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THE EVAPORATION OF WATER DROPS IN A DUNSEN FLAME

by N

D, J. Rasbash and G, Stark

Swmram

A stuly has been mede of the cvaporation in a bunsen
flame of water drops suspended on quartz fibres.s It was
found that in the range of drop sizes investigsted, 143 =
2,3 mm, the contribution of radiation to heat transfer was
neglizible in comparison with the contribution of convec=-
¥ion, and that tte heat tmnsfe agreed with that calculated
from Ranz and Marshall's lew 35, if the calculated velue
of the neat transfer were muliiplied by a constant factor
of 0e63e¢ An opproximate formula has besn developed to
calculate the heet transfer by convecliion to water drops
in a flame at a tempersature different from that of a
bunsen flame, .

Idist of symbols

A constant

B constant

D drop diameter cm

Dv volumetric diffusivity cmz/ sac

F I8 A

Lk AT

G 0.3 Pr 3 J'/.\'fqé’-

H heat transfer col/(cn?) ('sec)

He heat transfer by convection cal/(cmz)(sec)

Hy heat transfer by radiation cal/(em?) (sec)
| K constant

L latent heat of vaporization cal/g

M molecular weight of diffusing vopour

P total jpressure : - atm

R gas constant | = 82 (atm)(emd)/(°K) (mole)

T absolute temerature o
- Tav average film temperature _ OK © BRE Trust (UK) Permission is granted
AT . aifferenge beiwgen gag temperature and 95 use, Gitation of the work i allowsd and

encouraged.



a,b drop dimonsions

bg,w molecular mass diffusivity %{w Dv a/(cm) (sec)
Cp specific hoat of gas at contant pressure cal/-(g)(oc)\,
h heat transfer cocfficient for convec‘i:ion cal/ (sec)(cmz)(oc)
K thermal mnductivity - cal/(sec) (om) (%)
(sg’bscrip‘a a arnd v for air and vapour respectively)

n guentity of materisl vaporized : I
t  time | sc0
v cas velocity am/ zes
y 1 +6G fl D—
>\, total heat of vaporiza‘-:iion : R CC",JS
[ gas density S g/cm3
l( liquid density .. " - _— a/cmd
e cas viscosity . | o o 2/ (sec) (cm)
INu Nuszelt nunber for heat trans.fe'r o _HS‘.'E or _1:1__13

ko k
Pr Prandtl nuber ' | S
Re Raynolds nwn‘t;er /f..':.-“l).

o~

Sc Schmidt number - v

bgew
Introduction

Work on the efficiency of vmter sprays in extinguishing liquid fires has
indicated that heat transfer between flames and the water drops may be an
important factor in determining the efficiency of the spray (1)e In order to
estimate this facltor it is necessary to have some knowledge of the mechanism
of heat transfer from flemes to water drops.and. the laws.which govern the heat
transfer rate..

The totel rate of heot trensfer to a drop in a flame is dve fto a combination
of radiation and convection. The radintion may be estimated from kaown Laws if
the temperature and emissivity of the flawme and the emissivity and th=2 shsorbing
foctor of the drop are kuowns There is difficulty as ¢ ruiz, however, in estima=-
ting the emissivity of <the flame, especially if it is luminovs. Tha convection
will devend cn the properiies of the gpses in the flame, the temperature difference
between the drop and the flame and the relative velocity beiween the drop and
the flome gases, Although the formula governing tho evaporatiion of a drop int?

