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Abstract--This experimental study is concerned with the initiation of natural convection at gas-liquid 
interfaces. Fluids covering a wide range of Prandtl number were cooled from above in a vertical one- 

‘dimensional temperature field. The results showed that the conditions at the onset of observable convection 
at a gas-liquid interface and at a solid-liquid interface were the same, it surface waves, meniscus and surface 
temperature gradient effects were eliminated from the experiment. Under these special conditions, there was 
an absence of surface tension destabilization, even though the Marangoni number was three orders of 

magnitude above its predicted critical value. 

NOMENCLATURE 

91 gravity constant [cm/s2]; 

H, fluid depth [cm] ; 
1, penetration depth 

H 

= 

0 

EA,, ~arangoni number based on fluid depth = 
AaH/pa; 

M,* Marangoni number based on conduction 
time 

Pr, Prandtl number = p/pa; 
Ra,, Rayleigh number based on penetration depth 

1 = Ad 
-_; 

Pa 

Ra,, Rayleigh number based on conduction time 

Apga*@ pgfiATa*t* 
-_y= 

F P 
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S, surface temperature shape factor; 
t conduction time prior to convection onset 
c’ [sl; 

T, temperature in fluid rC J ; 

-43 surface temperature c”C]; 
AT, temperature difference between bulk and 

surface conditions [“Cl. 

Greek letters 
a, thermal diffusivity [cm”,%] ; 

B> coefficient of thermal expansion E”C-r]; 

fit, viscosity [P J ; 
Aa, difference in surface tension between surface 

liquid and bulk liquid conditions [dynes/cm] ; 

PY density [g/cm3]; 
Ap, difference in density between surface liquid 

and bulk liquid [g/cm”]. 

Subscripts 
c, condition at onset of convection. 

INTRODUCTION 

CONVECD~N at a gas-liquid interface can be driven 
by both surface tension and density forces [l-3]. 
Although linear stability theory can predict the 
conditions at the onset of convection for a linear 
temperature gradient through the fluid, and for low 
values of the ratio of the liquid phase resistance to 
gas phase resistance [z], instability conditions for 
the more commonly met case of the non-linear, time- 
dependent profile are less understood. The experi- 
mentally observed conditions at convection onset 
are normally orders of magnitude above those 
predicted by linear stability theory. 

The discrepancy between linear stability theory and 
observation for density~~v~ convection initiation 
from a time-dependent profile at a liquid-solid 
surface has been interpreted in terms of both the 
growth rates of the incipient convection and the 
magnitude of convection required to affect a heat or 
mass transfer experiment [4]. Application of this 
growth rate interpretation to convection at gas- 
liquid interfaces can ~tentially provide a description 
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of the density-driven part of the process, but some 
modifications may be necessary to account for the 
surface tension influences. The purpose of this work 
is to provide experimental results and an analysis 

comparing and contrasting convection initiation 
results at a gas-liquid surface with results lor a 
solid liquid interface. 

The apparatus used in this work was chosen to have 
this one-dimensional character, and is shown in 

Fig. 1. A cooler with an isothermal cold plate (dia. 
50 mm) rested on polystyrene foam supports ap- 
proximately 1.5 mm thick, which in turn was atop 
the walls of a hollow Plexiglas cylinder i V-5 mm 
i.d., 7 mm wall thickness. 36.5 mm depth) These 

THEORY 

The conditions at the onset of density-driven 
convection can be correlated through the time- 

dependent Rayleigh number Ra, where 

Ra = pgBATu’t+ 
t cc 

(1) 

Ra, has been observed to be dependent upon the 

thermal boundary conditions and the depth of the 
fluid; however a modified Rayleigh number 

(la) 

successfully correlates the effects of changes in these 
conditions [4]. A parameter (S), used to reflect the 
thermal boundary condition for semi-infinite fluids, 

describes the surface temperature (i’J vs time rela- 
tionship as 

j T(Q) dQ 

The conditions at the onset of surface tension- 

driven convection can be interpreted [5] through the 
time-dependent Marangoni number 

