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M echanisms of Concurrent-Flow Flame Spread
Over Solid Fuel Beds

Linton Honda and Paul D. Ronney
Department of Aerospace and Mechanical Engineering
University of Southern California, Los Angeles, CA 90089-1453

ABSTRACT

It is proposed that concurrent-flow flame spread over solid fuel bedbenglieadyunder
conditionswhere heatand momentumlossesto the sidesof the fuel samplesand/or surface
radiative lossesare significant. Theselossesare arguedto be unavoidablebecausethe flame
length will grow until these losses balance the heat and momentum generation rates.
Approximaterelations(with no adjustableparametersor necessityfor supplementaimeasured
guantitiessuch as heatfluxes or pyrolysis times) are derived for steady spreadratesin the
presence of these losses for laminar mmbulentflow, buoyantandforced convection,andthin
andthick fuels. Experimentakestsof theserelationswere conductedor upward flame spread
over thermally-thin fuels. Varying pressures, oxygen niraletionsand diluentswere employed
to cover a seven-decadeangeof Grashofnumber. Theseexperimentsgenerally support the
validity of the proposed mechanisms.



I ntroduction

Flamespreadover solid fuels is characterizeds opposed-flow,whereflames propagate
opposite convection (correspondingto downward flame spread when buoyant convection
dominates forced convection), concurrent-flow(correspondingo upward spread.) Opposed-
flow spreadis reasonablywell understood[1, 2, 3, 4] sincethe spreadrate () is typically
steady due to balancesbetweenupstreamdiffusion and downstreamconvection of thermal
energy. In contrast,for concurrent-flowspread,convectiveand diffusive transportare in the
samedirection, thus the fuel surfaceareaexposedto high-temperaturecombustionproducts
increasesvith time, leadingto acceleratingspread[2, 3]. Consequentlyconcurrent-flowflame
spreadtheory is lessdevelopedput hasgreat practicalimportanceto upward flame spreadin
building fires.

Using boundary-layer analyses, Fernandez-H8]lgpredictsthat flame length(L) and &
for concurrentflow (S increaseindefinitely with time (t) (Table 1.) Delichatsiosand
collaborators %] also examined unsteady concurrent-flspread. In contrast,someexperiments
usingthermally-thin[6, 7] and thermally-thick[3, 8, 9] fuels show steadyL and S, The
analysesassumedhdiabaticspreadacrossinfinitely wide samples,thus heatlossesand lateral
momentum losses were neglected. Véiichlossesthe boundarylayer thickness(d) could not
grow substantially larger than the sample width (W) - one could not expect tticgnboundary
layerson 1 cm wide fuel samples. If d is limited, thenL and & are also limited. Even for
infinitely wide samples,L could not grow indefinitely becausesurfaceradiative losseswould
eventually exceetieatgeneratiorrates. Both assertionsarisebecausdor boundarylayer flows
the fuel bed heat flux (Q), thus fuel vapor generation rates and total heat genmatasgncrease
more weakly thanlinearly with L, whereasheatand lateral momentumlossesincreaseroughly
linearly with L. (MarksteinanddeRis[10] suggestedhat for thermally-thinbeds,fuel burnout
could limit §, but not for practical sample dimensions.) Hence, we propose

I. For sufficiently narrow fuel beds, L grows urd#W, when transverse heand

momentum losses prevent further growth of L, which limits Q and thus S



Il.  For sufficiently wide fuel beds,L grows until surface radiative loss is
comparable td), whentheselossespreventfurther growth of L, which limits Q
and thus §

We designateheseconvectively-stabilized andradiatively-stabilized flames. Although heatand
momentumlossesare consideredno finite-rate chemistry effects are consideredconsequently,
these hypotheses apply only far from extinction conditions.

