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Mechanism of Heat Transfer to Liquid Drops 
R. V. McDOWELL and J. E. MYERS 

Purdue University, West Lafayctte, Indiana 

The purpose of this investigation was to study the process of heat transfer to a liquid 
drop rising through another liquid. In experimental runs various-sized drops of S.A.E.-10 
lubricating oil, kerosene, and xylene were heated with water; also, water drops were heated 
with various organic liquids. Theoretical calculations of temperature change were made, 
various mechanisms of heat transfer being assumed. The temperature change predicted 
with each mechanism was compared with the experimental results and the controlling 
mechanism thus determined for each system studied. 

A number of cheriiical engineering op- 
erations involve the transfer of heat and 
mass between a continuous fluid phase 
and a second phase such us a gas bubble, 
liquid drop, or solid sphere moving rela- 
tive t o  the continuous phase. A thorough 
understanding of all the  factors which 
govern this type of process has not been 
attained ; hou ever, u considerable amount 
of work has beell done in recent years on 
segments of the over-all problem, and the 
present work on heat transfer t o  liquid 
drops is an attempt to  fill in another por- 
tion of the picture. 

S o  information was found in the litera- 
ture concerning experimental measure- 
ments of heat transfer rates to liquid 
drops from other liquids. I n  the  field of 
mass transfer, however, several investi- 
gators have studied the mechanisni of 
solute extraction from drops (6 and 14). 
The apparatus used for these esperiments 
was similar to  the equipment employed in 
the present study of heat transfer. I n  the 
mass transfer apparatus a solute was ex- 
tracted from the drops as they moved 
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through a continuous liquid phase. T h e  
average concentration of the solute in the 
drops was measured before and after the 
extraction period. This procetlure is analo- 
gous t o  measuring the heat transferred to 
a drop from a surrounding liquid by de- 
termining the  average inlet and outlet 
drop temperatures. 

Several factors could affect the  heat 
transfer rate to  a drop. A film of liquid 
surrounding the  moving drop could cause 
apprec.iable resistance to  1ia:rt trmsfer. If 
the liquid in the  drop were stagnant, 
radial conduction I\ ould control the rate 
of heat transfer benwth  the drop surface, 
but if there were circulation within the 
drop, the heat transfer rntc would in- 
crease; consequently, the  outside film 
coefficient, the  thernittl diffusivity of the 
liquid in the  drop, and the extent of in- 
ternal circulation appear t o  be the iriost 
important factors in the heat transfer 
process. 

Kraniers ( I  1 )  rlevelopetl an empirical 
equation for the film coefficient of a fluid 
flowing past steel splicres heated by high- 
frequency induction and nnintained at a 
constttnt, uniform temperature. IIe used 

various sphere diameters from 0.70 t o  
1.27 cm. and correlated the experimental 
data  :is follows: 

NU -= 2.0 + 1.3(P~)".'~ 
+ 0.6G(Pr)' (Re)". '" (1) 

Film coefficients calculated from this 
equation iLre probably applicable to  heat 
transfer between continuous fluid and a 
shgri:mt drop. K h e n  the  equ:ition was 
used to  c:ilculate a n  outside aoter-film 
coefficient, values were obtained between 
550 and 800 R.t.u./(hr.)(sq. ft./"F.). Or- 
ganic liquitl-film coefficients were between 
130 and 170 B.t.u./(hr./sq. ft.)("F.). 
However, in the case of a circulating drop 
such n coefficient would serve oidy as an 
approsimation. 

Equation (2) has been developed for 
calculating the temperature change of a 
sphere being heated by the mechanism of 
pure radial conduction (10). In the devel- 
opment of this equation i t  \vas assumed 
tha t  t h e  was no outside film resistance 
and tha t  the temperature of the drop 
surface was the  Same as the average 
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Fig. 1. Temperature change of a noncirculating drop with 
varying outside resistance. 

Fig. 2. Circulation pattern for rising drop. 

temperature of the surrounding medium. 

Jakob (10) gives an equation for the 
case in which the outside film coefficient 
becomes small enough 80 that the outside 
resistance is an appreciable part of the 
over-all resistance to heat transfer. Charts 
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Fig. 3. Diagrammatic sketch-of equipment. 

are given in his book from which the 
temperature rise of a noncirculating drop 
with an outside film resistance can be 
predicted. A modified version of these 
charts is reproduced in Figure 1. 

