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NOMKNCLATURE 

A, surface area [cm*] ; 
c’, constant ; 
CP specific heat [Cal/g “C] ; 

C PC’ specific heat of the continuous phase [cal./g “C] ; 
c, specific heat of the dispersed phase [Cal/g “C] ; 
H, total heat content of the drop at any instant [call ; 
M, mass of the drop at any instant, [g] ; virtual mass 

of the drop [g] ; 

;: 
constant; 

volumetric rate of flow of the disperesed phase 

[cm'isl ; 

R R’, constants; 
R. 
SC&, 

capillary radius [cm] ; 

constants ; 
‘I temperature; difference (AT) between the tempera- 

ture of the (internally mixed) forming drop and the 

temperature of the continuous phase at any instant 

WI ; 
T, initial temperature difference (7; - TJ [deg C]; 

K drop volume [cm31 ; 
a, b, c, coefficients in the polynomials ; 
4 drop diameter [cm] ; 
9, acceleration due to gravity [cm/s*] ; 
h, heat-transfer coefficient [cal./s cm2 “C] ; 
k thermal conductivity [Cal. cm/s cm2 “Cl; 

9 mass rate of entry of the dispersed phase [g/s] ; 
r, drop radius [cm] ; 
4 time [s] ; 
ue, velocity of expansion (of the drop) in the first 

stage of formation [cm/s] ; 

0” 

x, Y, 

velocity of rise (of the drop) in the detachment 

period [cm/s] ; 
coordinates. 

Greek symbols 

P, density [g/cm31 ; 
AP, density difference (p, - pd) [g/cm31 ; 
H viscosity [P, c P] ; 
V, interfacial tension [dyn/cm]. 

Subscripts 

s, of static drop; 

c, continuous phase ; 
4 dispersed phase; 

e, expansion stage; 

_6 formation stage ; 
4 inlet drop ; 
0, outlet drop; 

r, of rising drop. 

Dimensionless groups 
N Nur nusselt number (hd/k); 
N IZe, reynolds number (dup/p); 

N P” prandtl number (C&k). 

INVESTIGATIONS on mass transfer in systems involving 

a fluid sphere and a liquid continuous medium have nor- 

mally indicated a considerably large proportion of transfer 

in the region of formation. The observations on mass transfer 



SHORTER COMMUNICATIONS 1827 

can be considered to hold good, in general, for heat transfer 
also. 

Some of the earlier workers [l, 21 in this field have 
attempted to explain the proportions of transfer in the for- 
mation zone on the basis of Higbie’s ~netration theory [3]. 
Most of the others 14-71 have confined themselves to the 
ex~r~en~l estimation of the. proportion transferred in the 
end regions by extending the usually linear plot of total 
transfer vs. column height to zero column height. 

More recently, Sideman and coworkers have extensively 
~vestigat~ [8-111; the mechanism of evaporation of a 
volatile drop moving in an i~isc~ble liquid medium. These 
investigations, relevant to desalination projects, have been 
aimed primarily at the free ascent region. 

The investigations reported here aim at presenting data 
on heat transfer from forming drops and correlating the data 
on the basis of an assumed mechanism of drop formation and 
heat transfer. 

The heat-transfer studies have been carried out in the 
absence of mass transfer between the two phases. 

EXPERIMENTAL 
The experimental set-up represented in Fig. 1 consists of a 

constant pressure air supply, an arrangement for drying the 
pressurized air, a dispersion section, an arrangement for 
creating the desired temperature gradient between the 
dispersed and continuous phases, thermocouples for the 
measurement of the temperatures of the two phases during 
a “run”, the eductor tube containing the continuous phase 
and finally, the drop collection and measurement units. 

The hot drops, formed at the capillary (16), get detached, 
follow a free ascent and coalesce at the interface (21) which 
extends almost into the stem of the inverted funnel (18). 

The hot junction of the outlet probe (22) is located as 
close to the interface as possible; as each drop reaches the 
interfae, the thermocouple records just the temperature 
of the coalescing drop. 

For a particular set ofdrop size, time of So~ation and inlet 
drop temperature, the outlet temperature of the drop is 
measured at various times of contact allowed for transfer 
between the two phases in the free ascent period. 