a moving air streum at room temperature has been well established by Fr#ssling 2},
work on heat trmnsi‘es', to evaporating drops at higher temperatures is scanty,
Ranz and Marshall \J/ have found that the following law, which is very similar to
Fr8ssling's law, governs the evaporation of water drops into air of temperatures
up to 220%C end in a Reynolds number range of 0 = 200,

k|

4 .
Nu = ..}..].-1_2 = 2.0 + 0.60 Pr 3 ReZ ..ooeooooe-oo;ooooono('l)
d

(for nomenclature see list of symbols on pe 1 = 2)
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In equation 1, h is %he heat transfer coefficient, (cal/(en?) (sec)(%C))
and it will be noted that it does not depend directly on the tetlmratum difference
since the latter does not come into the equations Gohrbrandt however,
who has worked on the evaporation of camphor balls in air at temperatures wp
to 760°C and at Reynolds nuzbers between 100 and 2,000 found that at the higher
temperatures the heat transfer coefficient decreased with increase in temperature
difference, This he asceribed to an increase in the width of the boundary
layer due to the prescnce of diffusing camphor vapoure Gohrbrandt has given
an equation which may ‘be reduced to

l..L

Nu = : AN K Re 2 seesecsesscss 00000-000(2)
A+ Cp 4T

where K is a constant varying from 0.58 - 0.66 for camphor vapour, This
equation is similar to that which equation 1 would reduce fo at high Reynolds
nunber except that a factor has been introduced which reduces the value of the
Musselt number (Nu) as the termerature difference (MT) increasess It may be
noted that at the highest air temperature ot which Ranz and Marshall worked,
hey obtained Nusselt numbers scmewhat lower than thee predicted from equation 1,

Ingebo (5) has studied the evaporation from a cork sphere of a series of
liquids into air at temperatures between 30 - 500%C and a range of Reynolds
nuibers of 1000 =6000. Ingebo expressed his results es follows '

i~ -

o o= - 0.5 [ 006!
Nu g,k_an = i%_% . |2+ 0303 (Re Sc) "*7(3)

]

v

The theoretical background to this equation is chscure and it cannot bhe
easily compared with the equwtions of the other authorse The Schmidt number
(sc) is the ratio of molecular momentum trensfer to molecular mass transfer
and is usually used in conjunction with the Nusselt number for mass transfer,
not heat transfer as in equation 3, The conductivity ratio ?— we.s introduced
to compensate for difference in conductivity in the boundary Iayer due to the
outward £1low of vapours Within the range 30 - 500%C the outward mss flow
of wnpour from a volatile liquid drop will vary over a wide renpe, yet this
is not taken into account in this corrections

A calculation on Ingeho's data for water, benzene and methanol into air
shows that the Nusselt nusber predicted from equation (1) of Ranz and Marshall
was sbout 50 = 80 of that obtained by Ingebo which indicates that the
experimental results of the two authors do not agrees The fact that Ingebo
used a cork sphere from which to evavorate the liquids may have introduced o
roughness factor which increased the tuwrbulence and therefore the heat trmnsfer
rate, On the other hand, for nitrobenzene, the Ranz and Marshall equation
predicts a heat transfer rate approximately the same as that obtained experi-
mentally by Ingebo, This may be explained by Ingebo having neglected the
sengible heat required %o heat the liquid to its evaporating temperature at
the surface., Adthough this would be jJustified for liquids of low boiling
point or high latent heat, it would not be equally Justified with a liquid
such as nitrobenzene which is of high boiling point and low latent heat, and
the error due to this factor may have cancelled the roughness error. The
use of Ingebo's equation to calculate heat transfer from flames to evaporating
water drops would be difficult, since information is required on the diffusion
of water vapour into flame gaoses; +this information is not availables

It may be concluded that in the region below 5009, there is a divergence
of opinion on the equation to be used to calculate heat transfer by convection
to evaporating drops, although the equation of Rang and Marshall appears to
be the most accurate, At flame temperatures there is practically no information
availables In order to obioin an estimate of the heat transfer between flames
and drops a study has been made on the evaporntion of woater drops in a bunsen
Tleone, '



Experimental

Tie anparatus uzed is shown in fig. 1o The bunsen burner 4 was 9 m
internel dameicr ond durnt a mixtrc of conl grs anddy; these pses were
fed %o the burner at coenstaut rates of 13,6 end 106 cc/second raspecliively,.
The carposition of the coal gas was

% by volume

Carbon monoxide - 18085
_ Unsaturated ‘hydrocarbor s - 247
Saturn ted u - 18,6
Hydragen - - 43,5
Oxygen - Catid
Nitrogan - .55
Carben Jdisxide - 2,85

Tho height of 4he flame ws 13 cm and the keight of the bluce cono 3.0 cm.
The lowsr port of the flamp and the uprer yert of the burner were surrounded
with & pyrex glass shield 5 to steady the flame.

