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Abstract—The transfer characteristics of volatile liquid drops evaporating while rising in a column
of another immiscible liquid are presented. A study of ciné-camera films taken during the heat- transfer
process rendered information regarding the velocities and evaporation rates of butane and pentane
drops evaporating in sea water and distilled water. Overall heat-transfer coefficients related to the
initial area of the liquid drop, and instantaneous heat-transfer coefficients related to the actual area
are presented. The latter are compared with an analytical study of this problem which yields the
equation:
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for the average Nusselt number, where 23 is the opening angle of the vapour phase in the drop. It is
suggested that with 8 = 135 (@ = 0+27) good approximation of the maximum heat-transfer coefficients
may be obtained.

NOMENCLATURE m,  experimental constant, equation (27);
4. instantaneous drop area; M, constant, equation (8);
a,  constant, equation (25); Nu, Nausselt number [AD/k];
Ap. dropareaatr =0; n, experimental constant, equation (26);
A*, initial drop area (in liquid form); Pe, Peclet number [UD/a];
B.  experimental constant, equation (28); Pr,  Prandtl number [uCp/k];
C. experimental constant, equation (26); P, experimental constant, equation (28);
Cp.  specific heat capacity, [kcal/kg degC]; Q. heat input [kecal};
D, drop diameter; Qo, heat capacity of drop at ¢ = 0 [keal];
D*, initial drop diameter; Omax, maximum heat absorbed by drop
.  weight of drop; [kcal};
G, weight of vapour phase; q, heat flux [kcal/m?h];
H, level of drop above nucleation point; q’,  rate of heat flow [kcal/h];
Hg, level of drop at t = 0; gz  local heat flux [kcal/m®h];
H,, level of complete evaporation; R,  radius of drop;
h,  overall heat-transfer coeflicient [kcal/m? Re, Reynolds number [UDp/ul;

h degC]; r, radial co-ordinate;
h),, mean overall heat-transfer coefficient T, temperature;
referred to initial drop area; To, reduced boiling-point temperature;
K. experimental constant, equation (27); To, temperature, continuous phase, up-
k,  thermal conductivity [kcal/m h degC}; stream;
f, time;
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U, relative velocity;
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U,, velocity vector, spherical co-ordinate;
Uy, velocity vector, spherical co-ordinate;

y,  radial distance from drop [r — R].

Greek symbols
a, thermal diffusivity [m2/h];
B, opening haif-angle of vapour phase,
Fig. 2;

8,  infinitesimal variant;
e, complementary opening angle;
8, spherical co-ordinate;

w,  viscosity [kg/m-h};

£, vaporization ratio [Gy/G], weight per
cent evaporated;

p, density [kg/m3]

¢, variable, equation (11);

¥,  variable, equation (10).

INTRODUCTION

DiIrecT contact between fluids and their relative
motion makes heat (or mass) exchange between
them rather effective. The quest for economical
water desalination units has recently stimulated
research on direct-contact heat exchangers,
in which one liquid is dispersed in another
immiscible liquid. Although a great number of
theoretical and experimental studies have been
reported on the transfer mechanism between the
drops and the continuous liquid media [1],
relatively little has been done or reported on
direct-contact heat transfer in which the drops
evaporate and cool the continuous liquid phase.
Umano [2], Wiegandt [3-5] and others [6] have
studied the problem of saline water conversion
by direct-contact freezing. These and our own
recent studies [7] indicate the following advan-
tages of utilizing a secondary refrigerant in
direct-contact heat exchangers: (a) an economical
(closed) refrigeration cycle is feasible; (b) smaller
quantities and lower flow rates of the cooling
fluid are required; (c¢) larger, more effective heat-
transfer areas are obtainable; (d) separation of
the two fluids is very convenient; (e) heat-
transfer coefficients are higher by one or two
orders of magnitude. However, although some
information is available regarding technical
and economic aspects of the general problem
of water conversion by direct-contact freezing,
there is none regarding the basic mechanism
and the actual heat-transfer coefficients. The
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present work constitutes the first step in this
direction.

When a drop of volatile liquid is evaporating
while completely immersed in another non-
volatile immiscible liquid, the vapour forms a
spheroid at the upper part of the drop, whereas
the remaining volatile liquid concentrates at
the bottom part of the spheroid-like drop (Fig.
1). Once nucleation sets in in the rising volatile
drop, the rate of vapour-phase growth depends
mainly on the temperature difference between
the drop and the continuous medium. The various
stages of a pentane drop evaporating in water
are illustrated in Fig. 2. Note that when 1 per
cent (by weight) of the liquid has evaporated,
the vapour occupies most of the volume of the
drop. Above 10 per cent evaporation the thin
liquid layer at the bottom of the drop can no
longer be observed.

The results obtained in cinemascopic studies
of single drops of butane and pentane evaporat-
ing in distilled and sea water are reported. These
include (a) the height and time required for total
evaporation; (b) the velocity of rise of evaporat-
ing drops; (c) the average overall heat-transfer
coefficients, 4, related to the initial surface of
the liquid drop, A*; (d) the average overall
heat-transfer coefficients, 4, related to the actual
instantaneous area of the drop, A. The latter,
though not of direct practical value, is most
suitable for the physical analysis of this com-
plicated three-phase transfer mechanism.

