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NATURI\L CONVECTION FROM TU.ill-DEPENDEIJT 

PROFILES AT A GAS-LIQUID SURFACE 

by 

Ian F. Davenport and C. Judson King 

Department of Chemical Engineering 

and Lawrence Berkeley Laboratory 

University of California 

Berkeley, California 97470, U.S.A. 

. . 
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~ 

demensional 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, if 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 Harangoni number was 

three orders of magnitude above its predicted critical yalue. 
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INTRODUCTION· 

Convection at a gas-liquid interface. can be drivenby both 

surface tension and density forces ( 1 '2··, 3). r 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 (2),] 

instability conditions for the more commonly met case of the non-linear, ... 

time-dependent profile are less understood. The experimentally 

observed conditions at convection onset are normallyprders of magni

tude above those predicted by linear st,ability theory. 

The discrepancy between linear stability theory and observation 

for density-::-driven 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) .j Application 

of this growth rate interpretation to convection at gas-liquid inter

faces can potentially provide a description 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 for a solid....;. 

liquid interface. 
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THEORY 

The conditions at the onset of density~driven convection can be 

correlated through the time-dependent Rayleigh number Rat where 

QAT l/2t3/2 '' 
@gtJu ct 

(1:) 

Rat has been observed to be dependent upon the thermal boundary 

conditions and the depth of the fluid; however a modified Rayl~igh 

n:umber 

successfully correlates the effects of changesin these conditions (4) 

A parameter (S), used to reflect the thermal boundary condition for 
< 

semi-infinite fluids, describes the surface temperature (T
8

) vs: time 

relationship as 

. .£. - · T .(e}de - . s 
0 s,- = - T •t 

- s (2) 

The conditions a.t the onset of surface tension-driven convection 

can be interpreted (5) through the time-dependent Marangoni number 

EXPERIMENTATION 

Deep-Pool Convection Initiation. 

Previous experiments with free surfaces have used evaporation to 

provide coolingat 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 oper-
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ati.ng range lf no air draught is used, ·and possible surface wave 

formation if a mechanical system is employed to start the ~vaporation. 

These disadvantages are inherent 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. 

The apparatus used in this work vas chosen to have this one-

dimensional character, and is shown in Figure 1. A cooler with an 

isothermal cold plate (diameter 50 nun) rested on_ polystyren·e foam 

supports approximately 1. 5 mm thick, which in turn was- atop the 

valls of a hollow plexiglas cylinder ( 36. 5 mm i. d • , 7 mm wall thick-

ness~- 36.5 mm depth)·. These dimensions vere found exp~rimentally to 

remove the edge effects associated with uneven heat transfer across 

an air gap away from the liquid surface or preferential conduction 

along the vessel walls. The foam was the __ best compromise for a 

material ;.;ith thermal properties similar to air and yet with the 

mechanical strength to support the cooler and isolate the air g~p 

between the cooler and the liquid f!'om external air convection currents. 

The liquid surface was raised to the lev:el of the top of the plexi-

. glas ;.ralls 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 diameter), 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 or convection. 
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The cooler was required to provide an isothermal cold plate with 

a temperature which could be controlled 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 decaJ': through to a step change, whereas 

the thermoelectric cooler was limited to a.'clinear decay in surface 

temperature. However, the sprayer had the disadvantage of introducing 

variable vibrations into the system from the spraying mechanism. 

The thermoelectric cooler was essentially vibration-free since it had 

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, and 

100 cs silicone oil.(Pr =900) were tested. The results for n-decane 

with the thermoelectric cooler, plotted as ~Tc vs. tc at the onset of 

convection, are shown in Figure 2 and compared with the convection 

initiation data at a solid-liquid surface obtained in the previous 

study ( 4).; Results for the other liquids were similar ( 6) ~xcept under 

certain conditions where the free-surface results were slightly lower than 

the fixed-surface results. These conditions were for high ~T 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 ifas 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 

resuits were slightly lowerwas at long conduction times, where it 

was suspected that the difference in thermal properties between the 

~exiglas and the liquid and/or heat losses through the edge of the 

apparatus became significant enough to pr.oduce two-dimensional 

character in the stirface temperature. Preliminary investigation 

showed that tWo-dimensional gradi.ents in surface temperature could 

lower the onset time considerably. 