Further, extra experiments were conducted under condi- 
tions identical to the ones employed earlier in the regular 
“runs”, for quantitative estimation of the fall in temperature 
OS the drop forming liquid as it travels from the point in 
T piece (12) (at which the inlet temperature of the drop was 
earlier measured) to the tip of the capillary. 

For the purpose of calculation, the inlet temperature of the 
drop forming liquid, measured below the tip of the capillary 
just prior to drop formation in these experiments, has been 
used. 

Data were collected dispersing hot organic phases such as 
benzene, xylene and toluene in a heavier continuous medium 
(distilled water). 

The drop size has been varied by varying the diameter of 
the drop forming capillary (0~11.5&04600 cm). 

The physical properties of the systems studied have been 
taken from literature [12-151. 

RESULTS AND DrS~SSION 
To obtain the value of T, (the tem~rature of the drop just 

at completion of its fo~ation~ the ex~rimental values of the 
tem~rat~ of the drop at different times of contact in the 
free ascent period, are extrapolated to zero time of contact. 

An equation of the form 

y = a + bx + cx2 (1) 

has been used for extrapofation. The value of T, is obtained 
by putting x = 0 in the above equation. Direct measure- 
ments of the temperature of the drop at the end of formation 
are compared in Fig. 2 with the corresponding extrapolated 
values of T, (in terms of fall in temperature of the drop during 
formation). 

The comparison, made under typical operating conditions, 
is satisfactory. 

QUANTITATIVE EVALUATION OF RESULTS 
Quantitative prediction of results is attempted here assum- 

ing the presence ofa boundary layer around the forming drop 
which in turn is assumed to be internally agitated. The 
dynamics of the drop as represented by the two-step mecba- 
nism of formation [16,17j has been considered for the evalu- 
ation of Reynolds number on which the characteristics of 
the boundary layer will depend. 

The drop is further assumed to be spherical and to start 
growing from the tip of the capillary. Further a~umptions 
regarding constancy of the tem~ratum of %he continuo~ 
medium and its physical properties are also made. 

QUAN~A~ DISCU~ION 
The heat balance equation in the present case is of the form 

The evaluation of the heat-transfer coefficient (denoted 
by h) is made on the basis of the following boundary layer 
equation [18, 191. 

NM” 5 C’(N,)O.JO (N&o’=. (3) 

In equation (3), C’ is a constant the value of which has been 
taken as 0.70 on the basis of the assumption that nearly 
50 per cent of the transfer occurs in the wake region behind 
the forming drop [20]. 

In the first stage (termed the expansion stage) of its for- 
mation, the drop expands with a certin velocity v, which 
can be expressed by dr/dt, tbe rate at which the radius of the 
drop increases ; i.e. 
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FIG. 1. Flow diagram of the experimental set-up for studies 
in heat transfer in drops. 
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FIG. 2. Fall in temperature of drop during formation: 
comparison of extrapolation with direct measurements. 

dr Q 
“,=-Z- 

dt 47~” 
(4) 

In the second step (termed the detachment stage), the drop 
is assumed to accelerate from the tip. The velocity a, with 
which the drop rises in the detachment step is given by 

,,, = 

The velocity factors shown in equations (4) and (5) are 
introduced in the boundary layer equation (3) for the evalua- 
tion of the corresponding Reynolds number (and subse- 
quently the heat-transfer coefficient) for the two stages of 
formation. 

The mass, surface area, diameter and radius of the drop are 

also expressed as functions of time in the analysis. 

The heat balance equation for the first stage of drop for- 

mation takes up the form, 

dT 0 dt 
= -$P - RT- St*T). (6) 
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And, for the detachment period, the equation is of the form, 

($)= (&$(P - RT- S’@T). (7) 

In equations (6) and (7), 

P = mC,T, R = rnC@,, R’ = m,Cpd 

and 

Equations (6) and (7) respectively represent the variation 
of T (the difference between the temperature of the forming 
drop and the temperature of the continuous medium at 
any instant) with time in the two distinct stages of formation 
[ 16, 173 of the drop. 