THEORETICAL

Using spherical co-ordinates (r, 8, ¢), the drop
is assumed to be a sphere in which the vapour
phase is bounded at the upper end by the opening
angle 28, and the liquid phase at the lower
part is bounded by ¢ = 360 — 28 as shown
in Fig. 3. It is assumed that there is no heat flux
across the surface (r= R, 0 < p), hence
(¢T/or)r = 0. The liquid phase is assumed to
be at the boiling point corresponding to the
vaporization pressure. The temperature of the
continuous medium 7T is taken as a reference
temperature, i.e. 7o = 0, and the corresponding
reduced temperature of the liquid layer is con-
stant, To. The drop is assumed to be moving in
a potential flow field. The relative motion of the
drop with respect to the continuous phase is



Fic. 1. Butane drop evaporating in sea water (below 1% evaporation).

Picture taken with 16 mm Paillard-Bolex ciné camera.
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FiG. 2. Pentane drop evaporating in water. 3-5 mm initial drop diameter,
Pictures taken with 16 mm Paillard-Bolex H-16 ciné-camera.



FiG. 6. General picture of apparatus, pentane/water system,



Fic. 18. Experimental vapour opening angle. Pentane drop in sea water, 7-5% evaporation,
2 mm initial drop diameter.
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%
Fic. 3. Analytical model and co-ordinates.

represented by U, the downward velocity of
the undisturbed continuous medium at r — co.
The radius of the drop is taken as constant,
i.e. the effect of increasing drop diameter is

neglected compared with the relative velocity.

of the drop. The system is in steady-state and
axial symmetry exists. Heat transfer takes
place in the thin layer of the continuous phase
surrounding the drop. Finally, conduction in the
6 direction is assumed negligible compared with
convection in the same direction.

The differential equation for steady-state
heat transfer with axial symmetry is given by:

8T U, eT 1 o oT
el ~ 2
+ * [rg or ( or )

r 00
oT
(sm 8 80)]

H 4
v

4 1 b7
rZsin 8 20

where a is the thermal diffusivity and the velocity

vectors are given by:

ity

Uy = — Ucose(1—}f) 0]
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The following simplifications result from the
underlying assumptions: (a) The last term, IV,
representing conduction in the 6 direction is
eliminated. (b) Expansion of the third term
yields:

1 2/ 6T
r2 or (r 6r)
since @2T/or? is of the order of magnitude of
1/8%2 and (2/r)(@T/or) of 1/8R, the latter may
normally be neglected, compared to the former,
for R > 8. From a physical point of view this

means neglecting the curvature of the drop with
respect to the radial conduction.

Ue or U, oT
© r 80'?579

eT 20T 2T
ore T r or 8—5

since r/R ~ 1.
Thus, equation (1) is reduced to:

SRR .
o T ViR 39 “ar8 @

Now by statement of the problem:

r—R y
®k —r<!

and the velocity vectors may be approximated
by:

Uy ~ — 3U2 cos 6 (5)
R
3.
U, ~ 5 Usin ¢ (6)
substituting (5) and (6) in (4) yields:
or 3 U or T
— 30U cosﬁ-——;—z RS Bé-ézaa—rz )
or
. oT or 2T ‘
sm()—éé—-ZycosGé;mMé;é 8
where
2Ra
M=3
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The relevant boundary conditions are:
T=0
T=To
T==0

y=o; w2020 (9a)
y=0; =n=
©zy>0; >

Boundary condition (9¢) derives from the fact
that at the upper part of the drop the vapour
phase constitutes an adiabatic insulating plane.
Thus, at 8 = 8 the temperature of the continuous
liquid is T = 0.

Introducing two new variables:

i =y sin® @ (10)

8
@ == [sin® 049
B
1 1
=§cos30-~ cosO——gcos3B+ cos B (11)

and their derivatives:

or oT
O =2 sin?
ERy) sin? @ (12)
2T &T
T _ Tt une
G2 o sin% @ (13)
or orT oT
= =2y si 22 gin3
50 ag&2315111 fcosd+ pre sin?d  (14)
in the differential equation (8) yields:
oT T
5o =M g 15
with the corresponding boundary conditions:
T=0 ; p=o00; @=0 (i6a)
T=To; p=0; @=0 (16b)
T=0; w>=2¢>0; =0 (160

Note that equations (15) and (16) are similar
to the well-known equations obtained when
solving for temperature distribution in a semi-
infinite wall. Utilizing the Laplace transforma-
tion, the solution obtained is:

amn

_ ¥
T = Tperfc 2¥\« /< M)
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where
X

2
erfc X =1 ~HJexp (X?9)dx
g

Substituting ¢, ¢ and M in (17) gives the tempera-
ture distribution around the drop:

T = To erfc
ysin? 8
—aRa T i -
M o3 — _~ cos?
2{3U(3 053 8 — cos 8 3 €08 5—}—?053) }

(19)

Determination of heat-transfer coefficients
The local heat flux per unit area, g,, is con-
veniently obtained from equation (17). Thus:

n=-k(5),. =+ G,

_, Do sin?0
T V() (M)

If the local heat-transfer coefficient # is defined
by:

(20)

_ I

hB—TO

@n
then the local Nusselt number is given by:

Nll{, = \“/:21;) (Pe)°'5

sin? ¢ -
(cos 8 — 3cos B — cos® B -+ 3 cos B)d 22)

where:

PezRe.Pr:%B

The numerical value of the local Nusselt
number as a function of # is given in Fig. 4 for
four values of the opening angle of 8.