M =n”t”. f wf 

EXPERIMENTATION 

Deep-pool convection initiation 
Previous experiments with free surfaces have used 

evaporation to provide cooling at the liquid surface, 
with or without air blown over the surface. The 
disadvantages of that approach include the develop- 
ment of two-dimensional temperature profiles on 
the liquid surface, variable disturbance level if an 
air draught is used, a limited operating range if no 
air draught is used, and possible surface wave 
formation if a mechanical system is employed to 
start the evaporation. These disadvantages are in- 
herent in evaporation systems and can be overcome 
by cooling through the gas phase with a heat sink 
over the liquid surface, provided the resistance to 
heat transfer below the cold surface can be made 
one-dimensional. 

Foam annulus 

support 

Plexiglas 
cylinder 

FI& 1. Schematic diagram of apparatus used to determine 
convection conditions at a gas-liquid surface. 

dimensions were found experimentally to remove the 

edge effects associated with uneven heat transfer 

across an air gap away from the liquid surface 01 
preferential conduction along the vcsscl walls. The 
foam was the best compromise for a material with 
thermal properties similar to air and yet with the 
mechanical strength to support the cooler and isolate 

the air gap between the cooler and the liquid from 
external air convection currents. The liquid surface 
was raised to the level of the top of the Plexiglas walls 

so that there was no meniscus, in keeping with the 

planar surface strategy for one-dimensional heat 
transfer. A thermocouple (1 mil, copper- Constantan). 

supported from below the liquid by glass leads 
(1-6 mm dia), lay on the liquid surface to record its 
temperature. The thermocouple was set in the plane 
of the top of the walls, and the liquid was raised 
until the thermocouple was in the plane of the liquid 
surface. The temperature response of this thermo- 
couple showed a sharp transition at the onset of 
convection. 

The cooler was required to provide an isothermal 
cold plate with a temperature which could be con- 
trolled and varied. The two cooling systems chosen 
were a thermoelectric cooler and an enclosed cold- 
liquid spray chamber [4]. The spray chamber had 
the advantage of being able to produce a variety of 
temperature profiles on the liquid surface, from a 
linear time decay through to a step change, whereas 
the thermoelectric cooler was limited to a linear 
decay in surface temperature. However, the sprayer 
had the disadvantage of introducing variable vibra- 
tions into the system from the spraying mechanism 
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The thermoelectric cooler was essentially vibration- 

free since it has no moving parts, and it was used to 
represent the quietest possible conditions for free- 
surface convection. 

The liquids were selected with the constraint that 
they be non-corrosive and non-volatile and have 
similar thermal properties to the Plexiglas. n-Decane 
(Pr = 13.3) n-butanol (Pr = 43), n-octanol (Pr = 108), 
and 100 cs silicone oil (Pr=900) were tested. The 
results for n-decane with the thermoelectric cooler, 
plotted as ATc vs t, at the onset of convection, are 
shown in Fig. 2 and compared with the convection 
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FIG. 2. Experimental conditions for onset of convection in 
n-de&me (Pr = 13) for a linear surface-temperature decay 
in a deep pool using the thermoelectric cooler x Fixed- 
surface data [4], 0 Free-surface data, -- Free-surface pre- 
dictions of [7], assuming same amplification factor as for 

fixed-surface results. 

initiation data at a solid-liquid surface obtained in the 

previous study [4]. Results for the other liquids were 
similar [6] except under certain conditions where the 
free-surface results were slightly lower than the tixed- 
surface results. These conditions were for high AT 
driving force, where the cooling surface was suspected 
to have some two-dimensional character. This was 
partially verified by rebuilding the thermal insulation 
system which was used to keep the thermoelectric 
cooler cold surface isothermal and observing that the 
onset times at high driving forces increased with the 
improved cooling surface. The other condition under 
which the onset times for the free-surface results 
were slightly lower was at long conduction times, 
where it was suspected that the difference in thermal 

and/or heat losses through the edge of the apparatus 
became significant enough to produce two-dimen- 
sional character in the surface temperature. Pre- 
liminary investigation showed that two-dimensional 
gradients in surface temperature could lower the 
onset time considerably. 

