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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-

demensional temperature field. The results showed that the conditions

at the onset of observable convection at a gas-liquid inferface and

at a solid-liquid interface were the same, if surface waves, meniscus

and surface temperature gradient effects were éliminated from the

experiment. Under these special conditions, there was an' absence of

surface tension destabilizatién, even though the Marangoni ‘number was

three orders of magnitudebabove its predicted critical value.



INTRODUCTION:

Convection at a gaS~liquid interface,cah be driven by both

Although llnear stablllty

'theory can predlct the condltlons at the onset of convectlon for a
linear temperature gradient through the fluid, and for low values of

' the ratio of the llquld phase re51stance to gas phase re51stance (2) ]

1nstab111ty condltlons for the more commonly met case of the non—llnear,ulv(”,,-

.time—dependent profile are less understoodf The experimentally
observed conditith'at convection onset are normally ordersfof pagni—'
tude above those predlcted by linear: stablllty theory. |
The discrepancy between linear stablllty theory and observatlon-
for den51ty:dr1ven'convectlon 1n1t1ation from a tlme—dependent profile

‘at a liquid-solid surface has been interpreted‘in'terms of both the

- growth rates of the 1ncip1ent convection and the magnltude of convectlon”75W“"

required to affect a heat or mass transfer experlment (). I Appllcatlon
- of this growth. rate 1nterpretatlon to convectzon at gas—llquld 1nter—
faoes_can potentially prov1de a descrlptlon of the.den31ty—dr1ven,part
of the ppocess,-but some modificationshmay be necessary to accountvfor
:hthe'surface‘tension influences. The purpose of this work is to prov1de
'experlmental results and .an analysis comparlng.and contrastlng convectlon
;nltlatlon results at,a gas-liquid surface with results for a solid-

liquid interface.:



THEORY

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

correlated through the time-dependent Rayleigh number Rét>where
. 2,.3/2 .
ST Vi A B
BT T o @

Rat has been observed to be dependent upon the thermal boundary

‘conditions and the depth of the fluid; however a modified.Raylgigh

number- S 3 _ A
L 7 o e - - (1a)

successfully correlates the effects of changes in these conditions (4)
A parameter (S), used to reflect the thermal boundary condition for
semi-infinite fluids,deécribes the surface temperature (Ts)‘vs. time

relaﬁionship as

(2)
The conditions at the onset of surface tension-driven convection
can be interpreted (5) through the time-dependent Marangoni number
e :ﬁal/Q L | - : (3).

EXPERIMENTATION

Deep-Pool Convectioh Initiation.
:Previoué experiments with frée~surfaces ha&e.ﬁséd evaporation to
provide cooling at the liquid surface, with orvwithout air blown 6yer -
thevsﬁrface.' The‘disadvantagés of that appfoach include the develop-
ment'of.two;dimensional temperature prbfiles on thewliduid sﬁrfaceﬂ

‘variable disturbance level if an air draught is used, a limited oper-



atingfrangemifvno-aif_draught iS'used;~and ?ossible surface wave
formation if a mechanical system is employed to start ‘the’ evaporatlon.
These dlsadvanﬁages are 1nherent in evaporatlon systems and can be
overcome by,coollng.through the gas phase with a heat sink over the o
liquld surface, previded the resistance to'heaf‘fransferkﬁelow:ﬁhe cold. "l
surface. can be made one#dimensienal{‘- | | “ .
The apparetus usedlin‘this work was chosen te.have‘this one-