The average heat flux per unit area of the drop
may be calculated from:
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1| kTo
q= mzj gp2mR2 sin 6 df = 2( M)
B

™ co% ﬁ — 1/3 cos® B + 2/3

sin® 0 do — kTo J dg
J (p)°* 27M | V(g)
8

\/( M) J(cos B— zco8? 845 ) (23)

With the average heat-transfer coefficient A
defined as:

_1
h= s (24)
the average Nusselt number is:
— cos3
Ny — hD (3605/3 cos B+ 2)05(13 )05
k ™
=a.Pe¥5 (25)

B=45°

FI1G. 4. Local Nusselt number for various values of
the vapour opening angle.
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The dependence of the average Nusselt number
on B is shown in Fig. 5. As is to be expected, the
Nusselt number decreases with increasing pB.
Note that for 8 = 0 equation (25) reduces to the
well-known equation obtained by Boussinesq []
for potential flow around a sphere and by Higbie’s
[9] penetration theory, namely, Nu = 113 (Pe)®*3
or a =1-13.

[ 3 ,
A= 3cosB-cos™B+2 pe

1 1 !
0] 45 90 135 180

—wB

F1G. 5. Average Nusselt number as a function of
the vapour opening angle.

APPARATUS
The experimental apparatus (Figs. 6 and 7)

1 1] latnd
consisted of a double-wall vacuum insulated

glass column, 54 mm inside diameter, with top
and bottom Perspex plates. To minimize visual
distortions the column was placed in a square
Perspex container filled with water, thus reducing
the horizontal distortion from 1-3 to about
1-003. Single butane or pentane drops were
introduced through a jacketed Perspex nozzle
set in the bottom plate (Fig. 8). By circulating
cooling liquids through the jacket of the nozzle,
the volatile liquid was insulated from the hotter
water in the column and the temperature of the
drops could be controlled. A fine thermocouple
(40 s.w.g. copper—constantan), inserted at the
outlet of the nozzle, permitted determination of
initial drop temperature, Water temperature
was determined by another copper—constantan
thermocouple mounted near the outlet of the
nozzle and checked by a calibrated mercury
glass thermometer immersed in the column.

The drops were photographed with a Paillard-
Bolex H-16 Reflex ciné-camera, 56 frames/s,
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1:2-8 lens, 75 mm focal length with a 10 mm
extension tube. A special stand moving on
vertical rails permitted the drops to be followed
with the camera along the column. Whereas the
vapour phase could be observed without special
illumination, back lighting through a horizontal
grid allowed better observation of the volatile
liquid phase in the ‘“‘drop” [10). From the
analysis of the consecutive pictures of each run,
the heat flux to the “drop” (based on vapour
volume) and the area and velocity of the drop
could be conveniently determined at various
evaporation stages.

EXPERIMENTAL RESULTS AND ANALYSIS

Data were obtained by direct measurement of
enlarged (X 20) consecutive pictures developed
from the ciné-camera films. The heat input to the
“drops” (determined by measuring the volume
of the vapour), the area of the “drop” and its
level at various times were calculated, plotted
and correlated. (For these measurements the
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Fi1G. 9. Total heat input to drop vs. time.
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entire “drop” as well as the vapour phase were
taken as spheroids). Figures 9, 10 and 11 illustrate
the dependence of the heat input, “drop” area
and ‘“drop” level as function of time. Similar
plots were drawn for all runs. These were
correlated, yielding the following equations:

Q— Qo=Ctr (26)
A — Ao =Kt @n
H— Hy = Btv ©8)

where Qo, Ao and Hj are the heat capacity, area
and level at the beginning of the run, respectively.
The constants C, K, B, m, n and p are given in
Tables 1-4 for the various runs. It should be
noted that equation (26) and (27) apply above
1 per cent evaporation, since the data below
this evaporation ratio are uncertain due to end
effects (drop formation), sub-cooling or super-
heating. These end effects do not apparently
affect the dependence of the drop level on time,
[equation (28)], above 0-1 per cent evaporation.
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FiG. 10. Total area of drop vs. time.
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Table 1. Experimental results and correlation constants—pentane|distilled-water