The results in Fig. 2 and for the other liquids show 
that the convection is density-driven, since the slope 
is - $, as opposed to the slope of -i which is predicted 
for surface-tension-driven convection [3]. Further- 
more, these results show that convection initiation 
is independent of the shear conditions at the heating 
or cooling boundary (i.e. fixed vs free surface), in a 
vertical, one-dimensional, deep-pool density field. 
This is in contradistinction to Amplification Theory 
[7] and Linear Stability Theory [6], which predict 
that the free-surface Rayleigh number should lie 
below that for a fixed surface by a factor of 2-35. 
Even when the free-surface data fell below the fixed- 
surface data in the present work, they were always well 
above the free-surface predictions from either of these 
theories (see Fig. 2). 

The spray cooler was used to produce shapes of 
surface-temperature vs time curves on the free surface 
ranging from a step change to a linear change with 
time. These results [6] were similar to the fixed- 
surface results reported in the previous paper [4]. 
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FIG. 3. Comparison of values of Ra, at free surface determined 
with the spray cooler ( x) and the thermoelectric cooler (0). 

for a linear surface-temperature decay (S = 0.5). 

Ra, varied approximately linearly with the shape 
properties between the Plexiglas and the liquid factor S, and was a factor of three higher for the linear 
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change in surface temperature than for the step 
change. 

The influence of the surface waves from the spray 
cooler on the onset of convection can be seen in 
Fig. 3, where the results of the spray cooler and 
thermoelectric cooler have been compared for a 
linear decrease of surface temperature with time. 

Conxparison wit-h previous, free-surface, deep-pool 
reslstts 

Foster [S] identified his experiments where water 
was evaporated from stagnant pools as a case of 
linear decay of surface temperature with time (S = 
@5). Vidal and Acrivos [9] observed that evaporation 
from stagnant pools could be better described by 
constant flux at the evaporation surface. The surface- 
temperature history with constant ilux would cor- 
respond to S = 0.67, which agrees closely with 
Foster’s reported record of T vs t. Foster’s results 
of Ra, = 225 for evaporation of water (Pr = 6.6) with 
S = 067 agree well with the present results for 
n-decane (PP = 13.3) using the spray cooler. The fact 
that his result compares better with the spray-cooler 
results than with the thermoelectric cooler suggests 
the possibility of surface-wave influence in Foster’s 
experiments. 

Clark and King [5] pubfished results for evapora- 
tion of carbon disuifide from tridecane sokent. They 
observed possible density-driven convection at high 
CS, mole fraction, corresponding to Ra, = 285 and 
S z 0.62, for thermal-driven convection at Pr = 27. 
This compares favorably with the spray-cooler 
results for n-butanol (Pr = 43) and n-undecane 
(Pr = 1’7). suggesting the importance of surface 
waves or other destabilizing influences in the hori- 
zontally flowing liquid. 

Ball and Himmelblau [to] identified density-driven 
convection for the absorption of carbon dioxide 
into a laminar flowing aqueous stream. The Rayleigh 
number, Ra,, based upon the composition gradient 
was reported as 785 with SC = 300, but the Rayleigh 
number based upon the temperature gradient was not 
reported. Since the absorption was exothermic, the 
thermal gradient would tend to stabilize the system, 
which may account for the high value of Ra, when 
compared with the present results (Fig. 3) where no 
stabilizing influence was present. 

Shallow-pool conoection initiation 

The shallow-pool apparatus consisted of a Plexiglas 
annulus attached to a copper cylinder. The annulus 
was 365 mm i.d., 7 mm wall thickness, and the height 

varied from 2.06 mm to 11.9 mm. The copper cylinder 
was 5 cm in diameter and about 4 cm long. The glass 
thermocouple leads were vertical and were introduced 
through the copper base rather than through the 
Plexiglas walls, because the Plexiglas was too short. 
The copper block was used to keep the lower liquid 
surface temperature constant so that the data could 
be compared with the fixed-surface, shallow-pool 
results reported elsewhere [4]. 