" dimensional charaetef;_and is shewn;in Figure l.l.A cooler withian
isothermal cold platev(aiameter 50 mm) festea.on_polystyrene‘foaﬁ
' supports'approximately l‘S'mm’thick,_which in turn wasuatep‘“‘lthe
ﬁalls of a hollow plexiglas cylinder.(36;5 gt i.d;; T'mm wall thickﬁ‘
~ ness, 36.5 mm'depth); Thesevdimensidns-ﬁere found experimen£ally;to_e
remove the edge effects associated with'uneven.heat transfer.across
'an air gap away from the llquid surface or preferential conduction: |
along the veSsel walls. HThe.foam was‘thetbest-compromlse for a
material with thermal:prpperties eimilaruto~air and-yet'wiﬁh the‘-
mechaﬁicalvstrehgthito support theveqeler andviselate the éif ggﬁ
: 5etweeﬁ the cooler and the. liquid ffomeexternal air c0nveetionvcurreﬁts.
The liguid éurface was_raieed to the lével of the top of fhe élexi— |
_glas walls so that there was no meniscus, in keeping:with fhe’planar
surface strategy for one;dimensional heat franéfef. A £herchouple

(1 mil,‘copper-Constantéﬁ),éuppofted from belowvthe liquid by glass
leads (1.6 mm diameter), lay on the llquld surface to record 1ts
temperature. The thermocouple was set in the plane of the top of
the‘walls, and the liquid was ralsed until the thermocouple_was in the
.plane of the liquid surface. The temperature feSponse:of this thermo-

couple showed a sharp transition at the onset of convection.



Thé cooler was'requiredbto providé an iséthegmﬁl cold plate Qith
a temperature which could be controlled ané varied. The‘twé éooling
systems chosen were a thérmoelectrig cooler and an enclosed cold-
liéuid‘spray chambér (h)-! The spréy chamber had thebadvanﬁagé of
being able t§ produce a variety of temperéture profiieé on the 1iquid5
surface, from a.linear timebdecax through to a step change,'whereaé
the thermdéléctric cooler was limited to allinear decay in sufféce
temperature. However, the sprayer had the disadvéntage of introducing
variable vibfations into the system fi‘om the spraying mechanism. -
The thermoelectric cooief-was-éssentially vibration-free‘since it had
n6 moving parts, and it was used to‘rep;esenﬁ the.quietest_pﬁssible
'conditions.for free-surface convection.

 'The-1iquids wefe selected with the-constraiﬁt that they be non- = .

corrosive and noh—vqlatile and have similar thermal properties to the
plexiglas.. n-Decane (Pr = 13.3); n-butanol (Pr = 43), n-octanol, aﬁd
1lCO>cs siiiconé‘oii'(Pr ="900) were tested. The results for n-decane
with the fhermoelectric coolér,'plotted as ATc vs. ﬁc at the'onset éf
convection, are shown in Figure 2 and compéred with the convection |
initiation data at a'solid—liquid surface obtained in the previous:
" study (h).f Results for the other liqﬁids vere similar (6) gxcept under
certain conditioné where thebfree—sﬁrface results were slightly lower than
the.fixed—surface_results. These cdnditions were for high AT driving
force, yhere the'cooling surface was suspected_td ﬁave some tﬁo_;
diménsional character. This was pértiall& Qerified byvrebuilding the-v
thermal insulation system which was used to keep the thermoelectric
cooler cold surféce isothermal and oﬁserving thét the onset times at

high driving forces incréased with the improved cooling surface. The



other condition ﬁndér which.the onéet tiﬁosiforithe frée—surface
vresults were sllgﬁtly iower was at long conductlon tlmes, whero it

:was suspected that the dlfference in thermal propertles between the
E&exiglas and the llquld_and/or heat losses through the edge of the"'
apparatus became significant onough to produce.twoédimonSiooal

.character in the‘ourfade temperature; Preliminarj:invéstigation
shOWed.thét tWO—dimensional:érodionts in ouffoce'tempefoture could
lower the onset tlme con51derably
| " The results in Flgure 2 and for the ;other llqu1ds show that the
conveection is den51ty—dr1ven, 51nce the slope 1s -3/2 as opposed to
the slope of 41/2 which is predlcted fo; surfacefte951on—dr1yeg con- .

_:vection.(3)-'%Furthormore, theoe results‘shoﬁlthat oonvection iniﬁiation

is*in&ependent of the shear condifionslat.theoheating or ooolihg‘ |

bouﬁdary (i.e., fixed vs. freé surface); in a vertical,-oneédimensional,

_ deep—pool den51ty fleld. Thls is in contradlstlnctlon to Ampllflcatlon
Theory (7) hnd Llnear Stablllty Theory (6),Iwhlch predlct that the
free-surfaoe Rayleigh number should lie below‘that for a flxed surface .