Q= Ci"+ Q, A= Kim + A, H = Bt® + H,
Run AT  d* A*  Omax C n O, K m A, ty H, B P H,
No. (deg (mm) (mm?®) (mcal) (s) (mm)
O
1 16 360 408 1270 58 433 0123 136 341 414 205 468 195 1-20 7
2 16 371 433 1390 66 410 0100 142 363 436 211 545 220 120 6
3 19 363 413 1300 56 379 0195 133 281 423 229 585 215 120 5
4 19 35 400 1234 44 387 0195 115 317 407 236 553 200 118 5
5 37 342 377 1125 200 393 0017 400 317 379 1-55 360 210 1225 535
6 38 355 396 1218 265 427 0070 480 337 400 143 323 205 121 6
7 38 362 412 1290 320 375 0040 600 318 41-5 145 349 223 116 7
8 55 369 4277 1350 777 353 0096 1230 266 430 117 280 236 1095 7
9 55 368 421 1340 1172 316 0197 1600 2-54 431 104 269 250 1-075 6
10 57 362 413 1300 670 331 0-197 960 2-57 416 122 284 223 1-185 5
11 57 349 383 1105 1450 361 0-269 2000 291 383 0935 243 259 1-18 5
12 80 350 384 1165 2950 299 0198 2810 215 393 0733 180 245 1-08 7
13 80 362 415 1220 2560 251 0-387 3110 2:00 415 0742 199 260 1-048 75
14 80 320 322 895 1960 267 103 2670 216 369 0745 202 278 1:185 5
15 129 352 390 1190 5700 243 215 5700 185 478 0525 148 288 113 7
16 129 334 349 1010 6500 2:50 0594 6000 198 376 0475 122 300 1-265 4-5
17 145 330 343 989 22300 288 078 13230 216 379 0339 79 253 1-133 55
18 145 336 355 1034 16200 275 0834 13200 220 392 0358 84 243 1-102 55
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Table 2. Experimental results and correlation constants—pentane/sea water

Q=Cr+ Q, A=K+ 4, H = Btr + H,
Run AT d* A*  Omax C n Qo K m Ay by Hy B V4 H,
No. (deg (mm) (mm?) (mcal) () (mm)

O
21 24 385 467 1555 204 346 0-001 395 302 474 1-80 457 238 109 5
22 24 379 450 1480 195 329 0-087 400 253 451 185 449 228 1085 5
23 46 380 452 1490 1070 312 0196 1300 226 463 111 281 248 111 55
24 46 376 446 1455 1070 3-23 0165 1430 251 453 110 280 248 1-15 55
25 58 382 459 1525 1820 338 0045 2400 264 460 094 238 250 117 5
26 59 382 436 1410 1870 3:02 0060 2450 243 43-6 091 242 265 1155 5
27 66 380 454 1495 2230 311 107 2470 2-53 471 088 215 240 1095 4
28 66 377 447 1465 3100 249 0712 3200 190 476 074 209 283 105 4
29 79 3-8 457 1515 3050 2441 0069 3750 200 460 0748 192 260 1-11 5
30 111 391 482 1635 6200 221 0217 6100 1-76 494 0547 138 255 108 7
31 1111 395 491 1680 6000 1-86 3-16 4900 138 606 0-505 148 265 094 125
Table 3. Experimental results and correlation constants—butane|/sea water

Q=C"+ Q, A=K+ A, H = Bt? + H,
Run AT g* A* Qma,_x C n Qo y. ¢ m Ao ty Hy B H,
No. (deg (mm) (mm?2) (mcal) (&) (mm)

8]

41 41 7‘-3~80 45-4 1585 590 225 012 880 1-87 50 1-55 368 228 1060 6
42 42 386 467 1650 510 281 005 900 247 50 152 367 234 1025 6
43 42 3-80 454 1585 560 2-80 002 840 226 502 145 348 236 1015 6
4 67 340 365 1132 940 277 018 1280 217 377 107 260 234 104 6
45 67 340 365 1132 1280 223 062 1700 1-70 450 095 255 265 108 6
46 94 340 363 1126 1320 221 01l 1700 1-67 405 093 241 252 109 6
47 94 339 362 1120 2180 217 020 2900 170 380 074 191 257 106 6
48 125 348 382 1165 3600 192 037 3800 145 410 055 143 250 1-025 6
49 125 340 363 1135 3350 201 002 4300 167 400 058 159 276 1-08 6
50 125 335 353 1082 2900 2:00 113 3250 1-62 450 061 180 295 1-09 6

The temperature difference is not the only
condition required for the evaporation of the
drops in the continuous medium. Evaporation
starts only after nucleation has set in in the drop.
At a given temperature difference the onset of
nucleation usually depends on external dis-
turbances and the degree of impurity of the
liquids involved. With highly pure systems the
limit of superheat was found [11, 12] to be above
100°C. This study showed that impurities in the
volatile liquid and contamination normally

associated with sea water, as well as very small
gas bubbles introduced by mechanical mixing,
are factors which retard superheating and
promote nucleation. Since the object of this work
was the study of heat-transfer characteristics
during evaporation rather than that of the super-
heat phenomenon, nucleation was sometimes
induced by allowing minute amounts of air to
dissolve in the volatile liquid, or by introducing
small (below 0-1 mm) gas bubbles into the
continuous medium. Note that under normal
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Table 4. Experimental results and correlation constants—pentane/sea water (small drops)

Q= Ct"+4 Q, A=Kt + A, H=Bt? + H,
Run AT d* A* Qmux C n Qo K m Ag ty Hu B P Hu
No. (deg (mm) (mm?) (mcal) (s) (mm)