The results in Figure 2 and for the,other liquids show that the 

convection is density-driven, since the slope is -3/2, as opposed to 

the slope of -1/2 which is predicted for surface"""tension-driven con

vection (3). \FUrthermore, these results show that convection initiation 

is inuependent 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) land Linear Stability Theory {6), ~~hich predict that the 

free-surface Rayleigh number should lie below that for a fixed surface 

by a factor of 2 to 3.5~ 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 Figure 2). 

The spray cooler was used to produce shapes of surface-temperature-

v:s.-time curves on the free surface ranging from a step change to a 

linear change with time. These results (6) ~ere similar to the fixed-

I 

surface results reported in the previous paper (4). ! Rat varied 

approximately linearly w-ith the shape factor S, and was a factor of 

three higher for the linear change in surface temperature than for 

the step change. 
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The influence of the surface waves from the spray cooler on 

the ·onset of convection can be seen in Figure 3, where the. results of 

the spray cooler and thermoelectric cooler have been compared for a 

linear decrease of surface temperature with time. 

Comparison with Previous, Free ... Surface, Deep-Pool Results. 

Foster:. (8~-~identified his experiments where wat.er was evapor

ated from stagnant pools as a case of linear decay of surface tempera-

ture ·with time (S' -~ 0. 5). Vidal and Acrivos {9.) I ~bserved that 
' 

evaporation from stagnant pools· could be better described by constant 

fltix at the evaporation surface~ The surface-temperature history with 

constant flux would correspond to S = o·:6•'(, which agree-s closely with 

Foster's reportedrecord of T
6 

vs. t. Foster's results of Rat= 225 for 

evaporation of water (Pr · = 6~6) with S - 0.6'( agree well with the 

present results for n--decane (Pr = 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 possibliity of surface-

wave influence in Foster's experiments. 

Clark and King (5} ;published results for evaporation of carbon 

disulfide from tridecane solvent.· They ~bserved possible density

driven convection at high cs
2 
mol~ fraction, cGrresponding to Rat = 28'5 

and S = 0.62, for thermal-driven convection at Pr = 2i .. This comp~res 

favorably with the spray-cooler results for :h-butanol (Pr. = 43) and 

n-undecane (Pr = 17), suggesting the importance of surface waves or 

other destabilizing influences in the horizontally flowing liquid. 

Ball and Himmelblau (io)/identified density-driven convection for 

the absorption of' carbon dioxide into a laminar flowing aqueous stream. · 

The Rayleigh number, Rat, based upon the composftion gradient was 
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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 f'or the high value of' Rat when compared with the 

present results (Figure 3) where no stabilizing ihf'luence was present. 

Shallow-Pool Convection Initiation. 

The shallow-pool apparatus consisted of a plexiglas annulus 

attached to a copper cylinder. The annulus was 36.5 mm i.d., 7 mm 

wall thickness, and the height varied from 2.06 mm to 11.9 mm. The 

copper cylinder was 5 em in diameter and about 4 em 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. Thecopper block was used to keep the lower 

liquid surface temperature· constant so that the data could be compared 

with the f'ixed--surf'ace, shallOW"""pOol results· reported elsewhere c4·). I 
Both the spray cooler and the thermoelectric cooler were used to 

determine the onset conditions in shallow pools. Either the surface 

temperaturedecreased 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 liquids. 

The free-surface, shallow-pool data obtained with the thermo-

electric cooler are given in Figure 4. The-spray-cooler data were· 

similar (6). 
I . . . 
r The fixed'-surface data from the previous study have been 

plotted 'dth the gas-liquid data for comparison. The results show 

that there is no significant difference between the fixed- and the 

ext free-surface data in the range of 2 used in these experiments. The 
H 
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conclusion is that the mechanism for convection ini~iation at these 

two surfaces in the. shallow-ppol case is the same·, and therefore that 

convection onset under these experimental 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, Mt up to 10,500 and~ up to·5,200. 