‘by ; foétor'ofrg to 3.5; Even when the_ffeo—sﬁrfaceudaté.fell beiov

vthé.fixéd—surface data io the present work, thoy were always well
abbve'the free-surface predictioné from eithér of these»theoriesv
(see Figure 2). |

The spray cooler was osed to pfoaocé‘shapeo-of surface-temoefatureQ
vvo.-time curves on_thevfree surface ranging ffom a otep.ohaoge>to ;'_ |
linear chéngevwith time;: These reéults (6) here simiiar to_tﬁe fiXed—

N . . . ! ~ .- .
-surface results reported in the previous paper (h). 'gRat varied
approkimately linearly with 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'influenee'of'thetSurface waves from‘the'spray,codler'on'
thejonset>of convection can be seen.in Figure 3, where the,fesﬁlts of:
the spray cooier*andbthermoeleetric eeoler have been:compared for a
linear decrease of sﬁrfaée tempetature w§th time. )

Comparlson with Prev1ous, Free-Surface, Deep—Pool Results., - -

Foster (8)‘1dent1f1ed his experlments vhere water was. evanor—

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

-ture with time (8= 0.5). Vldal and Acrlvos ”(93§observed that-

evaporation from stagnant pools’ could be better described by constant

flux at the evaporation surféace. The surface?temperature history with

" constant flux would correspond to S = 0.67, which agrees closely with

Foster's reported record of Ts’vs._t._ Fosterﬁs results of Rat = 225 for .

evaporation of water (Pr = 6.6) with S ='O.677agree #ell with the

present results for n-decanen(?r 13 3) u31ng the spray cooler. The

~ fact that hlS result compares better w1th the spray—cooler results

.than w1th the thermoelectrlcreooler suggests,the p0531b111ty Qf surface-‘

wave influence in Foster's experiments.:
Clark and Kiné(S)i@ublished results for evaporation of'éarbdn"
disulfide from tridecane solvent;' They observed p0551ble dens1ty—'

driven convectlon at hlgh Cs mole fractlon, correspondlng to Ra = 285

2.

~and 5 = 0. 62 for thermal driven convectlon at Pr 27. "Thls compares -

favorably with the spray—cooler results for n—butanol (Pr = 43) and

- n-undecane (Pr =vlT), suggesting the importance 6f.surface'waves or ---

other destabilizing influeﬁces in the horisohtallyeflowing liqﬁid;
: Ball and:Himmelbleu(iO)hdentified density-driven convection fof.
the absorption.of'carbon dioxide intd»a laminar.flOVihg aqueous stream.f
5 .

The Rayleigh number, Ra, , based upon the composition gradient was
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reported. as’ 785 with Sc .= 300, but ‘the Raylelgh number:. based upon l

‘the temperature gradlent was not reported Slnce the absorotlon wasf

exothermlc, the thermal gradlent would tend to stablllze the system,

‘which may account for the high value of Ra; when compared with the

t

 present results (Figure 3)5where no Stabilizing influence was_present.

Shallow—Pool ConvectionvInitiation;

The shallow—pool apparatus con51sted of a plex1glas annulus

_ attached to’ 2 copper cyllnder. The annulus was 36 'S5 mm d., T mm

wall thickness, and the helght var1ed from 2 06 mm to 11. 9 mm. The
copper cyllnder was 5 ¢m in. dlameter and about h cm long The glass"

thermocouple leads were vertlcal and were introduced through the

'-'copper base rather than through the'plexiglas walls, because the

plexiglas was too short. The copper block wasﬂused to keep the lower
quuid.surface.temperature7constant softhaf the data could be compared.
with the fixed~sufface,fshallow—poolifesults”reported elsewherel(h);;