O

61 08 194 11-25 198 112 339 0047 285 258 12-17 1-183 271 220 1-15 3
62 09 1965 1215 207 75 352 0024 200 257 12417 1-334 314 220 119 5
63 34 1965 1215 207 245 225 O 480 1-66 12-17 093 213 226 1095 4
64 71 1995 125 216 4600 234 0 6100 1905 12:31 0270 60 270 1-145 15
65 72 1995 125 216 5000 223 0 6500 178 1258 0244 55 231 103 2
66 76 1995 125 216 3900 219 O 5200 1-73 12-58 0-267 63 290 1-17 2
67 106 20 12-57 218 14000 258 0 12600 1-985 12:56 0-199 42 300 124 25
68 108 1965 1215 207 12500 241 O 15000 1-97 1217 0-182 41 296 1195 3
69 110 20 12-57 218 10300 215 O 12300 1-765 1256 0-168 38 271 1135 3
70 128 20 12-57 218 27200 251 O 23000 2-01 12:56 0-146 30 278 118 2
71 130 1995 125 216 24100 245 0O 16500 1-84 12-58 0146 30 320 1-25 2:5
72 144 20 12-57 218 38000 254 0 25000 1-94 12-56 0-131 28 272 1145 2
73 155 1965 1215 207 19200 2:08 0 21700 1-74  12:17 0113 26 238 1055 2
74 156 1965 1215 207 55000 247 O 25500 1815 1217 0-104 24 264 1095 2

industrial operating conditions such induced
nucleation will not be warranted.

(a) Time and level of total evaporation

The time required for the complete evaporation
of the drop can be obtained from equation (26),
where Q is independently calculated from the
initial volume of the drop and the latent heat of
vaporization. Thus, for Q = Qmax:

(Qmax)l/n
ly ™ C

(29)

Direct visual determination of the end of the
evaporation from the films closely agree with
the values obtained from equation (29).

The height required for total evaporation can
be determined either by equation (28) where
t = ty, or by direct observation.

The results shown in Figs. 12 and 13 clearly
indicate that the maximum evaporation time
and level decrease with increasing temperature
difference and vice versa, with the co-ordinates
as the asymptotic values. The accuracy of these
plots is estimated at +10 per cent.

The values obtained for the various systems
(butane/sea water, pentane/distilled water and
pentane/sea water) are quite similar. Quite

different results (not included here) were obtained
with butane/distilled water system. This is most
probably due to the freezing of the water layer
adjoining the subcooled (below 0°C) butane
drops.

T T I

© ———— J*=33-3.7mm-pentane/distilled w.
L d"® =3-8-39 mm-pentane/sea water 7|
® —-— - ¢*=34-38mm-butane/sea water
A — ——— ¢°®=|'9-2.0mm-pentane/sea water
2.5 |- .
3 20
2
-
T 5
0
o5

— AT,

F1G. 12. End of evaporation time vs. AT.
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I ! I

o d*=33-37 mm-pentane/distilled w.

60 o A ------- d°=38-39mm- pentane/sea water.
® —--— d*=34-38 mm-butane/sea water

o & —— d®=1-9-2-0 mm - pentane/sea water

50 -

—* 47, degC

F1G. 13. End of evaporation height vs. AT,

(b) Drop velocity
The velocity of the rising evaporating drop
increases with vapour phase growth. The
instantaneous velocity, U, as a function of the
evaporation ratio may be obtained by differ-
entiating equation (28):
dH

—_—— = pal
U ar Bpt

and since the evaporation ratio ¢ is given by:

(30)

1283
substitution of (31) in (30) yields:
p-1/n
U= Bp (f—ggi?i‘) (32

The dependence of the velocity on the vaporiza-
tion ratio, based on the average of all runs, is
given in Fig. 14, The accuracy of these data is
estimated as -+4-10 per cent. The dependence of
the average velocity on the temperature differ-
ence is illustrated in Fig. 15, where the arithmetic
mean of the velocities of drops with 1 and 100
per cent evaporation was taken. These averages
were also used in the subsequent heat-transfer
calculations. It is seen that the temperature
effect on the average velocity is relatively small.
This may probably be explained by the fact
that the vapour phase growth is “slow” enough
to allow for a quasi-equilibrium between drag
forces and buoyancy. With smaller drops,
however, where the rate of growth is much
faster (resembling an explosion to the naked eye)
the velocity was found to decrease slightly with
increase of AT.

(c) Heat-transfer coefficient related to initial
drop diameter
The heat-transfer coefficient per unit area of
initial liquid drop is defined as:

¢ G Q Cin+ Qo Ctv 31 e q 33)
G Qmax Qmax - Qmax m A* T
| H I
500 — d*®=3-3-3:7mm - pentane/distilled water =
------- d°=38-39 mm-pentane/sea water
400 i~ —~—— g*=34-38 mm- butane/sea water -
_ —— —— ¢ *=9-2:0 mm - penfane/sea water
"
E 300+ .
£
>
1 1 1
100 (o3} | 10 100
— £ (%)

FiG. 14. Velocity of evaporating drop vs. £.
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vs. AT.
greater, the lower AT. Also, the true temperature
and given by: difference decreases as the drop rises. Thus, t.he
average used here is not truly representative
B Omax m cal since it yields lower apparent “AT’s” which,
™ A¥*AT |mm2 s degC when introduced in equation (34), yields higher
values of /).
3600C21 keal m .
= || (34 Comparison of the coefficients for heat trans-
ATA m? h degC fer from drops with and without change of phase

where A* is the area of the initial liquid drop.
Though somewhat artificial, the definition per-
mits practical use of this coefficient, since the
initial drop diameter is usually known and/or
can be determined in advance [13, 14].