DISCUSSION 

The result that the observed conditions for convection onset at 

a gas-liquid.- interface and at a solid-liq~~d eurface are tQ.e same is 

unexpected when the shear boundaryconditions in the two cases are so 

different. With systems that are not dependent upon the convection -

amplification process - i.e. , for linearsgradient in time-independent 

systems- the effect of' the·dif'f'erence,in shear boundary._.conditions· 

has been observed experimentally (2., :ti!"=( However, it appears .f:::'fiat in 

time-dependent processes. the location of' the growth of the incipient 

convection is f'ar enough removed from the interrace that the observable 

convection is dependent up9n only the density driving f'orce, and not 

the rigidity of' the surf'ace. This exp,lanation does.not preclude the 

importance of surf'ace rigidi"ty f'or well-developed convective :f'+ow, 

however. In the Schlieren studies of' Onat a.nd Grigul.l,.~ (12), \the f'irst. 

convective motion can be observed at the.fluid-side edg~,of' :the density 

boundary layer. This can be ·rationalized on the grounds that the 

density gradient at this site is weak enough to be rearranged by the 

disturbance motion and yet strong enough to sustain convection growth. 

Surface waves in low-viscosity.f'luids,where present, were 

observed to have a significant effect on the timelof observable 

convection onset. However, the lower values of Rat found if wa.ves 
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,, 
werepresent were still within the range where the growth rates of 

the incipient-convection are beginning to increase rapidly (4, 8). 

lihether the decrease in stability was due to increased motion from 

th~ waves or to surface tension effects could not be ascertained from 

the present data. However; Foster :·(8) lshowed that for convection on 
-~--·{ 

a water· surface,. which apparently was affected by waves, that Rat for_ 

. convection onset was approximately constant, while Mt f~r 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 initiation with clean ·surfaces. 

Wave action may be the explanation of why Rat_f9r some gas 

absorption systems was found to increase as.the surface contamination 

and thus rigidity increased. Blair and Quinn -~?LJand Mahler and · 

Schechter (13) observed that. Rat ~~. higher by about a factor of two 

for an insoluble surfactant layer on an aqueous surface, than for a 

soluble surfactant. In ligh,t of the resruts shown .in Figure 2, surface 

waves were probably dampened by the more rigid insoluble surfactant 

. to a greater extent than with the soluble surfactant. 

Both the shallow- .a.nd deep-pqol free-surface convection-initiation 

results (Figure 4) showed no influence of surface-tension gradients 

upon convection initiation,_ even J.lp to high values of the Marangoni 

number (Mt .=10,500, MH = 5,200). This yas 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), 1who proposed a 

lv!arangoni number N = 4 as the critical value in the deep-pool case. 
t 

The Gibbs:-absorption modification of Brian and Ross (14 ))should not change 

their deep-pool solution significantly for these experimental conditions. 



·• 

-10-

This discrepancy between experiment and existing theory may 

well be connected with the observation of the equivalence of con:-

vection initiation at free and fixed surfaces in deep pools. If 

the incipient convection 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 temper-

ature gradient~]along the surface, no local surface disturbance 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. 

Adb.erence to these experimental conditions appears to be the 

difference between the present results·and previously published 
\ 

.work on convection initiation in thin films of evaporating, pure 

organic liquids. 
........... -i 

Berg et al. (l) Jand Vidal and Acrivos (9) jfound 

convection initiation at RaH mu9h 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) ,bbserved 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 
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t'. 

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 Rat. Futhermore, in cases where stirface-tension 

effects have appeared to dominate the onset of convection --_i.e., 

Clark and King { 5) ~~ Browri and King{i6)J Blair. and Quinn ( 3), Brian 

et al ~-- ~·i--7) 1-- stu-face waves have been present and· from the above 

discussion appear to be the impo-rtant disturbance. 

Ellis and Biddulph{I8.)fst~di.ed th~ 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 amplitude of the waves increased by an order of magnitude when 

the driving force for mass transfer passed a critical value. The 

authors explained this phenomenon by postulating that the solute 

'absorption across the wavy inte-rface caused sites of low surface 

tension, and consequently high surface-tension gradients along the 

surfac·e 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 increased the surface tension in the exposed region. 

This caused an annulus of low surface tension fluid and a tendency to 

reverse direction of flow. The momentum associated with the spreading 

and reversal of the low-surface-tension fluid resulted in a surface 

ripple. 