Both the spray cooler and the thermoelectric cooler 
were used to determine the onset conditronx in shallow 
pools. Either the surface temperature decreased 
linearly with time, so that the results could be 
compared with the fixed-surface results. or the shape 
factor, S. was varied so as to show its influence in 
shallow-pool convection initiation. n-Butanol and 
n-octanol were used as hquids. 

The free-surface, shallow-pool data obtained with 
the thermoelectric cooler are given in Fig. 4. The 

FIG. 4. Experimenta values of Ra, at a free surface as a 
function of depth factor (at/@) for n-butanoi. The linear 
decay of surface temperature with time was produced with 
a thermoelectric cooler. 
Fluid depth: B36.5 mm A3.3 mm 

’ 54 mm 0 2.16 mm 
-~ -~ Limits of fixed surface results from [4]. 

spray-cooler data were similar [S]. The fixed-surface 
data from the previous study have been pIotted with 
the gas-liquid data for comparison. The results show 
that there is no significant difference between the 
fixed- and the free-surface data in the range of at/W’ 
used in these experiments. The conclusion is that the 
mechanism for convection initiation at these two 
surfaces in the shallow-pool case is the same, and 
therefore that convection onset under these experi- 
mental conditions for free-surface shallow pools is 
density-driven, rather than surface-tension-driven. 
This is true even for thin liquid films (2 mm thick) and 
high resultant values of Marangoni number, M, up to 
10500 and M, up to 5200. 
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DISCUSSION 

The result that the observed conditions for con- 
vection onset at a gas-liquid interface and at a 
solid-liquid surface are the same is unexpected when 
the shear boundary conditions in the two cases are 
so different. With systems that are not dependent 
upon the convection-amplification process, i.e. for 
linear gradients in time-independent systems, the 
effect of the difference in shear boundary conditions 
has been observed experimentally [2,11]. However, 
it appears that in time-dependent processes the loca- 
tion of the growth of the incipient convection is far 
enough removed from the interface so that the observ- 
able convection is dependent upon only the density 
driving force, and not the rigidity of the surface. 
This explanation does not preclude the importance 
of surface rigidity for well-developed convective flow, 
however. In the Schlieren studies of Onat and Grigull 
[12], the first convective motion can be observed at 
the fluid-side edge of the density boundary layer. 
This can be rationalized on the grounds that the 
density gradient at thib site is weak enough to be 
rearranged by the disturbance motion and yet strong 
enough to sustain convection growth. 

Surface waves in low-viscosity fluids, where present, 
were observed to have a significant effect on the time 
of observable convection onset. However, the lower 
values of Rat found if waves were present were still 
within the range where the growth rates of the in- 
cipient convection are beginning to increase rapidly 
[4,8]. Whether the decrease in stability was due to 
increased motion from the waves or to surface tension 
effects could not be ascertained from the present 
data. However, Foster [8] showed that for convection 
on a water surface, which apparently was affected by 
waves, that Rat for convection onset was approxi- 
mately constant, while M, for onset varied by a 
factor of 2. This would suggest that surface waves 
are destabilizing, but does not rule out the possibility 
of surface-tension influences upon convection initia- 
tion with clean surfaces. 

Wave action may be the explanation of why Ra, 
for some gas absorption systems was found to increase 
as the surface contamination and thus rigidity 
increased. Blair and Quinn [3] and Mahler and 
Schechter [13] observed that Rat was higher by about 
a factor of two for an insoluble surfactant layer on 
an aqueous surface, than for a soluble surfactant. In 
light of the results shown in Fig. 2, surface waves were 
probably dampened by the more rigid insoluble 
surfactant to a greater extent than with the soluble 
surfactant. 