'Both'the spray cooler‘andlthe‘theimoelectric cooler were used to -

determine the onset conditions in shallow pools. Either the surface _
'temperaturedecreased llnearly with tlme, so that the results could

“be compared with'the‘fixed-surfaCe'results, or the.shape factor, S,

was veried SO as to'show its iufluence inpehallowepool convection
initiation. vn—Butanol and n—octanol were used as llqulds._ |

" The free—surface, .shallow-pool data obtalned with the thermo—.'
electric cooler are given 1nﬂF1gure h. Thejspray—cooler-data were'

similar (6). | The fixedesurface data from the previous study have been .

plotted with the gas-liquid data for comparison. The fesults_show

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

free-surface data in.the range of g%used'ih‘these experiments. The
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_ conclusion is that the mechanism for codvectioneinitiation aﬁ ﬁhese

two surfaces in the,sh&llov—pgbl case is the same; and therefore.thaf
: vconvection'onset~under theSe experimental conditiods for free—sufface
shallow pools is den51ty—dr1ven ratﬁer‘than surface—ten31on—driven.x
This is true even for thin liquid films (2 . thlck) and hlgh resultante

t
DISCUSSION

values of Marangoni. number, M up to 10 500 and MH'up to 5 200.

»Tﬁe result that the observed conditiohs for conveetioh onset at
‘a gas—liqgid'inferface and at a solid-liquid sqrfaceva}e ﬁhe seme“is
unexpected when the sheer oounderj,eopditions io the £WO cases are sod:
different. With systems ehat are_hot deéeodentAuﬁon the.eodvection - )
amplificafidn process ;.i{e., fof-linearSgradient in-time-independent
systems - the effectwof-the-differenoe ihvshear bodndarx_conditiéns*
has been observed experlmentally (2 ll) f However, 1t appears tﬂﬁat :Ln
tlme-dependent processes the locatlon of the growth of the 1nc1p1ent
'convectlon is far enough removed from the 1nterface that the observable'
convectlon is dependent upon onlyvthe den31ty dr1v1ng force, and noﬁ
the rigidity of the surface. This explanatlon does -not preclude the
impo:tance of.surface rigidify for well—developed‘convectlve ﬁlow}.
however. In the Schlieren studies.odenatdand'Grigul%;(;2),Ethe first
cdnvectiye motion can be observeddat the -fluid-side edge of fhe density;
bouhdafy layer. Thisveen be s;etiohaiized‘on the.grounds‘thet the
Vdehsity gradient at this site is:weak,ehough_to beAfearrenged by the
disturbance motion and yet strong enough to sustain eonvectiop growﬁh.

Surface waves in low—viscosity,fluids,owhere present,.were
‘observed to have a significant effect on the-fdmefof observable

convection onset. However, the lower values of Rat found if waves
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wererpresent were still within the range“where thekgrowth rates of
the‘incipient,convection are beginning to increaseirapidly-(h;.é),vsr
Whetﬁer the»decrease invstabiiity>was'uue to increased motion from

the waves or to surface tension effects could not be ascertained from
thevpresent data. chever;AFoster ;(Ql;§howedvthat for convection on

a water'surface,”which apparently was.affected by waves, that-Ra£'for__-

_convection onset was'approximately constant wvhile M, for onset varied b& a: .

t

factor of 2. Thls would suggest that surface waves are. destab111z1ng,
but does not rule out the p0531b111ty of” surface—ten51on 1nf1uences
upon convection 1n1t1at10n with clean surfaces

kY

Wave actlon may be the explanatlon of why Rat for 'some gas
absorptlon systems was found to 1ncreasetas,theesurface”contamlnatiqn
and thus rigidity increased. Blair anduQuinncisljand'Mahler_aud~
Schechter (13) obserred that.Rat was higher ty'about a factor of two ‘e
for an 1nsoluble surfactant 1ayer on an aoueous surface “than for a

soluble surfactant. In llght of the results shown in Flgure 2, surface

waves were probably damnened by the more rlgld 1nsoluble surfactant

_to a greater extent than with the;soluble surfactant.