If a drop circulates internally, the heat 
transfer rate may be greatly increased. 
The hydrodynamics of falling drops un- 
dergoing viscous circulation was investi- 
gated by Hadamard (7). Using his results 
Kronig and Brink (fd) developed a niath- 
ematical expression for the amount of 
solvent extracted from a drop which has 
internal circulation and negligible outside 
film resistance to mass transfer. The cir- 
culation pattern for a rising drop is shown 
by the streamlines in Figure 2. The liquid 
near the outside of the drop flows down- 
ward as a result of the drag forces exerted 
by the surrounding liquid. In order to 
calculate the amount of diffusion that 
would occur, Kronig and Brink assumed 
that the concentration of solvent in the 
drop was the same a t  any position on a 
given streamline. The analogous assump- 
tion for the heat transfer case is that all 
the streamlines are isotherms. If each 
streamline is to be a t  the same tempera- 
ture throughout its length, the time re- 
quired for the liquid to circulate must be 
small compared with the time required 
for the drop to cool. The critical ratio of 

TANK 

these times is obviously not a definite 
value. However, it  can be seen that the 
faster the drop circulates the more nearly 
constant the temperature becomes along 
any streamline. 

The equation given by Kronig and 
Brink for solvent extraction can be 
written as an expression for the unw- 
complished temperature change of a drop 
as follows: 

The fact that the type of circulation 
described by Kronig and Brink actually 
does occur has been shown in several 
ways. Spells (16) photographed the striae 
in glycerine-water drops and his pictures 
show the circulation pattern clearly. In 
the studies of mass transfer (6 and 14) the 
rapid extraction rates measured experi- 
mentally were difficult to explain unless 
circulation within the drop was assumed. 
Another proof of internal circulation was  
shown by IIeertjes (8) in his studies of 
mass transfer in an isobutanol-water 
system. Drops of isobutanol were allowed 
to rise through water, and the amount of 
isobutanol transferred to the continuous 
water phase was measured. In this case 
the fact that the liquid in the drop circu- 
lated was shown by a color change which 
occurred when the concentration of iso- 
butanol in the drop reached a certain 
value. ITeertjes found that the last re- 
maining portion of the original color had 
the shape of a ring a t  position A ,  as 
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shown in Figure 2. If no circulation had 
occurred in the drop, the  original color 
would have been expected to remain long- 
est in the center of the drop. 

Hughea and Gilliland (.9) have studied 
the niechanics of drops and discussed 
much of the theory that has been devel- 
oped in the past t o  explain the mecha- 
nisms of circulation. Garner (2) has pub- 
lished similar work which includes pic- 
tures of drops showing the  movements of 
fluids in and around a drop. 

Kronig, Van der Veen, and Ijzernian 
(IS) have considered the transition region 
in which circulation is slow enough so that 
the streamlines are not isothernis. For  this 
case the  heat transfer rate is faster than 
for a stagnant drop, bu t  slower than in a 
drop with more fully developed circula- 
tion. 

I n  a circulating drop, new surface is 
continually being formed at point B, aa 
shown in Figure 2. At  the same time the 
surface at point D is disappearing. Once 
circulation has started, the  energy re- 

quired to form new surface at point B ii 
offset by the energy added t o  the drop by  
the disappearing surface at D. According 
to Bond and Newton (I), the interfacial 
tension must be overcome t o  s tar t  the 
circulation. They developed a relation 
which defined a critical radius below 
which no circulation would occur. It was 
based on experimental data  in the  stream- 
line region with Reynolds numbers less 
than unity and is therefore not generally 
applicable. 

Garner and Hammerton (4)  have 
checked Bond and Yewton's theory with 
additional experimental work. T h e  actual 
radius at which circulation started was 
usually much smaller than would be pre- 
dicted by  Bond and Newton. Garner and 
Skelland (5) investigated circulation at 
higher Reynolds numbers and found that 
as the interfacial tension increased from 
1 to 5 dynes/cm. the Reynolds number 
corresponding to t h e  critical radius in- 
creased from 70 t o  120. Garner and Hale 
(3) have studied the effect of surface- 

TABLE 1. 