Both the shallow- and deep-pool free-surface 
convection-initiation results (Fig. 4) showed no 
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influence of surface-tension gradients upon convection 
initiation, even up to high values of the Marangoni 
number (M, = 10500, M, = 5200). This was in the 
absence of meniscus effects, gradients of temperature 
along the surface, and surface waves. This result is in 
contradistinction to the predictions of linear stability 
theory developed by Vidal and Acrivos [9], who 
proposed a Marangoni number M, = 4 as the critical 
value in the deep-pool case. The Gibbs-adsorption 
modification of Brian and Ross [14] should not 
change their deep-pool solution significantly for 
these experimental conditions. 

This discrepancy between experiment and existing 
theory may well be connected with the observation 
of the equivalence of convection initiation at free and 
fixed surfaces in deep pools. If the incipient con- 
vection is confined to the bulk-fluid edge of the 
density boundary layer, the rigidity of the surface is 
not felt and thus no apparent shear variation along 
the surface is produced during the growth period. 
Provided that there are no surface temperature 
gradients along the surface, no local surface distur- 
bance and no meniscus, there should be no surface- 
tension gradients along the surface, and hence surface- 
tension effects will be absent from the initiation 
mechanism. 

Adherence to these experimental conditions ap- 
pears to be the difference between the present results 
and previously published work on convection initia- 
tion in thin films of evaporating, pure organic liquids. 
Berg et al. [l] and Vidal and Acrivos [9] found 
convection initiation at RaH much below 1700 for 
evaporating films and so ascribed the surface-tension 
gradient as the driving force. Similar results to those 
occurred in our laboratory when a temperature 
gradient or a meniscus existed along the liquid 
surface, such as can be expected in evaporation 
experiments. When the surface-temperature gradient 
and meniscus were eliminated, the results were similar 
to the fixed-surface results. Mitchell and Quinn [15] 
observed surface-tension-driven motion in thin films 
of liquid when a temperature gradient, produced by 
a point source, existed along the curved surface of 
the liquid. As in the case of the evaporating pools, 
the liquid had a meniscus. Thus, previously published 
results for thin-film, free-surface, thermal convection 
produced by evaporation did not conform to the 
theoretical models used to describe surface-tension- 
driven and density-driven convection, because of the 
presence of destabilizing effects other than the adverse 
temperature profile through the fluid. 

The effects of surface waves and meniscuses have 
shown that deformed surfaces and surface-tension- 
gradient effects can lower the critical value of Ru,. 
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Furthermore, in cases where surface-tension effects 
have appeared to dominate the onset of convection 

i.e. Clark and King [5], Brown and King [t6], 
Blair and Quinn [3], Brian et al. [17], surface waves 
have been present and from the above discussion 
appear to be the important disturbance. 

action and surface temperature variations on clean 
surfaces were also observed to destabilize. 

Ellis and Biddulph [ 1 S] studied the effect of surface- 
tension forces on the amplitude of waves on a laminar- 

flowing water stream which was absorbing either 
acetone or methanol. They observed that the ampli- 1. 

tude of the waves increased by an order of magnitude 2. 
when the driving force for mass transfer passed a 
critical value. The authors explained this phenomenon 

by postulating that the solute absorption across the 3. 

wavy interface caused sites of low surface tension, 

and consequently high surface-tension gradients 4. 
along the surface which caused a rapid spreading of 
surface liquid. This resulted in exposure of bulk 
liquid to the surface in the center of the site, which 5. 

increased the surface tension in the exposed region. 

This caused an annulus of low surface tension fluid 6. 
and a tendency to reverse direction of flow. The 

momentum associated with the spreading and reversal 7 
of the low-surface-tension fluid resulted in a surface 

ripple. 
The stabilization observed in a benzene-water 8. 

layer [19] heated from above and predicted to be 
unstable because of the surface tension gradient 9 

could have been due to an absence of surface dis- 
turbances along the water benzene interface. In this 10. 
case. the density gradient was stable and could 

suppress bulk and surface wave motion. However, 
when the system was heated from below so that 

11. 

both the density and surface tension gradients were 

stable, the experimentally observed destabilization 12. 

agreed with theoretical predictions. Surface waves 
could be present in the unstable density field. 