.Both the shallow—-and deep-pool free-surface convectlon—lnltlation
results (Flgure 4) showed no 1nfluence of surface—ten51on gradlents
upon convectlon 1n1t1at10n, even up to hlgh values of the Marangonl

number (W lO 500, M =5, 200) 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

s ¢
stability theory developed by Vidal and ACTiVOS‘(ng iwho proposed a
. = 4 as the critical value in'the deep-pool case.

The.Gibbsfabscrption modification of Brian and Ross(lhﬁshould not change

Marangoni number M

their deep—pool solutionvsignificantly-for.these experimental conditions.



”®

~10-

This discrepancy between experiment and existing theory may

well be connected with the observation of the equivalence of_coné

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

the incipient convection is confined to the bulk~fluid*edgé of the

density boundary layér, the rigidity of the surface is not felt and |

thus nobapparent shear variation along the surface ié producéd
during the groﬁth period. Provided that there are no surface temper—

ature gradientsjalong the surface, no local surface disturbance and

'no meniscus, there should bé no surface-tension gradients_along the

surface, and hence surface—tension effects will be absent from the

]

initiation mechanism. . AR
Adherence to these experimental conditions appears to»be-thé

difference between the present results and previously published
\ ) :

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

organic liquids. Berg et al. (ijgand Vidal and Acrivos (9) &oundv

convection initiatidn at RaH much belqﬁ 1700 for evaporating films.

and so ascribed the surface-tension gradient as the driVihg force.

Simila: results to those occurred_in our léboratory when a teﬁberature
gradiént or é meniscus existed along tﬁe‘liquid surfacé; such és éan
be exﬁected in evaporation experiments. - When.the surface—ﬁeﬁperature
gradient and meniscus were eliminated, the results were similar to-

the fixed—sufface results. Mitcheli and Quinn (15) bbserved surfaée;
tension-driven motion in thin films of liquid whenva temperatufe
gradient, prodﬁced by a point.source, existed alongbthe curved sdrface
of the liquid. As in the case of the‘evaporating pools, the\liquid had
a meéniscus.  Thus,-preViously published results for thin—fiim, fr§e—

surface, thermal convection produced by evaporation did not conform to

i1
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vthe'theoretical models’uSed to descrfbe'surface—tension—driven andi .
density-driven convection because of the presence of destabilizdne
effects other than the adverse temperature proflle through the fluld
The effects of surface waves and meniscuses have shown that

deformed.surfaces and surface—tension—gradient effects Can lower_the
ecritical ya;ue of Rat. Futhermore; in cases wuere:surface—tension '
~effects have appeared to dominate the'onset of'convection ——ki;e;;
Clark and King (S)P Brown and K1ng(l6),;Bla1r and Qulnn (3), Brlan :
et al. (17)5-— surface vaves have been present and from the above |
discussion appear to be the 1mpoxtant dlsturbance.

| Ellis and Blddulph (18)!stud1ed the effect of surface—ten51on.’f;
forces on the amplitude of waves on & lam1nar—flow1ng water stream'
whlcn was absorblng either acetone'or methano;LfKThey,observed that
the.amplitude of the waves increased by an order of magnitude uhen_
bthe driving force for mass transfer passed a cr1t1cal value. Thel
authors explalned thls phenomenon by postulatlng that the solute a
'absorptlon across the wavy interface caused sites of low surface
tension,.and consequently high surface-tension gradients a;ongithe
surface which caused a rapid'spreadfng of'Surface ldquid This
resulted in exposure of bulk llquld to the surface in the center-of
the site, which 1ncreased the surface tension in the exposed reglon. -
This caused an annulus of low surface ten51on fluld and a tendency to
reverse direction of flow. The momentum assoc1ated with the spreadlng;‘
and reversal of the low—surface—tension fluid resulted in a surface
ripple. | | - |

