‘ﬂe d,"'_ N ]
or '(dﬁ rf 90 r or no 90 (3)
2 dg 2y 2cig 0: '
rt 46 r? r i J‘
b o (O 1 Oy 2 drg c1gf Oy _
rody | ot rio b ro or rt 40 (9)
- 6(‘7 _ |°

The equations for 1liquid motion at the drop interior have a similar

form,

The components of the rates at the exterior L and interior L' of

the 1liqulds must satlsfy the following conditionss
- the normal components must be zero at the surface of the non-

deformsble drops
(10)

- the tangential components must be equal at the drop surface

(continuity)s



(11)

vy = ' at r=a,

- the rate at the interior of ihe drop must be finite at every

point, particularly at 1ts center:
finite for -r:

(12)

- 0.

.
f
LY A1)

and goes to zero away from the drops
for r=% (13)

vy = tg = 0

In addition to these kinematic conditions, 1t is necessary for a

dynamic condition to be fulfilled: the condition of continuity of the
tangential components /* and P for the tension tensors and the
gradient of interface tension jp;=gnd o
Pro - i = prg

[43]:

In spherical coordinates, the condition can be written thus:

(Lo ew n) Lo,
a a0 or r 'rea a 46
(14)

o
’ , R
L1 o oy Lg_'

r ‘rea

wp‘—r a0 or

The solution for equations(7-9) for flow of the liquid exterior L

is, taking conditicns (10-14) into accounts

vy = {a, “_°').€1(L - cos 0, (15)
6(w=p) et a¥
- 3 H
to = ‘&_;_Su_’!_('LﬁL ! )si_-. 9, (16)
6(u +~u) \ 20 2a%r
pu——‘;‘%(tlm—.—l)-%coso
[l (TR Ty (
17)

while for the liquid L' at the interior of the drop, we obtaint
(18)

A (g — &) rt
= ~~--(I——)cos 6.
6 (- u) a*

Ee g et e awa —ra



o g

“- __!m(, _ 2V ne, (19)
6ol ~ ) a?

p,___S_y‘(:x.-c.?r cos 8
3 ety (20)

The liquid flowa along the surface of the drop, where ! =1,

conforms to condition (11), with the ratet

SO e

(rg), ., = P sin § ¢ 8in O, (21)
which results alternatively from equations (16) and (19) for r=a
The value

ﬂ.~c.
——

6(#-4-“')» (22)

Uy =

represents the maximum rate found at the drop equator.

As for flow at the surface itself of the drop, a term could be
introduced corresponding to surface viecosity. The calculations done
by the authors, which will be adopted again in further works, show
that surface viscosity of expansion [33] appears in equations (15..22),
as & correction term, which - for the systems studied - can be ne-

glected in the first approximation.

Finally, the phenomena of adsorption have not been taken into /768
consideration, nor have those of diffusion, because it 1s assumed that
these processes are sufficiently rapid in comparison wilth surface flow.
Interference of these phenomena with the Marangonl effect at a spheri-

cal fluid surface will be the subject of future research.

Experimental testing of the hydrodynamic mcdel proposed, relative
to equations (21-22), have led to conclusions which are totally satis-

factory.



Messurements of Surface Flow. Discussion

The experimental study of surface flow was done on a liquid/
11quid system with equal densities; several of the systems studied,
with density e=p¢' = 0,863 s/cm3 are presented in Table 1.

All the measurements were made at a temperature of 20:.-0.1°c.

The continuous phase L was placed in a rectangular vessel with a
capacity of 1 dm3, with transparent walls. A drop of L' was pipetted
into the continuous phase L, and the final density was then adjusted
by small additions of water or alcohol, until the buoyancy of the drop
practically disappeared.

After stabilization of the system, 10-2-10"2 em’ of a solution
of a surface-active agent was injected at a point on the surface of
the drop (Pl, Fig. 1). With the aim of making surface flow visible,
the eurfactant solutlion was strongly colored with methylene blue (0.28
g/100 cm3). The frontal advance of the surfactant was tracked by
means of cinematography with a high-speed camera (500 images/sec).
With the ald of a simple trigoncmetric relationship, from a blow.-up
projection of the filmed images, the distance 1 was determined which
was covered by the front along the meridians of the drop at different
inatants t, the number of tl.e images being in direct correlation with
time. The rate of surface flow () .. is given by the derivative of

the curve /= ).