13. 

CONCLUSIONS 14. 

The observable onset of convection at a gas-liquid 
surface appears experimentally to occur under the 

15. 
same conditions as at a liquid-solid surface, provided 
there are no meniscus, surface wave or surface 
temperature gradient effects present. This observation 16. 

indicates that the site of growth of the incipient 

convection between first instability and observable 17. 
size is sufficiently deep within the fluid so that there 
is negligible influence of the surface rigidity upon it. 

REFERE\CFS >. 

J. C. Berg, M. Houdart and A Acrtvos, Evaporative 
convection, AC/~!. Chem. Engng 6. 61 123 I I M6). 
J. C. Berg and J. J. Palmer. Convecl i)n instability in a 
liquid pool heated from below, J. Filrid Mech. 47. 779- 
787 (1971) 
L. M. Blair and J. A. Quinn, The onret of cellular con- 
vection in a fluid layer with time-dependent density 
gradients. J. b’luid Mech. 36, 385-400 (1969). 
I. F. Davenport and C. J. King, The onset of natural 
convection from time-dependent profiles. hrt. J. Heur 
Mass Transfer 16, 000-000 (1973). 
M. W. Clark and C. J. King, Evaporation rates of vola- 
tile liquids in a laminar flow system, A.1.Ch.E. Jl 16. 
69-75 ( 1970) 
1. F. Davenport and C. J. King, The initiation of natural 
convection caused by time-dependent profiles. Lawrence 
Berkeley 1,aboratoi-y Report No. LBL-660 (1972). 
I;. G. Mahler. PI’ I). fhesrs. 711~ Stability of llu~ds 
subjected to adverse non-linear time-dependent densit) 
gradients, The University of Texas, Austin, Texas f 1969). 
T. D. Foster, Onset of convection in a layer of fluid 
cooled from above. Physics Fluid? 8, 1770- 1774 (1965). 
4. Vidal and A \crrvos. EffeL,t of non-lincai tcmperaturc 
profiles on the onset of convection driven by surface 
tension gradients, I/EC Fundls 7, 53-58 (1968). 
.I, G. Ball and D. M. Himmelblau, The local potential 
applied to instability problems, Adtl. Chem. Phys. 13, 
267 -298 (1968). 
P. L. Silveston. Warmedurchgang in waagerechten 
fliissigkeitsschichten, Forsch. hg. Wes. 24, 29, 59 
(1958). 
K. Onat and V. Grigull, The onset of convection in a 
horizontal fluid layer heated from below. Wiirme und 
S~offtibertragung 3, 103 (1970). 
E. G. Mahler and R. S. Schechter. The stability of a 
fluid la)er with fas absorption. Clwr~. I-:ru/rrc/ Sci. 25. 955~- 
968 (1970, 
P. L. T. Brain and J. Ross, The effect of Gibbs adsorp- 
t~on on Marangonr instability in penetration mass 
transfer, .4.l.C’h.E. Jf 18, 582.-591 (1972). 
W. T. Mitchell and J. A. Quinn, Convection induced 
by surface-tension gradients: experiments with a heated 
point surface, Chem. Engng Sci. 23, 503-507 (1968). 
W. H. Brown and C. J. King, Interfacial mixing cells 
and mass transfer in turbulent flow, Lawrence Berkeley 
Laboratory Report No. UCRL-18974 (1969). 
P. L. T. Brian, J. E. Vivian and S. T. Mayr, Cellular 
convection in desorbing surface-tension-lowering solut es 

Surface waves were found to destabilize the system 
by either promoting surface tension motion on clean 
surfaces or providing more energetic disturbances 
on both clean and contaminated surfaces. Meniscus 

from water, I/EC Fun& 10, 75-83 (1971). 
18. S. R. M. Ellis and M. Biddulph, Interfacial turbulence 

measurements, Chem. Engng sci. 21, 1107-I 109 (1966). 
I9 R. W. Zeren and W. L. l?eynolds. Thermal instabilities 

in two-fluid horizontal layers, .I. Fluid Mech. 53, 305 
(1972). 