A weter drop suspended on a quarts fibre B could be swung from a position
C, where its dimensions could be rmeasured in a projecting system D, to a point
E on {he axis of the flame 9 oem above the rim of the burner, The flame a%
this Tevel hnd a diemeter of 2.0 cme In the experiments a drop was placed
on the guartz fibre by means of a fine pipette.s The drop was placed in
positicrn C whore its dimensions were measured, It was smmg gently into
poir'h I in tbe flone orid the time for its evaporatiorn taksen wiih tho stop
watch,  Th2 end point of ths evaporation wes mads move eaoily vizikle by coating
the fibre wiili e silicone peuints This caused *he fibrs o gicy vrightly as
sonn’ o Fhe drop svaporateds -

T ves found in the initial tests that a dvop when placed rm a fibre was
not quite spherical, the dimensions b on the axis along the fibre being greater
than the dimension a o axis perpendicular to the filre. Moreover, the
deviation from sphericity, -g. increc.s%d as the drop evoporated as shown in
fige 2, It was found, however, thnt 5 decreased, i.e., the drops became more
srherical as the fibre diomster decreased. It was d&ifficult, however, to use
very fine fibres since the drops which could be supporied on them evaporated
too quickly for a sufficiently accurate measurement of the ftime and 2lso the
fibres curled up very eazily in the flame. In the main series '.f teats,
therfore, drops wamw_evpansd on filwes of three thicknesses Ce%0, 020 o6 0s16 mm
respectively, so that extrapclation could be made to a fibre of zero thickness,
On sach of these filbres the time for evaporation of *en drors of ecch of three
initiel sizes were recorded,

Results

The rcsuits for 4he thres fikres cre shown Ly cuwrves (i) i) and (iii)
of fige 3o Aloug %he ordinaie is plottea the enuivalent erhevical diametfep,
i.ce the diamoter of o siphers which would bave the sane volon:z s dhe arcp
on ihe fibre, and along the abzeissae the time for evaporation. In caleculating
the equivalent srherical diamster e shape cf the drop on thue fibre was
assuned to be e]npc-.o:mal and allowance was made for the voluno cf the fibre
contained by the dope Bach point plotted for each fibre is the mean of the
ten readings Talen,

It will be seen that there is & difference in the time taken for a pgiven
size drop to evaporate on the different fibres, This was due to two factors,
the difference in surface area of the drops due to deviations from sphericity,
end the different amownts of heet conducted along its fibres due to different



=5 -

fibre thicknessess A correcticn for both these factors was made by plotting
the time taken for evaporation of drops of given equivelent spherical dismeter
against fibre thickness ond extrapolating to zero thickness of fibre. This
procedure gave curve (iv) in fige 3 which was regsrded as representing the time
vihich it would take sphericcl drops to evaporate in a bunsen flome.

Coleuln tions

Experimental values of teat trensfer, If the heat transferred to a drop
is equated to the heat required for vaporization then

H ;‘:_-Dz = )\ Q = }t\ 3 g (61 D3) = }\:-':.;__‘IT D2 o O
dt '~L, dt i 2 dt
and B = ___l_i\_."__k [ @_ oooooooo.ooo-oooooo(ll-)
2' dt

Thus from the slope of curve (iv) in fig. 3 ot any diameter the heat
transfer at that diemeter may be calculateds Heat transfer values calculated
in this manner, taking A as 620 cals/ge, are shown in coluan 2 of Table 1,

Jalculated heat transfer values. It was assumed that in that part of
the flahme in which the drop Wwas situated complete combustion of the coal gas
had taken place with the theoreticel quantity of air, i.ee. the gases moving
yast the drop consisted entirely of carbon dioxide, water vapour end nitrogene
The temperatures in the flame at the point where the drop was inserted was
taken as 1700% from a map of %ne temperature in a bunsen flame given by Barret (6).