Water 
Kerosene 
S.A.E.-10 lubricating oil 
Xylene 
Trichloroethylene 
1 part trichloroethylene* 
1 part kerosene 

2 parts trichloroethylene* 
1 part kerosene 

(by volume) 
90% xylene* 
10% trichloroethylene 

(by volume) 

(by volumc) 

PHYSICAL PROPERTIES OF IXIUIDS AT 100°F. 

k, Pt c,, a, 
B.t.u./(hr.) lb./ B.t.u./ sq.ft./ 

(ft. O F . )  cu.ft. (lb.)("F.) hr. 
0.363 62.0 1 . 0  0.00585 
0.081 50.5 0.49 0.00339 
0.071 56.5 0.45 0.00280 
0.090 54.3 0.42 0.00395 
0.080 90.9 0.23 0.00380 

0.082 70.7 0.32 0.0036 

0.081 77.4 0.29 0.0036 

0.089 58.0 0.39 0.039 

P,  
ccnti- 
poises 
0.69 
1 .a  

30.0 
0.55 
0.54 

1 . 2  

0.96 

0.55 

*Physical properties wore determined by interpolation between properties of pure substances. 

TABLE 2. SAMPLE OF EXPERIMESTAL DATA 
Run 14 
System: continuous phase-water, drops-oil 
Depth of liquid: 44 in. 
h t e  of drop formation: 105 to 125 drops/min. 

Water 
temp., 

OF. 
190 
185 
176 
174 
170 

167 
165 
162 
157 
154 

152 
148 
143 
141 
136 
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Inlet 
oil 

temp., O F .  

74 
74 
74 
74 
74 

74 
74 
74 
74 
74 

74 
74 
74 
74 
74 

Outlet 
oil 

temp., O F .  

129 
129 
127 
123 
119 

118 
117 
116 
116 
116 

113 
110 
105 
104 
102 

Time of 
rise, 

8 . 9  
8 . 6  
8 . 6  
8 . 6  
8 . 5  

8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  

8 . 5  
8 . 5  
8 . 5  
8 . 5  
8 . 5  

WC. 

Volume 
of drops, 

ml. 
0.433 
0.450 
0.440 
0.443 
0.446 

0.447 
0.446 
0.437 
0.430 
0.429 

0.426 
0.434 
0.426 
0.411 
0.417 

C'naccomplished 
temp. change, 
dimensionless 

0.526 
0.505 
0.480 
0.510 
0 .  s31 

0.527 
0.528 
0,523 
0.495 
0.475 

0.500 
0.544 
0.550 
0.552 
0.548 

active agents on circulation and found 
that small traces of the agenta form an 
adsorbed layer on t h e  drop surface which 
hinders circulation. 

EQUIPMENT 

Figiire 3 is a diagrammatic sketch of the 
equipment used in this experiment. The 
equipment for the formation of drops con- 
sisted of a pressure tank, a water-cooled 
circular nozzle, and an electric heater. The 
pressure tank was used aa a supply storage 
vessel for the dropforming liquid. The tank 
was fitted with a pressure gauge and con- 
nected to a pressure-regulated air supply. 
During runs the pressure in the tank was 
maintained between 1.5 and 2.0 lb./sq. in. 
gauge. With this pressure, the dcsired drop- 
formation ratc could be obtained by adjust- 
ing the needle valve. 

Three different water-cooled nozzles were 
used, all constructed as shown in Figure 4. 
The inside diameters of the nozzles were 2.5, 
3.0, and 4.5 mm. A baffle, shown by the 
dotted line in Figure 4, forced the cooling 
water to  circulate around the incoming 
stream. The cooling water was maintained 
a t  the same temperature as the incoming 
stream to prevent heating by conduction 
through the nozzle prior to drop formation. 
The immersion heater was uscd to control 
the trmpcrature of the water flowing around 
the nozzle. 

A rubber stopper was used to seal the 
column a t  the bottom. Various lengths of 
glass tubing were used to vary the time of 
contitct of the drops. The column waa filled 
to  the top for each run and the drops were 
collected and drained off with a special glass 
funnel, fihown in Figure 5. The liquid from 
this frinnel ran into a burette which drained 
to a collecting tank. 

EXPERIMENTAL DATA AND PROCEDURE 

Experimcntal data were obtained for 
twenty-nine runs and have been reported 
by McDowcll ( 1 5 ) .  Table 1 shows the physi- 
cal properties of the systems uscd and Table 
2 thc data from one cxperimc:iit:il run. 

Thc data required to calcu1;ite the unac- 
complished temperature change were as 
follows: (1) inletdropliquid temperature 
ti (OF.) ; (2) outlet drop-liquid temperature 
C ("E'.); and (3) continuous-phase liquid 
temperature t ,  (OF.). 