Natural convection from time-dependent profiles 

CONVECTION NATURELLE A UNE SURFACE GAZ-LIQUIDE A PARTIR DE PROFILS 
DEPENDANT DU TEMPS 

83 

RCsumC- Cette etude experimentale concerne l’initiation de la convection naturelIe aux interfaces gaz- 
liquide. On refroidit par la base des fluides couvrant un large domaine de nombre de Prandtl et places 
dans un champ de temperature monodimensionnel et vertical. Les resultats montrent que les conditions 
d’apparition de la convection a l’interface gaz-Iiquide et a l’interface solid+liquide sont les memes si l’on 
elimine les effets d’ondes de surface, de m&risque et de gradient de temperature a la surface. Dam ces 
conditions sp&ciales la destabilisation par tension interfaciale est absente, m&me si le nombre de Marangoni 

est trois fois plus grand que la valeur critique estimke. 

FREIE KONVEKTION VON EINER GAS-FLUSSIGKEITS-GRENZFLACHE. 
BE1 ZEITABH.&NGIGEN PROFILEN 

Zusammenfassung-Diese experimentelle Arbeit befasst sich mit dem Einsetzen von freier Konvektion an 
Gas-Fltissigkeitsgrenzflachen. Fluide in einem weiten Prandtl-Zahlbereich wurden von oben in einem 
senkrechten eindimensionalen Temperaturfeld gekiihlt. Die Ergebnisse zeigen, dass die Bedingung beim 
Einsetzen von beobachtbarer Konvektion an einer Gas-Fhissigkeitsoberflache dieselben sind wie an 
einer Fest -FhissigkeitsgrenzflLche, wenn Effekte durch OberflHchenweIlen, Miniskus und Oberflachen- 
temperaturgradienten ausgeschaltet werden. Unter diesen Bedingungen gibt es keine Destabilisierung 
der Oberflachenspannung such wenn die Marangoni-Zahl urn drei Grossenordnungen tiber ihrem 

vorausgesagten kritischen Wert liegt. 

ECTECTBEHHAR KOHBEHHMH IIPH 3ABMCMMbIX WI BPEMEHH 
HPO@HJIHX HA HOBEPXHOCTB PABJJEJIA I?A3-H2IjJHOCTb 

kIEOTaI(FiSI-npOBeHf?tiO 3KCIEpMMeHTaJIbHOe HCCJIe~OBaHHe B03HPIKHOBeHkIR WTeCTBeHHOti 

KOHBeKL(IIH Ha IlOBepXHOCTRX pa3flWa ra3-HUIAKOCTb. OXJIaHcneH&ie WI,L(KOCTeI? B 6onbmow 
@ialIa3OHe '4llCeJI npaHJJTJIH OCJ'~eCTBJIRJIPICb CBepXy B BepTHKaJIbHOM OAHOMepHOM TeM- 

IlepaTJ'pHOM IIOJIe. h3J'JIbTaTbI MCCJIeRoBaHHR IIoKa3aJIM, 9TO KOHBeKUMH Ha IIOBepXHOCTI, 

pa3neJIa ra3-WHAKOCTb II TBepAOe T&IO-HUIRKOCTb B03HHKaeT npll OJ&HHaKOBbIX YCJIOBHFIX, 

eCJIB EICKJIIOWiTb 113 ZKCIIepHMeHTa IIOBepXHOCTHbIe BOJIHbI, MeHLlCK II TeMI,epaTj'pHbIti 

rpaJ&ieHT Ha IIOBepXHOCTM. npI4 TaKClX J'CJIOBI~HX Ha6nIOAanOCb OTCYTCTBlle HapymeHMn 

YCTOtiWiBOrO nOBepXHOCTHOr0 HaTHEEHHH,He CMOTpFl HaTO,qTO qllCJl0 MapaHrOHH 6bmo Ha 

~~55 nopnaKa Bbnne pacseTHor0 KpHTHqecKoro 3HaseHrfK. 