The stabilization observed in a benzene-water layer:(lQ)iheated

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



-jlerﬁ-w =
gradiént could have been due to an.absence of sﬁrface distﬁfhancesi
~along the water benzene interfacef In thiSjcése, the densiﬁy_gradient»
was stab}e'and could suppréss bulk and surface wave motiqh. However;
when the éystem was heated frdm belo#isd that.both the'dehsity aﬁd
_.surfaée tenSion,gradients,were.sfable,-the‘expefiﬁentally observéd
Idestgbiliza£ion agreed with theoreticq;;prediétions.- Surface waies ',-

could be present in the unstable denéity field.
CONCLUSIONS

The observable onset of convection at‘a_gas—liqﬁid surface appears-

 expe:imentally to occur under the same cbnditions as-at a liqﬁid—solid
surface, provided there are no meniséus; Surface wave 6r,su:face |
.temperature gradiént‘effects present.. This observation indicateélfhat;w
the site_of growth of the incipiént convectibnubétween first instability
and observable size is_sufficient;x?géépvwithin the fluid so that there
<18 negligible iﬁfluence of the surfacé.rigidityvﬁpon it.

| Surface waves were found to destabilize thé,sxgtem by_eithep.prq- v
.moting surféce tension motion on clean surfaces or providing more |
energetic disturbances on both cleanvand ?ontémi@ated éurfaces.' Meniséus
action and surface'temperatyie fariatidnsvon cléén éﬁrfaces.were_also _T.’

" observed to destabilize,
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AT

-Marahgonl number based on fluid depth =

.Surface tempgratuﬁé shape factor

NOMENCLATURE

Gravity constant (cm/sec2)-

Fluld depth (em) - ' R

:-Penetratlon depth (cm) = ‘[ (—ZE§) dz

u R

"Conduction time prior to convection onset (§éb)d -

Temperature in fluid. (°C)

_ Surface temperature (°C)

Temperature differehce between.buik and surface c0nditionsf(°C)

Greek Letters-'

Thermal diffusivity (cm/sec)

%40‘: Co
-Antl/z
Marangoni number based oniconductlon t;me = —_—i7§
| | R ' o
* Prandtl number = 5&- | . o -
) - S = 3 TR
Rayleigh number based on penetratipn_depth L= éﬁg&—‘“
| o . O at?32 1/2 /2
‘Rayleigh number based on conduction time = Apga 7 LE BATa

o
B Coefficient of thermal éxpansion (°C)frnMﬁ < :
u Viscosity {(poise) |
&0 - Difference in surface ten51on betweeﬁ surface llquld and bulk
liquid conditions (dynes/cm) o
o) Density (g/cc) |
Ap Difference iﬁ density between surface liquid and bulk liquid (g/cc)'b
Subscripts | -
¢ Condition aﬁ 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 leed Surface Data (14), o Free-Surface Data,
—— Free—Surface Predlctlons of (7 ) assuming same

amplification factor as for fixed-surface results.

Comparlson of Values of Rat at Free Surface Determlned
with the Spray Cooler (X ) and the Thermoelectric
Cooler (}E) for a Llnear Surface-Temperature Decaj

(s = 0.5). . .

Experimental values of Rat at a Free Surface as a

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

linear decay of surface temperature w1th time was pro-

.duced with a thermoelectric cooler.

Fluid Depth: g0 36.5mm & 3.3 mm
O05.0mm . @ 2.16mm
= - Limits of Fixed Surface Results

from ref. (ﬁ).
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Fig. 1. | Schematic Diagram of Apparatus Used to Determine
: ' Convection Conditions at a Gas-Liquid Surface.
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Fig. 2. Experimental Conaltlonsfor~0nset of ConveCtlon in n-Decane
!
: . (pr =

= 13) for a Linear Surface-Temperature Decay in a

Deep Pool Using the Thermoelectric Cooler.

X Fixed-Surface Data(l),® Free-Surface Data,

—— Free-Surface Predictions of (7)), assuming same -
amplification factor as for fixed-surface results
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Ccemparison of Values of Ra, at a Free Surface

t = PR
Cooler (%) and the
Thermoelectric Cooler (&), for a Linear Surface-
Temperature Decay (S = 0.5). :
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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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