Thct data required to cnlcultlte the thew 
retical tempcrnture rise of the drop were as 
follows: ( I )  radius of drop r,,, (ft.); (2) time 
of risc: for each drop 0 (hr.); (3) velocity of 
rise u (ft./hr.); (4) physical properties of 
both liquids. 

Tht: inletrliquid temperature was meas- 
urcd by R thermomcter placed in the inlet- 
liquid stream. The outlet-liquid temperature 
was nieitsured by a copper-constantan ther- 
mocouple placed just above the liquid-liquid 
interface. The height of this thermocouple 
was kept as clost? aH possiblc to the interface 
between the two liquids. This procedure 
gave :in average temperature of the liquid in 
the drop just after it broke through the 
interface. The temperature of the liquid in 
the column was measured a t  vxrious heighta 
and radial distances from thc axis. .4t any 
time during a run the temperatures through- 
out the continuous liquid ptmc varied by 
less than  1°F. 
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%' COPPER TUBING., 
' 

I W T  FROM 
HEATER TANK 

Average 
Column time 
height, of rise, 

LlOUlD LEVEL INSIDE System ft. SCC. 

K-W 3.67 7.0 
K-W 3.67 6 . 8  
K-W 3.67 7.6 
K-W 1.17 2.5 
K-18 1.17 2.6 
K-W 1.17 2 .3  
K-W 0.71 1.6 
K-W 0.71 1 . 6  
K-W 0.71 1.6 

WTSlDE 
LlWlD LEVEL 

and volumetric-flow rates. The dropforma- 
tion rate was measured in two ways. At slow 
rates the time required for twenty-five drops 
to form was measured by a atop watch. At 
fast rates a Strobotac waa uaed. Drop ratea 
varied from about 100 to  400 drops/min. 
The volumetric-flow rate waa calculated 
from measurements of the time required to 
collect 25 ml. of fluid in the burette. From 
these two measurements the volume of each 
drop could be calculated. The radius waa 
calculated on the assumption that each drop 

The time of rise of the drops waa measured 

-. I locity of rise being calculated from the time 

Figure 6 is a picture of an oil drop just as 

( 1 '  

1,"' 
1 
I ,-.BAFFLE 

I 
I 

L-1. J TO was a sphere. Ji' .-,- 
I directly with a stop watch, the average v e  .-_ 

'it' CmR of rise and column height. 

of water tend to make the drop appear 
flattened. If the drop was assumed to be an 
oblate spheroid with an eccentricity of two, 
instead of a sphere, the increase in surface 
area would be only 10%. This fact combined 
with the experimental results helps to jus- 
tify the assumption for purposes of heat 
transfer calculationa that the drops behaved 
aa spheres. 

RESULTS 

If a drop were allowed t o  remain in 
contact with the continuous-phase liquid 
long enough, ita temperature would 
change from some initial value to the 
temperature of the continuous-phase 
liquid. The actual average temperature 
change of the drop may be expressed as 
the ratio of the unaccomplished tempera- 
ture  change to the total possible tempera- 
ture change. Thus, if the  drop were al- 
lowed to heat t o  the temperature of the  
bulk fluid this ratio, Y., would be zero. 

TABLE 3. RESULTS 

Drop 
radius, 

ft. 
0.0113 
0.0128 
0,0144 
0.0118 
0.0138 
0.0140 
0.0111 
0.0128 
0.0143 

Run 
5 
4 
3 

19 
17 
18 
8 
6 
7 

0.15-0.19 
0.21-0.25 
0.24-0.32 
0.42-0.46 
0.48-0.50 
0 .504 .53  
0.46-0.52 
0.51-0.54 
0.56-0.62 

I 
0.38 
0.45 
0.48 
0.62 
0.66 
0.68 
0.66 
0.71 
0.73 

I1 
0.39 
0.46 
0.49 
0.64 
0.68 
0.70 
0.68 
0.73 
0.75 

I11 
0.16 
0.223 
0.26 
0.44 
0.60 
0.62 
0.60 
0.66 
0.60 INTERA LEVEL - - - -  0-W 3.67 8.9 0.0146 10 0.49-0.56 0.49 0.60 0.28 

0-W 3.67 8 . 5  0.0154 14 0.484.55 0.52 0.6.5 0.31 
0-W 3.67 8.6 0.0177 11 0.61-0.73 0.57 0.69 0.38 
0-W 3.67 8 . 9  0.0181 15 0.56-0.60 0.57 0.69 0.38 
0-W 3.67 8.6 0.0186 13 0.58-0.66 0.59 0.61 0.40 