In this work simple modelsof loss-limited concurrent-flowflame spreadare developed
basedon thesehypotheses. Experimentsare conductedto test the resulting predictions. We
emphasize there are no adjustable parameters nor necessitppdementaempirical quantities

such as surface heat fluxes [9, 10] or pyrolysis times [5].
Modeling predictions

Flame lengths

Boundary-layeranalysesare appropriatefor concurrent-flowflame-spreacanalyseq?2,
3], thus for forced-convection flame spread, we assbimieARe, 2 andNu, =BRg " (A, B, a,b
constant), wherdlu, is thelength-averagetllusseltnumber,Rg =UL/v4 the Reynoldsnumber,
U the forced convectionvelocity and vy the kinematic viscosity. For buoyant-convection
dominatedspreadwe assume>=LCGr, © andNu, =DGr ¢, WhereGrLEgL:*/vg2 is the Grashof
number. We assumePrandtinumbers(Pr) closeto unity and that the thermal expansionterm
generallypresentin Gr_ is closeto unity, which is reasonableincethe product density is 5-8
times smallerthan the reactantdensity. For laminarflow, classicaimodelsyield (basedon the
momentumboundarylayer thickness,for Pr=0.72) A=0.664, a=1/2, B=0.595, b=1/2 [11]
and (defining as the horizontal distance from the velocity maxim@w).37,c=1/4, D=0.476,
d=1/4[12]. For turbulentflow A=0.14, a=1/7, B=0.0131and b=6/7 [13] and (at Gr, <10,

We treat radiative loss simphsa surfaceloss with no gas-phaseeabsorption. Our estimates
indicatethis approximationis reasonableincesolid fuels emit as roughly gray bodieswhereas
gases absorb only in narrow spectral bands. Optically-thin gas-phase radiation was coasidered
anotherloss mechanismbut rejectedbecauseit is isotropic, hencethe loss is balancedby
increased radiative flux to the fuel bed, yielding little net effectiorGas-phaseadiationaffects

the mass burning rate of fully developed fires on thick vertical walls, but we are anayayng

for developing fires.



correspondingto all conditionswe could study), C=0.030, c=0.10 [14, 15], D=0.474 and
d=0.25 [16].
Hypothesis | stated=W, consequently

LAy = A -aRg,Y-a; Nu, = BA 2Re,’i-a;Re, = uw (forced convection)  (1a)
v
g
_ _ 3
I/W =C %‘3°er%-3c; Nu, = DC 3%‘~°'°Gr\,\,%-3c; Gr,, = g‘:/\i (buoyant convection) (1b).

g

where all gas properties are temperature-averaged as discussedltaeethat L/W andNu,_ are
expressed through known experimental conditiong &eGry rather than unknown Rer Gy,

Hypothesisll statesthat Q=(Nu. A /L)(T+T,) equalsthe radiative loss from the bed
(H)=0¢(T,*T.%), wherehy, 0, €, Ty, Ty, Ta, arethe gasthermalconductivity, Stefan-Boltzman
constant, bed emissivity, flame temperature[1l], vaporization temperature and ambient
temperature, respectively. Thus

I/W = B%‘bPIW%-b RQN%-b; Nu, = B%‘bPIW%-b RQN%-b (forced convection)(2a)
L(\y= D'-PI, Ji-aGr, %i-30; Ny, = D3PI, ¥i-2Gr, -3 (buoyant convection) (2b),

where P\]\,E)\g(Tf-T\,)/Wao(Tv“-Too“) is thePlanck number. Equations 1-2henyield predictions
for L/W and Ny (Table 2).

Spread rates

Sicon IS estimated by equating Q to the rate of fuel bed enthalpy increase
(=pLo a4(T\-T)WS;, wherep,, C, sandts are the fuel bediensity, heatcapacityandthickness,
respectively). Thus, for thermally-thin fuels,

Sf,con 4 n Ag DTf B TV C

Sf,opp - 7_'[ N Sf’Opp - Z ngp,sTs ETv -T, E

(3)

where for compactness s, is referenced to;Sor laminar, opposed-flow spread (&) [17].
For thick fuels &, is estimatedy substitutingthe solid thermalpenetrationdepth (t,)

[1] for 1s5in Eq. 3. T, is estimatedby equatingQ to the heatflux from the fuel surfaceinto the



bed A(T,-T.)/T, Wherelg is the solid thermal conductivity. This yields

L AT, -T,
Tp = N (4)
u, )\ T, —-T,
With 1,=T1, EQs. 3-4 yield
Sf co% - ZDL D EUODP ngp gAg T DZ
' Nu 5).
Sf,opp LD\/\/D H Sfopp o pscps . %Tv T E ( )

CombiningEgs. 3-5 with Nu, from Table 2 yields predictionsfor S .o, (Table 3). For forced
flow, Uypp = U is prescribed;for buoyant flow, Ug,, cannotbe prescribed;we employ the
estimate Yy,=E"3(gvy)"?, whereE=(0.72/Pr)(¥-T,)/T« [1]. This estimateof Uy, for buoyant
flow is incorporated into thick-fuel predictions (Table 3).