Figure 16 illustrates that in the range of 3° to
15°C the heat-transfer coefficient #;, is almost
independent of the temperature difference. The
sharp increase of hj;, with the temperature
difference below 3°C should be considered with
reservations, due to the limited accuracy of the
measurements in this range. Note that AT is
defined as the difference between the average
temperatures of the water and the liquid drop,
where the average of the column top and bottom
boiling points was taken as the temperature of
the drop. The effect of the hydrostatic head is

indicate the advantages of utilizing the former
for heat-transfer operations. While for non-
evaporating drops the coefficient is about
300 kcal/m2h degC, the values for the same
initial drop diameter (3-5 mm) obtained in the
present investigation are about 20000 kcal/m?
h degC.

(d) Instantaneous heat-transfer coefficient re-
lated to actual drop area
Although not conveniently applicable for
design purposes, the transfer coefficient as
defined below allows for better description and
understanding of the physical phenomenon and
lends itself to theoretical analysis. By definition:

(3%)
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where A is the envelope area of the “drop” at
any instant. Substituting in (35) the derivative
of equation (26) for ¢, the area from equation
(27) and time from equation (31) we have:

h:

Qmax n-1/n
3600nC( i ) fnsim
ATAO K Qmax m/n /
A0 ( c ) il

(36)

The dependence of # on ¢, the vaporization
ratio, is illustrated in Fig. 17 for various tempera-
ture differences and drop diameters. It can be
seen that the heat-transfer coefficient increases
rapidly up to about 3-5 per cent evaporation,
reaching its maximum value, and then decreases
gradually. The curves in Fig. 17 actually repre-
sent the average values obtained from several
runs under identical operating conditions, as
calculated from Tables 1-4. It is estimated that
for the 3-54-0 mm drop diameter the accuracy
of the data is approximately +15 per cent,
whereas for the smaller drop (~2 mm) it is
approximately 420 per cent.
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2000

1000

5001 (qg) 33-3-7mm pentane drops in ]
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| I | | | |
05 | 25 5 10 25 50 100
__’f
h 2888 - T P | i I
3000 — AT=2 AT=5 _
2000 |-
1000
500 — (b) 3-8-39 mm pentane drops in |
sea water
| | | i | I
o8 | 25 5 10 25 50 100

weight percent vapour —m £
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DISCUSSION

It is assumed that the temperature at the
vapour-liquid interphase inside the drop is that
of the boiling point corresponding to the proper
vapour pressure. As the liquid layer at the
bottom of the drop becomes thinner, the main
portion of heat penetrates through this layer,
whose resistance is very much less than that of
the vapour phase. Thus, the sharp increase of A
in the first stages of evaporation (up to about
3-5 per cent) corresponds to the decrease in
thickness of the volatile liquid, i.e. of the internal
resistance to heat transfer. The maximum heat-
transfer coefficient is obtained when the liquid
layer is thin enough and the internal resistance
to transfer negligible compared with its external
counterpart. This occurs between 3 to 10 per
cent evaporation, depending on operating con-
ditions. The moderate decrease in the transfer
coefficient beyond this maximum may correspond
to the gradual reduction in the relative liquid
area. Unfortunately, this process can only be
observed at the beginning (up to about 10 per
cent), since at higher vapour ratios the liquid
layer is so thin as to become invisible. However,
it is logical to assume that the reduction in

5 5900
4000
1 3000 [~

2000

1000

5001 (¢)34- 38 mm butane drops in
sea water
| | 1 | ] ]
o5 | 25 5 10 25 50 100
—g
8000
# 6000
f 4000
3000
2000
1000 |- _
(d) 19-2-:0 mm pentane drops in
500 - sea water
] | | 1 | I
05 | 25 5 [o] 25 &1 100

weight per cent vapour — ¢

Fic. 17. Overall instantaneous heat-transfer coefficients (% in kcal/m? h degC).
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relative area continues within the invisible
region as well,

These ideas are associated with the mathe-
matical model of the evaporating drop, where
the volatile liquid is assumed isothermal and of
negligible internal resistance and the vapour
resistance infinite. Thus, assumption of a con-
stant temperature, 7Ty, in the volatile liquid is
more valid the thinner the layer. Obviously,
comparison between the theoretical model and
experiment can presently be attempted only in
the 3 to 10 per cent range, where the volatile
layer is thin enough to justify neglect of the
internal resistance, yet still sufficiently visible to
permit measurement.