0-W 0.71 1.9 0.0144 9 0.71-0.82 0.72 0.74 0.58 
0-W 0.71 2.1 0.0178 12 0.85-0.87 0.77 0.80 0.65 

X-W 3.67 8 . 3  0.0156 23 0.15-0.19 0.46 0.48 0.24 
X-W 1.17 2 .5  0.0117 22 0.28-0.30 0.58 0.60 0.39 
X-W 1.17 2.9 0.0143 20 0 . 3 M . 3 4  0.62 0.64 0.44 
X-W 1.17 2.8 0.0158 21 0.40-0.45 0.67 0.69 0.61 
X-W 0.71 2.0 0.0124 24 0.45-0.47 0.63 0.65 0.46 
X-W 0.71 1.9 0.0146 26 0.47-0.50 0.69 0.71 0.64 
X-W 0.71 1.9 0.0152 25 0.53-0.55 0.71 0.73 0.58 

0.9X-W 0.71 3.5 0.0199 27 0.48-0.53 0.70 0.72 0.66 

W-2,l 2.67 0.2 0.0115 29 0.37-0.44 0.29 0.52 0.08 
W-2,1 2.67 6.2 0.0134 28 0.484.55 0.37 0.59 0.14 

W-l,l 2.67 7.2 0.0143 31 0.50-0.57 0.36 0.59 0.14 
W-1,l 2.67 7.4 0.0160 30 0.51-0.57 0.41 0 .64 .  0.19 

Syetem 

0-w 1.17 3 . 1  0.0178 16 0.75-0.80 0.71 0.75 0.57 1 3 3 '  
Fig. 5. Collecting funnel. 

K-W 
0-TV 
X - W  
0.QX-1V = 90% x y I e n e 1 0 ~  trichloroethylene (by volume) drops in water 
W-2, 1 
W-1. .I 

- keroseno drops in water - S.A.E.-10-lubricating-oil drops in water - xylene drops in water 

P water drops in glution of two parta tnchloroethylene and one part kerosene by volume - water drops in solution of half trichloroethylene and half kermene by volume 

Column height - distadce between nozzle and interface in collectha funnel, ft. 

Drop radius (m) P radiua of a ephere of the same volume an the drop, f t .  
Y = experimental value of unaccomplished temperature-change p t i o  
Y: - theoretical value of unaccomplished temperature-change ratlo 
Italicized numbers in columna I1 and 111 indicate the values of Y I  that agree with those of Yo. 
Mechanism 

I1 P internal radial conduction plus outaide film resistance 
I11 - internal circulation with no outaide film reaietanut 

I P internal radial conduction with no outside film redstance 

Fig. 6. Oil drop leaving nozzle. 
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The smaller the value of Y. the greater 
the heat transfer for a given drop in a 
bulk fluid a t  a given temperature. 

I n  Table 3 these experimental values 
for each run are tabulated and compared 
with the values of Y , ,  the calculated theo- 
retical-temperatiirc-difference ratios. 

DISCUSSION OF RESULTS 

Three different mechanisms of heat 
transfer were assumed in calculating val- 
ues of Y , ,  as shown in columns I, 11, and 
I11 of Table 3. Column I contains the 
theoretical Y ,  value for drops with radial 
conduction inside and no outside film 
resistance. Column I1 is for drops with 
internal radial conduction plus an outside 
film resistance. Column IIT contains the 
Y ,  values for drops with internal circu- 
lation and no outside film resistance. The 
Y ,  values were obtained from Equations 
(2 )  and (3 )  and Figure 1. 

Internal Radial Conduction 
with No Outside Film Resistance 

When the flow of heat inside a drop is 
by radial conduction alone, its resistance 
is higher than if there were circulation 
within the drop. The numerical values of 
Y ,  shown in column I are generally higher 
than the experimental values, indicating 
that some mechanism such ns circulation 
must have decreased the resistance of the 
drops to heat transfer. In the oil-water 
systems, howcvcr, the Y ,  values in column 
I are close to the experimental values, an 
indication that there was negligible circu- 
lation inside the high-viscosity oil drops. 

Internal Radial Conduction Plus 
Outside Film Resistance 

The figures in coliinin I1 were calcu- 
lated with the outside film resistance as 
determined from 1Squation (1) taken into 
account. IVhere water was used as the 
continuous-phase liquid, this additional 
factor did not increase the Y ,  values more 
than 45:,. IIowever, the l’, values in col- 
umn I1 are slightly closer to the experi- 
mental I;, values for the oil-water runs 
than are those in column I. 