These non-linear differential equations have been solved 
by the method of Runge and Kutta [21], 

The value of Tat the end of time t,--the period of expan- 
sion given by V,/Q--obtained by solution of equation (6), 
is taken as the initial value of Tfor the second stage equation 
(7). Harkin’s correction [22] has been applied for the evalu- 
ation of V,, the static drop volume, corresponding to the first 
stage of drop formation [16, 171. 

The solution of equation (7) at the end of time t,the 
period of drop detachment defined by (tl - t&yields the 
final value of Tat the end of formation of the final drop. 

The actual temperature of the drop at the end of formation 
of the total drop can therefore be evaluated on the basis of 
the present model as T represents precisely the difference 
between the temperature of the forming drop and that of the 
continuous phase at any instant. 

VERJFICATION OF THE PROPOSED 
MECHANISM 

The experimental values of the fall in temperature of the 
drop during formation and the ones predicted by the pro- 
posed model are compared in Table 1. The agreement is 
good, though the experimental values are generally higher; 
this may be explained as due to the occurrence of a finite 
amount of transfer in the coalescence region and also due to 
the assumption of constant area of the drop in the detach- 
ment stage. The deviations, however, are quite small (of the 
order of 10 per cent). 
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Table 1. Veri~cation of the proposed model: comparison of the experimentat and cakulated t~lues of thefalZ in temperature of the 
drop during formation 

System 
Capijary 
diameter 

(Cm) 
(cm) 

- 
Benzene-water 0.1150 

0.1150 
0.1150 
0.1890 
0.1890 
0.2450 
0.2450 
0.3356 
0.3356 
0.4140 
0.4140 
0.4140 
04600 
O-4600 
04600 

Toluene-water 0.1600 
0.1940 
0*1940 
0.2450 
0.2450 
0.3 130 
0.3130 
0.3130 
0.3356 
0.3356 

Xylenewater 0.3356 
0.3356 
0.4140 
0.4140 
0.4140 
0.4600 
0.4600 
0*4600 

Inlet temperature 
of drop (“C) 

at T 
piece 

near 
cap& 

tip. 

Temperature of Time 
continuous of 

formation 
(s) 

Fall in temperature 
of drop during 
formation (“C) 

Experimental Calculated 

59.90 48.50 22.90 2.84 22.93 
57.40 4760 22.55 1.8.5 23.51 
54.30 47.50 23.10 1.80 23.43 
58.80 4600 24.10 2.93 2009 
53.80 42.50 2420 2.96 16.25 
54.70 4500 26.70 295 14.80 
49.70 43.00 2640 304 9.12 
6200 46.50 2780 2.91 15.73 
58.20 42.50 27.70 2.90 10.64 
61.80 45.50 24,80 304 17.68 
57.50 4600 2460 300 18.30 
53.70 41.50 2480 2.99 13.92 
5840 4500 24.55 299 14.75 
5660 4500 2500 299 15.18 
5260 42.00 23.20 3.03 14.60 

48.80 41.50 
53.70 4250 
4840 41.50 
61.10 49.50 22.10 
50.20 40.50 23.30 
54.50 48-80 
51OG 41.50 
69.20 5300 
6780 52.50 
47.80 40.50 

59.70 45.50 
49.10 3600 
6240 45.30 
55.80 4200 
46.20 38.50 
6400 47.50 
52.80 42.50 
47.00 3800 

28.50 
2150 
23.20 

27.50 
28.25 2.76 
26.50 2.48 
29.90 3.00 
29.50 282 

24.80 
25.00 

302 
3.03 
300 
3.02 
3.02 
3.01 
304 
3.01 

23,30 
24.55 
23.95 
24.30 
24.15 
23.95 

2.03 
300 
2.95 
3.00 
3.05 
2.53 

18.78 
1900 
18.80 
15.65 
11-76 
11-16 
10.20 
13.95 
10.77 
1400 
11.90 
11.30 
13.65 
12.20 
11.68 

9.89 6.09 
19.38 15.14 
17.23 12.20 
24.63 14.12 
IS.50 12.55 
1968 14.20 
8.62 8.35 

23.37 1660 
17.66 12.60 
7.24 7.46 

1540 
8.50 

1044 
627 

14.80 
10.00 
9.75 

12.20 
9.62 

10.17 

15.43 
14.66 
10.78 
13.70 
15.38 
840 