This analysisis readily extendedo unsteady spreadby neglectingloss mechanismsand
settingSy=dL/dt rather thars =constant. This leads to first-order differential equatimnd_(t).

For example, for thin fuels under buoyant flow,

Sf con( ) % = ﬂ Nu (t)S‘ opp — (t) Sf opp — V(\:/BLV(\';)B3 Sf ,0pp (Ga)

which has the solution

_ 1 0AC(-30) (G, O e
Sf,r:on - _3CE T W3 DSfOpPE (6b)
For laminar flow ¢=1/4),
Sf,con - S;lopp W3 (60)



which has the forn$;~t*> proposed by Fernandez-Pello (Table 1). The atlationsin Table 1

can be derived similarly. Thus, our proposed approach is considered quite general.

Transitions between regimes

Transitionbetweenlaminarandturbulentflame spreadoccurswhenRg or Gr_ exceeds
critical values, denoted Rq "=5x10° and Gr_"'=4x1(®. By writing Rey=Re/(L/W) and
Grw=Gr /(L/IW)3, with expressiondor L/W taken from Table 2, we infer at transition, for
convectively-stabilized flames

Re, = A(Re*L)l_a (forced); Gr,, = C3(Gr[ )HC (buoyant) (7a),
and for radiatively-stabilized flames
Re, = B‘l(Re*L)l_bPl\,‘\,l (forced); Gr,, = D‘3(Gr,f)1_3d Pl> (buoyant) (7b).

Transition between convective and radiative stabilization occurs thlegredictedL are
equal, thus

B iljlljl-_%_a by 11 Dl_s%—sc

a— c-d
Pl,=Z30  Res - (forced); Pl,, = Seo G -2 (huoyant)  (8).

Figure 1 shows flame spreadregimesfor buoyant flow, obtainedby mappingthese
transitionsinto (Gry, Ply) spaceand eliminating inconsistenttransitions (for exampledirect
transitionfrom convectivestabilization/ laminarflow (CL) to radiativestabilization/ turbulent
flow (RT)). Figurel also showscombinationsof Gry and Ply accessibleby varying W for
ambientair, 0.25 atm O,-He, and 3 atm O,-Sk; atmosphereshe latter two having the highest
and lowest vy we employed. (In Fig. 1 and subsequenpredictions,Ay and v, are taken as
averages of values at, Bnd T assuming\g~T°"*andv,~T""%) ForsmallW, CL spreadalways
applies. For highvy atmospherespnly transitionto radiativestabilization/ laminar flow (RL)
occurs. For loweyg, transition to RToccurs,possibly with intermediateRL or CT regimesfor
marginal ranges of W.



Comparison with previous results

Relatively few experimentabr computationalresults are availablefor comparisonwith
thesepredictions. Thin-fuel buoyant-flow experimentsat low pressure(P) ([6], Fig. 14) in
30%0y/70%N, atmospheresvith small W (10 mm) show S ¢,~P"%.  This is close to our
prediction $-P for CL or RL spread (witb=d=1/4, S~Gn,! (CL) or S~Gnr'Pl? (RL); since
Gry~Vg>~P* and Ply~As'~P°, S~P?). In contrast,for downward(opposed-flow)flame spread,
S~P° [1, 18]. Concurrentlaminar forced-flow experimentd8, 9] over wide, thermally-thick
PMMA sheets showSU* behavior, consistent with Table 3 for thick CL or RL spread sioce
a=b=1/2, $eo-ReW St op~U". (In [9], grid turbulencewas employed,but Re <Rq " for all test
conditions, plus turbulence intensity had little effect grittis laminar values @ andb apply).
AdiabaticanalysegTable 1) also predict S .,~U*, but predict L~t', whereasour non-adiabatic
analysis predicts steady L~Re Unfortunately,no time-dependentlataon L werereportedin
[8, 9] to compareadiabaticand non-adiabatianodels. Ferkul and Tien [19] modeledconcurrent
forced-flow flame spreadover two-dimensional(infinitely wide, thus convective stabilization
cannotapply) thermally-thin sampleswith surfaceradiative loss and predictedsteady spread
With S coi-U" (WhereasS; op~U° [1]) andL~U?, consistentwith Tables2-3 for RL spread. In
contrast,adiabatic analysegpredict S .o ~t* for theseassumptiongTable1). Jianget al. [20]
found Scon~g" andL~g" for concurrent buoyant spread, again consistent with RL predictions.