In Figure 3, the curves !=/() are represented for some of the
systemes studied. The shape of these curves, usually an S, indicates /769
the qualititive agreement between experiment and theory, the maximum

value of the rate, in conformance wit: equation (21), being uttained



at the equator of the drop and marked with an arrow on Fig. 3.

Pronounced dispersion of the data, caused by various experiment-
al difficulties, did not permit sufficiently precise evaluation of
the flow rate over the entire surface of the drop. Nevertheless, the
average volues of  fuexp corresponding to the equator, for drops of
different radius, were in satisfactory agreement with those calculated
Yocaic according to equation (22), auch as result from Table 2 (the

systems from Tabie 1),

The results contained in Table 2 generally reflect well the role
of the interface tension gradient and the viscosity of the liguids in

surface flow.

Taking into account the values for the rates of flow and other
parameters from Table 1, the Reynolds numbers R=1 a3 ieexp/(t+ 1) ape
close to unity; that is, the assumptions which were made for the hydro-

dynamic model are correct.

In many cases (systems 2-4), the experimental values for flow
rate are larger (by 20%) in comparison with the theoretical ones, which
is, at first glance, surprising., It 1s considered that this deviation
is explained by the fact that the drop acted upon by an interface ten-
sion gradient is not immobile, as is assumed in the hydrodynamic Maran-
goni effect, but undergoes translation motion as a consequence of the
very processes of surface flow (see the model in Fig. 1). This effect

is studied below.

Tranclation Yotion of Free Drops. Hydrodynamlic Treatment

A8 i8 noted in the cuse of the experiments on surface flow which ware

carried out, the Reynolds numbers were close to unity, and a viscous

10



flow regime exists. In turn, the experimental determina‘ions of
the rate of translation for whole drops led to values for this cri-
terion in the range of 10-60. Due to this, in order to calculate
the translation rate of a drop, one no longer has recourse to direct

integration of the hydrodynamic equations; a different method is used,

Actually, according to the model for surface flow, involving the
exterior 1iquid L (Pig. 1), forces of hydrodynamic preasure
act on the drop L'. Taking into account the symmatry of surface flow,
the resultant Fp of these forces is oriented in the pocitive sense
along the axis 0z (Fig. 2). The force of propuision Fp thus defines
the tranelation motion of the drop as a vhole, and its center of

mass along the positive Cz axis.

The force Fp vhich appears due to flow of the liguid L around
the drop L' have the form [44]
F, »‘S§’(I’n €os 8 ~ peg sin 8) ds. (23)
where p, and p 8&re the normal and tangential components, respect-

ively, of the tensor of viscous tensions

3 ot (24)
Pre s P app
ar
Y L] T
My ik [ v ﬂ” or r ' (25)

Since the element of the spherical-drop surface is:
dy - 2 zat sin O 49,
aquation (23) is transcribed ass
| (26)

=
Fyp = S (Pre CON Y = ppy nin 0) 227 sin B4Y.
v

But, at the drop surface, for ,_ . , We have =0  according

to eyuation (15), and, in additions

o, ey

ow a0 (27)
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Thus, in order to obtain a normal (radial component or the

tension tensor, taking into account equations (24), (27), and (17)s
Pn='-;“——_—;—'—C05 0, (28)

The tangentlal component of the tensor 1s, in conformance with equa-

tions (25), (27), end (16):

® O =) Gn o

5 ;::11') s ) (29)

pms:._

Finally, intr oducing the values and from equations (28)
and (29) into equation (26), the following expression is Obtained by

integration for the resultant force sz

- 14 mua(c, — o))
P e (30)

The force Fp of propulsion for the entire drop acts as a motive

force, which is directly proportional to the difference in interface

tension, causing translation of the drop.