To calculate the convection, the surface of the drop was assumed to be at
100C, Actually its temperature would be the wet bulb temperature, but the
difference between this and 100%C under the prevailing conditions would be very
small compered with the difference between the temperature of the surface of
the drop and the flames The velocity of the gas was calculoted assuming that
all the combustion products Were passing in turbulent flow through the measured
cross section of the flome (2 em dismeter), The value for velocity obtained
in this way was in fair acgreement Yﬁh that which could be predicted fyrom work
carried out by Lewis and Von Elbe on the velocity in natural gas = air flames,
Estimates of the viscosity, density end conductivity of the gas at the mean of
the temperatures of the gas and the drop swface .(900%) were mads from the
composition of the gas and the properties of the individunl gases at this
temmerature, By substitution in the Renz and Marshall equation the heat trens-
fer due to convection at o few drop sizes were calculated and are shown in column
L, Tadle 1. Further details of these calculations are given in Appendix I,

To calculatec radiation the whole of the flame was considered %o consist of
carbon dioxide, water vepour and nitrogen in the same proportions as that moving
st the drop, and the temmrature of the flame was taken as 1700%C, ~The
radiation was considered entirely due to the carbon dioxide pnd water vapour
present, and from the pmriial pressures of these fg stituents and the dimensions
of the flame an emissivity of 0.007 was obtgined « Taking the absorption
factor of the drop as unity the radiation was found to he

2

x(1970)l" = Ouil cal/(cm?) (seo)

This value is independent of drop size.

Hr = 00007 X 1437 x 10

Table 1, Theoretical and experimental values for heat transfer
Expe rimental Calculated Calculated
Drop size value of heat Rediation heat Convection heat | He
trensfer H, transfer Hr transfer He -
cm cal/(am?)(sec) cal/(en) (sec) cal/(cm®)(sec) | H
0,125 8.9 Oe il 1347 1e50
00175 608 0.1]-}- 10.9 1.61 :
04225 5¢8 Ou 1k 9.3 1.60
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I+t will be seen that the calculated value for Hr is considerably less than
either the caleulated value of He or the experimental value of H and way therefore
be newiscied. The hmad trensfor to the drop mey be considered, therefore, es
entirely due to wnvections 'The calonlated valus of He folluws the exporimental
valto but it is consisiently cbout 6% higher {cclimn 5 Table %),

Caleulation of time for evaporation of drons, Equmtion L moy be integrated

to mive the tme for evaporaiion of a drup &s long as the dependence of H on D
is knovm. : :

.. o
% = )\2{’1.. ‘j ‘%{D ...ol.o..t.oltooo00.00000(5)
D

In the Ranz and Marshall equation the dvpenédence of H on D is such as %o
give an exact integral to equetion 5 as follows (ses appendix IT)

17' ‘_= A 2% — ézﬁ +3y -loa'ey-jg'% P £ )]

Where G

¥ =1 + 6o

i
o
L4
N
)
L 4
(rl’-"
4}‘
F l‘(".: :

The calovlated 4 imes for evaporation of drops of 4 = 2.5 mm diamster in
the bunsen. flume is diown as curve (v) of fige 3 and by the straignt line (i)
on the logerittmic plot on fige 4y It will be seen that the %imes actually
obtained Were consistently about 6Ch greater. than those caleuiated, It will
be noted in fige 4 that the slope of the straight line (ii) representing the
caloulated values is practically the same as that (i) representing the experi-
mental values, . ‘ ] o

Discussion

The calculations show that the heoat trensfer by convection to a water drop
in a2 bunsen flame may be represented by Ranz and Marshall's equation if a
constant factor of 0.63 is introduceds

b}?a =9_063(2 + O._60 Pr% _RG 12) ...oc_ooo!000.00.0...0.(7)