Experiments

Apparatus and procedures

Since few datare availablefor comparisornwith Tables2-3, but thesedataare generally
consistent with predictions, comprehensive data sets were generated foelhimderbuoyant
convection by measuring the effects of Wrfanddiluenttype on S, To obtainsmall Gr,,
small W and Rvereemployed. Theseconditionscauseflame quenchinghenceelevatedoxygen
concentrationgat least 4 mole percentabove quenchinglimits) were used, enabling steady
upwardspreadfor Gr,, downto 3x10? in O,-He atmospheresit low pressure(large Vg). To
obtain large G, CO, and Sk diluents athigh pressureg(smallvg) with largeW were employed.
While large Gry, resultsin large flame length, using a 2 m tall chamberenabledsteady spread
(defined as steady; 8nd L) at Gy, up to3x10°, correspondingo W=41 cm in ambientair. (At
still larger Gr,,, steadyspreadwas not reachedwithin the available distance;such data were



discarded.) Consequently,7-decadaangeof Gr, exhibiting steadyspreadcould be examined.
Steady spread was definga be whenthe pyrolysis front and flame leadingedgepropagatedat
identical and steady rates with constant flame length (L). The necesfagncevaluesof Sy,
were measuredfor downward propagationover samplessufficiently wide that S,,, was
independent of W.

The apparatusemployedwas similar to that usedin prior studies[18] exceptfor the
taller chamber(2 m). The chambergaseswere generatedvia the partial pressuremethod.
Kimwipes fuel samplesp(ts=0.0018 g/crf) of single or double thickness were heldaiyminum
clampsto inhibit edgeburningandignited by electrically heatedwires. 50 um diametertype S
thermocoupleshaving 50 millisecond typical responsetime were attachedto the clamp.
Thermocouple voltages were recordgda PC-basedlataacquisitionsystem. The flameswere
recorded on video. {®vas inferred from video recoras thermocouplalata;thesewereidentical
within experimental uncertainty. Estimated uncertainties,iteBiperature, ©mole fraction and
total pressure are 5%, 5%, 1%, and 0.5%, respectively.

Results

Figure 2 showsthe effectof W on S .o, for ambientair. At low Gry, S cor~W??3 thus

St corl Stopp=Gln”%, closeto the CL prediction (Table 3) St cofSropr=Gfw™ At Gry>30,000,

coWOLthus  SicodSrop=Gfn’', close to RL or RT predictions since
St corl Stopp=Glw P> ~WPW=~WP. The observed transition &is closeto the CL-RL prediction
Gnw=30,000(Fig. 1). This shouldbe followed by RL-RT transition at Gr,=90,000, but this
cannot be discerned becausethe Gr,, range correspondingto RL behavior is narrow.
Furthermorethereis little differencebetweenRL andRT predictionsfor & sinceD andd are
only slightly different for laminar vs. turbulent flow.