Table 5 presents the calculated opening angles
of the liquid phase (¢ = 360 — 28) based on the
theory developed [equation (25)] and using the
experimental values for the Nusselt numbers
from the A vs. £ curves (Fig. 17). It is important
to note that the opening angle 28, as seen in the
ciné-camera pictures, is about 180° at 1 per cent
evaporation and increases up to about 270° in the

S. SIDEMAN and Y. TAITEL

3 to 10 per cent range (Fig. 18). Although no
visual observation is possible above that range,
it is assumed that reduction of the angle above
the observed range is quite moderate, corre-
sponding to the gradual decrease of the heat-
transfer coefficient. Thus, at first approximation,
good maximum values may be obtained, if the
angle is taken at 135°,

It is evident from Fig. 4 that the local heat-
transfer coefficient 4, is infinite at # =8,
decreasing rapidly at first with increasing 8 and
then moderately to zero as - 180°. This is as
expected, since the temperature gradient at
# = B tends to infinity. However, since this
effect is limited to a narrow region of 8  §, the
average heat-transfer coefficient (per unit total
area of the drop) is only slightly affected by this
singularity. Obviously, the higher the opening
angle, the lower the average heat-transfer
coefficient (Fig. 5).

A number of assumptions and simplifications
leading to the analytical solution call for further
elucidation and discussion.

Table 5. Calculated values of the opening angle

No. System Initial drop Temp. Evaporation Heat-transfer Equivalent
diameter drop ratio coefficient diameter
D* AT ¢ h D~ i/(l’i g) D*
P
(mm) (degC) (%) (kcal/m?h degC) (mm)
1 Pentane—distilled water 36 6 10 1550 9.8
2 Pentane-sea water 39 5 10 1950 106
3 Pentane-sea water 20 7 3 3100 3-7
4 Butane-sea water 36 7 5 1300 79
No. Nusselt Drop Peclet Calculated Calculated
number velocity number
Nu U Pe = ub Nuj+/(Pe) B e (= 360 — 2B)
a
(mmy/s) )
T 2. 254 16400 022 140 80
2 383 259 18100 0-285 134 92
3 213 225 5500 0-287 134 92
4 216 248 15000 0177 145 70
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(a) The smaller the drop, the better the
assumption of spherical shape. However, with
larger drops, above 2 mm in initial diameter, the
drop is actually a spheroid and the assumption
only yields an approximate result.

(b) Neglect of the drop growth rate compared
with its relative velocity in the continuous medium
permits steady-state treatment of the problem.
Although this situation is approached at small
temperature gradients, this assumption confines
the treatment to stage-wise situations. It permits
determination of the transfer coefficient at any
moment, but on the other hand is time-
independent.

(¢) The relatively low thermal diffusivity and
heat-transfer coefficient in the gas phase justify
assumption of infinite resistance at the exposed
vapour phase surface.

(d) Assumption of potential flow around the
sphere (which, incidentally, is physically iden-
tical with Higbie’s penetration theory) gives
better results the higher the Reynolds number
and the ratio of the viscosities of the continuous
and drop phases. Ruckenstein [15] recently
used this very assumption in his calculation of
heat-transfer coefficients around a vapour bubble
and reported good agreement with experi-
mental results. Similarly, results within 20 per
cent of the experimental ones were reported [16]
for heat transfer to liquid drops of lower vis-
cosities. Considering that the Reynolds numbers
actually dealt with here are above 1000 and the
viscosity ratio of liquid systems of practical
interest (i.e. water-butane) is about 7, the
potential flow assumption is reasonably accurate.

In spite of the limitations mentioned above,
the analytical solution proposed here permits
good approximation of the actual average heat-
transfer coefficients. Good results may be
obtained when B is taken as a characteristic
opening angle including correction factors for
all the assumptions and simplifications involved
in the analytical treatment. Based on our experi-
ments with four systems (butane, pentane, sea
and distilled water), it is suggested that B be
taken as 135° to obtain the maximum heat-
transfer coefficients. The effect of the temperature
difference on the transfer coefficient is generally
small (Fig. 16) and the variation may be con-
sidered almost within the range of experimental
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error. This independence is consistent with
equation (12) or any other theoretical derivation
for forced convection. The sharp increase in the
coefficient at lower AT is, most probably, due
to the increasing effect of the hydrostatic head
on the temperature difference.

CONCLUSIONS

The photographic study of volatile liquid
drops evaporating in an immiscible liquid
medium elucidated the transfer characteristics
and permitted the determination of some basic
information regarding this unique heat-transfer
process. In general, it was found that:

(a) The time and level of total drop evapora-
tion are inversely proportional to the tempera-
ture difference between the dispersed and
continuous media.

(b) The rising velocity of the “drop” is pro-
portional to the evaporation ratio, increasing
moderately above 1 per cent evaporation. The
average velocity in this range is about 25 cm/s for
D* = 3-7mm and 22 cm/s for D* =2-0 mm. The
velocities of non-evaporatingdrops of correspond-
ing diameters are 17-5 and 13 cm/s respectively.

(¢) The heat-transfer coefficient related to the
initial drop diameter D* is about 20 000 kcal/m?
h degC for D* = 3-5-4-0 mm and approaches
35000 kcal/m?2hdegC for D* =2-0. The
corresponding coefficient for non-evaporating
drops is about 300 kcal/m? h degC.