A nunber of assumptions have heen made in the calculations by which this
conclusion has been reached, .Probably the majJor assumption is that the values
of ‘he properties of the gas which were inserted in the Ranz ard Marszhall equation
have bsen taken o be those of the s at the mean femperature betwesn the surface . v
temmeratiure of tho dop end the flame femperatiwe. The mos% ‘mportant property
of the gas in caleuiating Vhe teat iransfer is the tuormal conduciivity since
it will be seen froi edintion 7 thet assuping a constant Prandil nurber the heat £
transfer cocfiicient varies with the first power cf the. Vherml conductivity,
whereas even at high Reynolds numbers it will only very wish the sqlv(lrﬂ root of
vicecoesitly, density and velocity of the gas. Available informaiion 85 indicates
that in ihe rmange of temperature from 100 - 1700%¢ the thermal conductivity . .
of the filamc gases in the tests would be apnroximately dircetly proportional to -
ths absolute temperature, Thus the mean conductivity of the flome gases occurs
aprroximately at the mean temmrature.. The factor of (.83 in oqation 7 my
therefore be tentatively accepted as representing e real deviation from Ranz and
. Morshall's equation. Thot this factor is necsssary may be expected fram the



results of Gohrbrandt (L*).

The ovject of the experimental work was fto obtein if possible a
relationship by which the heat transfer by convection from flames of burning
mterials ‘o water drops mey be calculated, These flames are usually luminous
diffusion flames of lower temperature than that of a bunsen flame, and therefore,
it is unlikely that the same correction factor of Q.63 will apply. It was
difficult to extend the experimental technique to these flames, firdly because
it was very difficult 4o mnintzin the diffusion flares steady, and secondly
because of the deposit’on of soot on to the drop during the time which the drop
had to remain in the flame to evaporate completely. An estimation cf the
correction factor to use for these flames may, however, De mde by considering
the mechanism by which heat transfer takes place hy conveeticnsa The heat is
transferred from the flames fto the drop by conductivity across a boundary layers
In the oprosite direction o the heat flow, there is a mass {Jcow of water vapour
which will eacquire sensible heat as it passes through the boundary layer. 1t
may terefore be assumed that the correction factor 4 will have a devendence
on temperature as follows

= A
.A — ...I.O!I.l.........l'....(a)
x+ BAT

BAT represents the heat carried awny as sensible heat by the vapour, If
all the water vapouwr coming from the drop were heated to the temperature of the
flame within the bowndary layer then it would be expected that the factor B
would be equal to the average specific heat of the water vapour within the
boundry Jayer. However, probably only a fraction of the heat is transferred to
the vmter vapour in the boundary layer; the rest of the heat is transferred
by mixing of water vapour with the flame after the vapour is carried awey into
the wake of the drop., Therefore, it would be expectzd that B would be less
than the svwecific heat of the water vzpour; substitution in equation 8 shows
B is equal to 0423 (N.B. the specific heat of water vapour at 900°C is 0.56
c2l/()(*C)e From the fact that A is a constant over the range of Reynolds
nunbers used during the tests (40 - 80). it follows that B is a constont too.
bs a first approxinetion, therefore, equation 9 may be used fo calculate heat
transfer by convection to evaporating water drops from flames, at Reynol
nunbers of 40 = 80, '

A
\

A 3 Re?
Nu = : 2 Ou6 Pr3 Re? ‘sssvssssvsvngesosane
}\:T.Z_B_—T (2 + e?) (9)
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Aprendix I

Calculations of Physical Properiies of the Flame Gases

&) Composition of flane gesas, &sswdnz complste_combusbion

From the composziticn of the coal pas, the oxygen required for cmmieto
combustion, and the carbon dinxide and water vapour produced was calculated.
The nitrogen present vwas calculated aszuming the air contaiined 21 por cent
oxygen and 79 per cent nitrogen, )