Figure 3 shows the correlation betwegg,BS; opp andGryy, for all data. At low Gr,, the
proposedrelation Sf,cor/SfyoperrWl fits eachdata set for a given atmospherewell, although
betweendifferent atmospheres factor of 2.5 variationin S ¢,/S; opp is found at constantGr,,.
Neverthelessthe comparisonis consideredquite reasonableconsideringthe wide range of
experimentatonditionstested. We believemuchof the scatterresultsfrom varying degreesof
dissociation for various atmospheres, which in turn affects temperature averaging. AtGrgher
all data bend towards horizontal, indicating Sf,COJSf,opp~GrW°, consistent with radiative
stabilization. The transitionGry, variesfrom about5,000for the highestv, atmosphereested



(30% O,-He, 0.25 atm) to 200,000for the lowest v, tested (46% O,-SK;, 3 atm). These
transitionsarein very goodagreementvith predictions(Fig. 1). S co/Siopp Predictionsarein
very good agreement with experiments for high and intermegjjatieough high for théowest v,
(3 atm Q-SK; predictions are slightly off the graph).

Figure 3 shows the utility of the proposed scalings; wide ranggsaofdS5y, for varying
Ply arecorrelatedon oneplot. Effectsof Lewis number[18] and other mixture propertiesare
covered by referencing &, t0 S oo,  FOr convectively-stabilizedlames, T; effectsappearonly
through temperatureaveragingof transportproperties. T, effects appearonly for radiative-
stabilized flames (through Q).

Flame lengths were measured from thermocouple data (Fig. 4.) Temperatuseaundg
then plateawpon flame leadingedgeatrrival, thenfall sharply upon trailing edgepassage.Note
that temperaturehistories at two vertical locations (y=0, y=68) are very similar, indicating
steady spread. lasdefinedas Si(At), whereAt is the time lapsebetweenleadingandtrailing
edge passageat 900°C, becausethis gave good agreementwith visible flame lengths.
(Thermocouple-basedengths were more consistent and thus preferred for quantitative
measurement). The thermocouple closest to the surface (2 mm) was used foecanalv, o
was very small, consequentlymore remotethermocouplegxhibited no significant temperature
rise. Figure 5 shows correlationsof L/W with Gry. At low Gry, most datafor a given
atmospherdollow the predictedL/W~Gr,! for CL spread(Table 2), albeit with substantial
scatter between different atmospheres. For large W, L/IW~Gr, ™ as required for width-
independent L.

A critical aspectof our hypothesess that S is determinedby Nu,, which in turn is
determined by L. From Tables 2-3, theedictedrelationshipshetweenS .o, andL for buoyant
flow are:

C,
104 0708 g 0 . L
L(,==2"D : convective stabilization 9a
LA oGP0 Bsf_,opp ( ) (9a)

Yy 0s . 0%
L/W:EEDE * G ot (radiative stabilization) (9b)

4 ,0pp



Figure 6 showsthe ratios of the left-hand to right-hand sides of these equations,basedon
measureds ¢/ S opp aNdL/W. For large Gry, agreementvith RT predictionsis very good,; for
Gryw>200,000,the meanratio is 1.63with a standarddeviation37% of the mean. For smaller
Gy, either CL or RT predictionsare roughly consistentwith experimentgthough offset by
factors of about 3), but only Cpredictionsare consistenwith & data(Fig. 3), aspredictedby
Fig. 1. Figurel suggestghat atmospheresvith the smallestv, might exhibit CT behaviorfor
marginal ranges of G while no datain Fig. 6 areconsistentwith CT predictions,intermediate
Gry (10%-10°) come closest,as expectedbasedon Fig. 1. Consequently the relationships
between measured L ang.s are generally consistent withur modelinghypothesesconsidering

the transitions between regimes.

Conclusions

Models of concurrent-flowflame spreadwere developechypothesizingthat for narrow
fuel beds, lateral heat and/or momentum losses fiamte length,andfor wide fuel beds,surface
radiation losses limit flame length. These losses lead to steady tteithecceleratingspreadfor
sufficiently tall beds. Spreadrate predictionswere developedor thermally-thinandthermally-
thick fuel beds. Theseresultswere generallyin agreementvith limited prior experimentaland
theoreticalresults. Upward flame spreadexperimentswere performedfor thermally-thin beds
for varying width, thickness pressureand oxygenconcentration. Thesedatagenerallysupport
the proposed modelsThe resultsmay be usefulin developingimprovedmodelsof concurrent-
flow flame spreadin more complexgeometriessuch as upward fire spreadin enclosures. In
future work, thermally-thick fuels will be studied, since these conditionseéeantto wall fires
in buildings.
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Tables

Fuel Type Buoyant convection Forced convection
Thermally thin St cort3, L~t* St cor~th, L~t?
Thermally thick St con~th, L~t? S co~t0, L~t*

Table 1. Predictedlariationin spreadrate (S o) andflamelength(L) with time (t) for laminar
concurrent-flow flame spread (from [3] and references therein).