The close check confirms the assump- 
tion th:it heat transfer is by radial con- 
duction internally with an outside film 
offering a small additional resistance. 

Internal Ciriulation with 
No Outside Film Resistance 

The Y ,  values in column I11 calculated 
with this mechanism assumed agree 
fairly well with the experimental values 
for the runs in which kerosene, xylene, 
and organic-liquid drops were heated 
with water. This agreement indicates that 
there was circulation within these drops 
and that any outside resistance was negli- 
gible. Circulation would be expected in 
these cases as the viscosities involved 
were much lower than in the oil drops. 

Internal Circulation with 
Appreciable Outside Film Resistance 

I n  the last four runs using water drops 
heated with mixed organic liquids, this 
was undoubtedly the mechanism in- 
volved. Water has a low enough viscosity 
so that, on the basis of previous runs, 
water drops mould be expected to rircri- 
late. As organic liquids were used in the 
continuous phase, the film resistance 
would be much higher than for water 
films. The experimental values of k-e were 
between the Y ,  values in columns I1 and 
111. This is to be expected, as any circula- 
tion within the drop would lower the Y ,  
values shown in column I1 and any out- 
side film resistance would tend to increase 
the values shown in column 111. 

Those values of Y ,  which agree with 
the experimental values Y e  are italicized 
in Table 1, to  indicate what appears to be 
the controlling mechanism. For these 
cases agrccmcnt between experimental 
and calculated vnlucs was fairly satisfac- 
tory. l h e  last four runs inyolvecl circu- 
lating drops Rith what appeared to  be 
appreciable outside film resistance. As no 
method for calculating Y ,  for this mech- 
anism w s  :t\~ailal)le, comparison of theo- 
retical calculations with evperimcntul re- 
sults was not possible. 

X o  specific investigation was made of 
end effects. It might be expected that if 
end efrects were significant they would 
show up in the form of deviations of ex- 
perimental results from the theoretical 
values for the shortest column (0.il ft.); 
however, from Table 1 it can be seen that 
the results for this column are as good as 
those for the longer columns. Further- 
more, it was noted by McDowell ( I S )  
that variations of 357c in drop-formation 
rate produced no chaiige in e‘xitdlrop 
temperature. It is likely that systems in- 
volving much higher velocities and shorter 
liquid columns n~ould he necessary before 
end effects would contribute appreciably 
to the heat transfer. 

CONCLUSIONS 

The following conclusions werc drawn 
from this investigation. 

1. If the viscosity of the liquid in the 
drop is low enough compared with the 
viscosity of the continuous-phase fluid, 
the liquid in the drop will circulate. Circu- 
lation lowers the resistance to heat 
transfer. 

2.  If the thermal conductivity of the 
continuous-phase liquid surrounding the 
drop is low compared with that of the 
liquid in the drop and there is no circula- 
tion within the drop, an appreciable part 
of the resistance to heat transfer mill be in 
the film outside the drop. 

3. Theoretical calculations of tempera- 
ture rise enable the prediction of values 
that are in good agreement with experi- 
mental results. 

NOTATION 

C, = specific heat, B.t.u./(lb.)(“F.) 
h = heat transfer coefficient, B.t.u./ 

k = thermal conductivity, B.t.u./(hr.) 

Nu = Nusselt number = 2r,,,h/k, dimen- 

P r  = Prandtl number = C,p/k,  dimen- 

T = spherical radius, ft. 
Re = Reynolds number = 2r,up/p 
r ,  = outside radius of drop or sphere, 

t ,  = temperature of continuous-phase 

t i  = temperature of inlet-drop fluid, O F .  

to = average temperature of drop as it 
leaves at the top of the column, O F .  

u = average drop velocity, ft./hr. 
v = volume of drop, ml. or cu. ft. 
Y ,  = experimental ratio of unaccom- 

plished temperature change to 
total possible temperature change 
(t< - t o ) / ( t ,  - f,), dimensionless 

Y ,  = theoretical temperature difference 
ratio (tc - t o ) / ( &  - t , ) ,  dimeu- 
sionless 

(hr.)(sq. ft./”F.) 

(ft./OF.) 

sionless 

sionless 

ft. 

liquid in column, OF. 

LY 
e = time, hr. 
p = viscosity, lb./(ft.)(hr.) 
p = density, Ib./cu. ft. 

= thermal diffusivity, sq. ft.jhr. 

Subscripts 

1 = drops 
2 = continuous-phase liquid 
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