The force of resistance F, which opposes the displacement of a

spherical drop takes the form [43, 45]:

! s .
F,=-;na-;u-(}

(31)
vhere u 18 the rate of displacement, while C3 is the coeffleclent of

resistence, vhich depends on the Reynolds number. For Reynolds numbers

lower than 300, the coefficlent C4 for a liquid drop is the same as

for a 80l11d sphere with 1dentical radius and can be obtained by inter-

polation from the curve R=R(Ca) [4i5],

By making the forces from equations (30) and (31) equal, .e rate

u is obtained at which the translation displacement of the entire drop

must take place:

12
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" - l/ﬂ ALY
9 paCq(u+y)

(32)

It 18 evident that equation (32) describes only the initial rate
of drop displacement. Its motion is damped gradually, however, due to
the disappearance of the interface tension gradient, by the process of
surface flow itself, and as a result of friction with the viscous med-

jum. The entire phenomenon has a transitory character.

The fact must be emphasized that, in the hydrodynamic model pro-
posed, it is assumed that the translation of entire "free" or "weight-
less" drops (initially without motion), at the surface of which inter-
face tenslon gradlients act, is explained by the processes of surface

flow. This fact has not been described as yet in the literature,

Experimental Determination of the Rate of Translation for Free Drops.

Discussion

Evaluation of the rate of trauslation for whole drops - essentlal-
1y non-deformable - wae done in the same system (Table 1) in which the

rate of surface flow was determined.

The experiments were conducted in a similar way to those for sur-
face flow, with the distinction that for these data, translation of

the drop a8 a whole was used:

- a "free" drop, initially at rest due to a lack of buoyancy, 1s
injected with a surfactant solution at a point on the surface, inter-
face tension here being . , while at the "pole" opposite to it, it 1is

momentarily as initially, % (Fig. 1);
- as a result of the gradlent of interface tension (5,-0¢) , &

13



surface flow appears (made visible by coloring the surfactant solu-
tion with methylene Llue) and, after a certain "induction" period,

translation of the drop 1s produced;

- displacement of drop translation, relative to a fixed refer-
ence point, resulted during filming at a speed of 24 images/sec; the
distance z covered by the drop in time t was revad with thin films pro-

Jected at a specific size ratio.

It 18 necessary to emphasize, first of all, the fact that trans-
latlion motion remains in accordance with that indicated in the theor-
etionl model proposed in this work, that is, along the positive 0Oz
axis (Fig. 2), if injection is carried out at the point on the surface
of interface tension o, Reproducidble results are obtalned, in partic-
ular, when injection 18 done laterally, because the existence of a
small denslity gradient along the vertical can dis upt the advance of

the 4rop.

In Fig. 4, the results are recorded which were cbtained for the
function =: -:r) for some of the systems studled. It is observed
that, after a certaln time of injection (-0 , the rate becomes max-
imum and constant, after which 1t tends tc decrease, which 1s normal,
consldering the transitoery character of the phenomenon; the maximum
value of the derivative .« - dz/ (s0lid straight line) 1s taken as

the rate of drop translation.

In Table 3, for the 3 systems from ¥igure 4, the average experi-

mental values u are reproduced for the rate of drop translation,

8 Xp

in addition to the values u which resulted from equation (32).

cale

Recause the calculation of the u values necessitates a knowledge

cale
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of the coefficlient of resistence Cq» the Reynolds numbers R = 2apuexp/u.
are evaluated first and then, with the ald of the dlagrams R = R(C,),
the values for C4 are obtalned by interpolation [45].

It 1s observed that the experimental values are 20-30%€ lower
than those calculated using equation (32). Although at present it is
not pessible to give a complete explanation, 1t can be suggested, in
the case of visible, non-deformable drops, according to the author,
that the dissipation of surface energy occurs in a form of motion

other than translation.

It 1s, then, worth mentioning the fact that the experimental /172
rates of drop translation, on the order of 0.2-0.3 cm/sec, explain
the higher values for the experimental rates of surface flow, in com-
parison with those calculated (Table 2), because the sense of the
drep's translatory motion 1s opposite te that of the surface flow

(rig. 1).