Buoyant convection

For ced convection

Stabilization Nu, LW Nu, LW
type
Convective —3d d -1 ¢ b b 1 a
DCl—SCGrVZ{.I—fSC Cl—ScGrv%/—Sc BAl-a Re\};a Al—a qul\;a
Radiative 1 3d d 1 1 d 1 b b 1 1 b
D1—3d p|V1V—3d Grv%l—Sd D1—3d p|\}v—3d Grv%/_gd Bl—a p|vlv—a Re\}\;a Bl—b PI\}\/_b Re\}gb

Table 2. Predictedrelationsfor the steady valuesof Nu,. and L/W for forced or buoyant
convectionand convectiveor surfaceradiation. Predictionsarethe samefor thermally-thinand
thermally-thick fuels. Note that since R&V, Gr,~W?3 and P|~W?, L is independenbf W for
radiatively-stabilized flames.
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Stabi][izgtit?/rr;;ype/ Buoyant convection For ced convection
u
Convective / thin 4 -3d d 4 2 b
- DC1_3CGI'V%,_3C _ BAl—a Ra}\;a
s m
Radiative / thin 4 1 3d dd 4 ib Lb Lb
— DEPIG NGRS — BUOPI R,
Convective / thick D2 1-6d  —(1-6d) , 1-2b  -(1-2b)
_C1—3CG|,V\:/’>(1—3C) B-Al-a Rewl—a
Radiative / thick L —(1— 1 -(1-2b)  -(1-2b)
- -(1-6d) (1-6d) — — —
Dl 3d Pl o34 Gr 3(1-3d) Bl bp|W1 b Rewl b
W W

Table3. Predictedrelationsfor steadyvaluesof S ¢./S; opp for thin andthick fuels, forced and
buoyant convection,and convective and surface radiative loss stabilization. Since Rg,~W,

Gr,,~W? and PJ~W1, Scon IS always independent of W for radiatively-stabilized flames.
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© 107
)
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c
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o ..
< 4[L 30% O_-He, 0.25 atm
(7)) 10 2
©
O 3 Radiative- Convective-

laminar (RL) laminar (CL) '

L L L1 I L L L L —4
10" 10°
Planck number (PIW)

Figure 1. Predicted regimes of concurrent-flow flame spread for buoyant convection, stim@ving
type of flow (laminar or turbulent) and type of flame stabilization (convective or radia#tg.
shown are lines corresponding to fixed atmosphere but varying fuel bed widtbr(@if) andthe
atmospheres yielding the lowest and highegtd?ld Gyy tested experimentally in thisork, i.e.,
0.25 atm @-He and 3 atm ©SF;, respectively, for J=618K, T,=300K ande=1.
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Figure2. Effect of fuel bedwidth (W) on upward flame spreadrate (S o) for thin fuel beds
burning in ambient air. Predicted results are B/ for low Gry andS ~ WP for high Gry, with
a transition Gy, of 30,000.
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Figure3. Correlationof steadyvaluesof S c,/S;opp With Gry for all experimentaldata. "2x"

indicates double-thickness fuel samples.
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Figure4. Exampleof temperaturess. time history for upward-spreadindlame in air at 1 atm
over a 10 mm wide fuel bed (Gry=4.5 x 10%). “x” valuesdenotehorizontal distancefrom fuel

surface in mm; “y” values denote vertical distance from primary measurement station in mm.
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Figure 5. Correlation of steady values of LIVth Gr,, for all experimentadata. Legendis the

same as Figure 3.
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Figure 6. Ratio of measured/W to right-hand sides of Egs. 9a-b, showing comparisonof
predicted and observed correlation of L fg,Sfor convective-laminarconvective-turbulentand
radiative-turbulentspreadregimes(see Fig. 1). Dashedhorizontal line indicatesideal fit of

prediction to experiments.
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