% Composition of gas Oxygen for combustion Combustion products
Carbon dioxide| Water vapour
{ Carhon monoxide 18455 9.28 1655
Unsat Hydrocarbons 2.9 8,70 5.8 5.8
Methane, 18,6 37420 1846 37.2
{ Hyadrogen 4945 29,80 L9.5
Oxygen . 0665 -e65
‘N.i'tro,g;en 6495 b
Carbon dioxide 2,35 2,85
— . — T .
Total 100 Ble33 : LELE i G265
I — . Bt
Tatal Witrozen 22,0

Thus 100 vol, gas gives 462,7 vol. combustion products, composed of 70.1 per
_,cent nitrogen, 9.9 per cent carbon dioxide and 20,0 per cent water vapours

(ii) Velocity of flame mases

Rate of coal gas flow through burner = L3.6 ccs/sec.

Therefore rate of flow of combustion products at 1700% = 162,7 x 0.436 x 1973
' 293

and average velocity of flame at point of insertion of drop, flome diameter 2 ome

527 % 0:130 % 1973

. fa{ x 2%
= L35 oms por sénonde
Therefore velocity at axis of fiome, for Luroulent f1o7, = 1,8 x 435 = 522 560, -
? ’ 4)

(iid) Plysicas properties of flome fases

.

L1l properties bhelow arg calculntod at atmocrlovle wcssuwn, and at the mean
temperoture ot' the gases, 900°C, from data in Fishendern and Hoiwvicrs s
Lirect proporiionalliy of properties with composition is ausvw:d,



Appendix 1 (Contd)

Density »

Contribution of Nitrozen = (Co00030L x 0701 = 0,000213
n " Carbon Dioxide = 0.00046L x 0,099 = 0,0000460
u " Water = 0.00018L x 0,200 = 0,0000368
Therefore density of flame gases = 0,000205 gm/cc

Viscosity

Nitrogen = 0.00046L x 0.701 = 0.000325

Carbon dioxide = 0,000446 x 0,099 = 0.000045

vater = 0,000392 x 0.200 = C.0000783

Therefore viscosity of flame ggses = 0.000:48 gr/(cm) ('sec)
Thermal conductivity, k

Nitrogen = 0.000174h x 0,701 = 0,000122
Carbon dioxide = 0.000184 x 0.099 = 0,0000182

Therefore thermal couductivity of flame gases = 0.000191

(iv) Heat transfer calculetions

Convection (Ranz and Marshall)
A i
HPD =Nu =2+ 0,6 Pr 5 Re ?
ar
Pr = 0,767 for flame gasese (8)

Therefore Hc =

L
0.00019Dx 1600 5 2 4+ 046 x 0,915 (522 x 0,0003 x D)Z %
(" o.00045 )

220 (2. 10,2607



Appendix IT
The time of evaporntion of a drop by convection

Integration of Ranz ard Harzhall aquation

Wo hawvo

El
fa = 7 0F C\-.(C—f":."_': RGY v;ot;oonen;-"o‘;an(‘boooau(}iefOODG(&DQ(1)
and
-~

\ S o

" I H
't = -—:--:"-—'-‘ :;12 ooosuooooaoon..ooouoee"no.‘.otontoot(5)

2 1 H

Combining (1) and (5)

n A o 1

= :
T = o

Git &% 1 4+ 043 Pr5 Qtsz D»30s

Writing F

oy N S
m{ﬁ and G = 03P jﬁz, this becomes
t = F'

DAD
b Ty

Puitivg y =1 + &G &, and differentiating

- - - N
R ) D B RO I
(\ C‘ = ) G.""’

and, When ow Dy oy o= 1.
and, therefore,

1;=2FJ-1 2 =272 & 3y w1, &
y

ek ¥y
| D =
5 1
=z | -3V 3y - 08¢ ¥
) G | 3 2 y
- D
and, finally
Cot = T e sae o ey, ¥ e A%
Ge (_:’ 2 : —-( ls
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FIG. 2. THE SHAPE OF AN EVYAPORATING WATER DROP.
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