Conclusions

The translation motion which a free, non-deformable drop - sus-
pended in a liquid of equal density - gxecutes upon the action of
gradients of interface tension, 1s explained on the basis of a model
proposed in this work:

- The gradient of interface tenslon determines surface flow -
the “arangoni effect; thls process takes place, first of all, at the

very drop surface, at the rate given by equations (21)-(22).

- Due to the absence of slip between the surface proper and the
liquids at the exterior and interior of the drcp, surface flow is

brought about rough the viscosity of both fluid phases, the compon-

15



ents of the rate corresponding to those described in equations (15-

16) and (18-19).

- A8 a consequence of surface flow involving the exterior liquid,
the drop 1s subjlected to forces of hydrodynamic pressure, the result-
ant of which (eq. 30) determines the translation motion of the entire
drop. Propulsion of the drop takes place in the sense of the positive
0z axis (Fig. 2), passing through the point of minimum interface ten-

sion.

- Drop translation has a transitory character, the inltial rate
glven by equation (32) diminishing gradually, due to the dlsappear-
ance of the interface tension gradient through the processes themselves

of surface flow and as a result of friction with the viscous medium,

The experiments performed on practically non-deformable drops
have permitted direct measurements of both the processes of surface
flow and translation motion of a drop. the data being in generally sat-

isfactory agreement with the hydrodynamic theory proposed in this work.

The results presented contribute to a knowledge of the mechanlsm
of "interface activity" of free drops, initially lacking motion, upon
the action of gradients of interface tension. They attest to the fact
that surface flow 48 an elemental phenomenon which determines the

process of translation as a whole for free, non-deformable drops.

16
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Fig. l. Model of surface flow and drop /766
translation.

Fig. 2. System of spherical coordinates. /767
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TABLE 1, COMPOSITION AND PARAMETERS OF LIQUID/LIQUID SYSTEMS /768

Continuous phase,| Drop, o-o . o,
System L L' Surfactant dyniem by ’ cr
1 Ethanol 011 of | i-Provanol 3.2+04 2,26 ;8
(78,6% vol.) paraffin| (7595% vol)
Water Water
2 Ethanol 0il of | n-Propanol
(78'_6 ‘}ol:"’l‘) p&raffin (77.3 %pvol‘) 44104 2,26 \ 80
Water Water
3 Methanol 0il of | i-Propanol l
(787 web). paraffin (i595% vol) . 1,33 |
Water Water
4 Methanol 011 of | n-Propanol| 67+04 133 | 80
, (187 voif. . paraffin (717.3% vol) . !
Water Water |
i
1.2_5 ?
S |
1.0" °°° .. E
08 3 . o | Fig. 3. Distance
(h covered by the sur-
0.8 f ., factant front at var-
/£ | ious time intervals:
0.4 Ve ‘ systems 1-4 from
oo ® . o R4 Table 1; drop radius
0‘2._.. 0o’ : o* a =049 Cn.
. o® ° ?
o |
0 | ] ] | ts :
0z 04 0508 , T v
0 L S i
0 §
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TABLE 2. RATE OF SURFACE FLOW AT THE DROP EQUATOR, cm/sec /769

' |
system ‘o texp) 'o tealcy
! i 0.63+0.15 : 0,65 0,08
2 '. 1,122 0,08 0,892 0.08
3 1375 0,24 | hi-008
4 1.45: 0.0} ! 1.374 0.08
TABLE 3. RATE OF DROP TRANSLATION, cm/sec /170
System Yexp ¥calc R I Cq Uealcitenp
] 0.21 0,31 191 | 3.2 ok
2 1 031! 040 479 1.7 7%
3 | 0,36 | 044 55.6 1,7 82

3 'Fig. 4. Distance-time as a
‘function of translation of a
drop with radius ao=119 cm
and viscosity v =os0pr:

/11 0,—08, ~ 4.4 dvaicm.

—_——ts u - 00226 P

2 A, —0, 53 dyncm.
wo= 90133 P

¢ 8y — @, ~ 6.7 dyncm,
4 0MmM P

A4 —d S ' 1
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