The stabilization observed in a benzene-water layer (19) !heated 

from above and predicted to be unstable because of the surface tension 



gradient could have been due to an absence of surface disturbances 

along the water benzene interface. In this case, the density gradient 

was stable and could suppress bulk and S].lrface wave motion. However, 

when the system was heated from below so that both the density and 

surface tension gradients were stable, the experimentally observed 

destabilization agreed with theoretical:_predictions. · Surface waves 

could be pre.sent in the unstable density field. 

CONCLUSIONS 

T,he observable onset of convection at a gas.,..liquid surface appears 

experimentally to occur under the same conditions as at a liquid-solid 

surface, provided there are no meniscus~ surface wave or surface 

temperature gradient effects present. ·This observation indicates that. : 

the site of growth of the incipient convectibn,between first instability 

and observable size is suff'icientlx.EJ.eep within the fluid so that there 

·is negligible influence of the surface rigidity upon it. 

Surface waves were found to destabilize the sy;st~m by either pro-

meting surface tension motion on clean surfaces or p,roviding more 

energetic disturbances on both clean and contaminated surfaces. Meniscus 

action and surface temperature variations on clean surfaces were also 

observed to destabilize. 
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NOMENCLATtlRE 

2 g Gravity constant (em/sec ) 

H Fluid depth (em) 

Penetration depth (em) = ~ rr~~s~ dz 

.I 

J.farahgoni num'ber based on fluid depth b.O'H =-

Marangoni number hased on_conduction time = 

Prandtl number = ~-, " .· 

Rayleigh number based on penetration depth i = ~pgi3': 
lJ.~-· 

Rayleigh number based on conduction time 

S Surface temperature shape factor . 

. l/2 3/2 
= Apga t 

).I. 

t Conduction time prior to convection onset (seb) · · 
c 

T Temperature in fluid (°C) 

T .. Surface temperature (°C) s 
. . . 

b.T Temperature difference between bulk and surface conditions (°C) 

Greek Letters 

a Thermal diffusivity. (~m2/sec) 

S Coefficient of thermal expansion (°C )-1' · 

~ Viscosity (poise) 

&a Difference in surface tension between surface liquid and bulk 
liquid conditions (dynes/c:in) 

p Density (g/cc) 
.. 

!::.p Difference in density between surface liquid and bulk liquid (g/cc) 

Subscrints 

c Condition at onset of convection 
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FIGURE CAPTIONS 

Schematic Diagram of' Apparatus Used to Determine 

Convection Conditions at a Gas~Liquid Surface. 

Experimental Conditions for Onset of Convection in 

n-Decane (Pr = 13) for a Linear Surface-Temperature 

Decay in a Deep Pool Using the Thermoelectric Cooler. 

X Fixed-Surface Data ('4), & Free-Surface Data, 

-- Free-Surface Predictions of ( 7 J, assuming same 

amplification factor as for fixed-surface results. 

Comparison of Values of Rat at Free Surface Determined 

with the Spray Cooler (jl) and the Thermoelectric 

Cooler (I), for a Linear Surface-Temperature Decay 

(S = 0.5). 

Experimental values of Rat. at a Free Surface as a 

Function of Depth Factor (at/H2 ) for n-Butanol. The 

linear decay of surface temperature with time was pro

duced with a thermoelectric cooler. 

Fluid Depth: c 36.5 mm 

0 5.0 mm 

lt. 3.3 mm 

G) 2.16 mm 

Limits of Ffxed Surface Results 

from ref. ( 4 ) . 



Fig. 1. 

-17-

Cooler· 

.. I 
Thermocouple 

juncHon-

. thermocouple 
supports 

,--.soo~""1--Foam annulus
support 

~--Plexiglas 

c.ylinder 

4 ... 

Schematic Diagram ofAppa:tatus Used-to Determine 
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Fig. 2. Experimental Conditions fo:t'- Onset of Convection in n-Decane 
(Pr = 13) for a Linear Surface-Tenperature Decay in a 
Deep Pool Using the Thermoelectric Cooler. 

X Fixed-Surface Data(4) 1 0Free-Surface Data, 
Free-Surface Predictions of (7) :, assuming same 
amplification factor as for f1xed-surface results. 
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.----------LEGAL NOTICE----------.. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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