(d) The instantaneous heat-transfer coefficient
related to the actual area of the rising “drop”
increases sharply with the vaporization ratio up
to 3-10 per cent (depending on system and con-
ditions) and then decreases quite moderately
until evaporation is complete. The orders of
magnitude of the coefficients are 1000-2000
kcal/m2 h degC for D* = 3-5 mm and 2500-
3500 kcal/m? h degC for D* = 2:0 mm.

() The dependence of the heat-transfer
coefficients on the temperature difference in the
4-15°C range is very weak. Below this range a
marked increase in the coefficient is noted.

(f) Only small differences were found between
the systems butane/sea water, pentane/distilled
water and pentane/sea water. The butane/dis-
tilled water system indicated quite a different
behaviour, probably due to the formation of ice
around the cold butane drop.
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(g) Nucleation and onset of evaporation are
faster the larger the drops; they are better in sea
water (compared with distilled water) and in the
presence of impurities, small gas bubbles and
mechanical mixing.

(h) The analytical solution obtained permits
determination of the average heat-transfer
coefficient as a function of the opening angle of
the vapour phase and the Peclet number. It is
in satisfactory agreement with the experiment
and allows for better understanding of the
phenomenon. It is suggested that with 8 = 135°,
good approximation of the maximum heat-
transfer coefficient may be obtained.

The work reported herein constitutes the first
reported detailed study of this unique process
of heat transfer. Nevertheless, the results
obtained so far strongly favour its practical
utilization.
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Résumé—Les caractéristiques de transport de gouttes de liquide volatil qui s’évaporent tout en
selevant dans une colonne d’un autre liquide non miscible sont présentées. Une étude de films ciné-
matographiques pris pendant le processus le transporte de chaleur fournit une information concernant
les vitesses et les taux d’evaporation de gouttes de butane et de pentane se vaporisant dans de I’eau de
mer et de Peau distillée. Les coefficients globaux de transport de chaleur rapportés a Paire initiale de
la goutte, et les coefficients instantanés de transport de chaleur rapportés a 'aire actuelle sont pré-
sentés. Ces derniers sont comparés avec une étude analytique de ce probléme qui fournit ’équation:

3cos B —cos3B+2
Kk

0,5

Nu = ( ) PeVs5 = a Pe%5

pour le nombre de Nusselt moyen, ou 28 est I'angle d’ouverture de la phase gazeuse dans la goutte. On

suggeére qu’avec 8 = 135° (@ = 0,27) une bonne approximation des coefficients maximaux de transport
de chaleur peut &tre obtenue.

Zusammenfassung—Es werden die Warmeibertragungseigenschaften von Tropfen einer fliichtigen
Fliissigkeit angegeben, die beim Aufsteigen in einer damit nicht mischbaren Fliissigkeit verdampfen.
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Filmaufnahmen von dem Wirmeiibergangsprozess erbrachten Aufschliisse tiber die Geschwindigkeit
und die Verdampfungsraten von Butan- und Pentantropfen, die in Seewasser und destilliertem Wasser
verdampfen. Der mittlere (gesamte) Wirmeiibergangskoeffizient bezogen auf die anfingliche Ober-
fliche des fliissigen Tropfens und der momentane Wirmeiibergangskoeffizient bezogen auf die
momentane, wirkliche Flache, werden mitgeteilt. Letztere Ergebnisse werden verglichen mit einer
theoretischen Untersuchung dieses Problems, die zu folgender Gleichung fiir die mittlere Nusselt-Zahl
fithrt:

3cos B —cos?B+ 2

m

0,5

Ny = ( ) Pe5 = g Pe%5

wobei 28 der Offnungswinkel der Dampfphase (Blase) im Tropfen ist. Mit 8= 135° (¢ = 0,27) wird ver-
mutlich eine gute Annéherung des maximalen Wirmeiibergangskoeffizienten erreicht.

AnnoTanua—IIpUBOIATCA XapaKTePUCTHKI IIePEH0OCA KANledb JeTy4ell RUIKOCTH, NCIAPAI0-
melicA M0 Mepe IOABeMa B CTONOMKe Apyroil HecMeINMBAalOIIeWcs upkrocTu. Usydyenue
KAHOIJIEHOK, 3aCHATHX B IPOHECcCe TEMmI000MeHa, AaeT CBeJeHHA O CKOPOCTH JBUKEHHA U
MHTEHCHBHOCTH HCIAPEHNA Kameab OyTaHa M NeHTAHA B MOPCKOIl M UCTHIINPOBAHHON BOME.
IIpeacraBieHn cyMMapHEE KOBQEUIMEHTH TeI000MeHa, OTHECeHHEIE K HAYAILHON IIOmAIK
HAIUIM KULKOCTH, I MTHOBeHHEIE KO3(QUIIMEHTH Temnoo0MeHa, OTHECEHHEIE K AeiiCTBHTEN-
BHOU NIOIIATH.

Ilocaeprne cpaBHMBAOTCA ¢ JAHHBIMH AHAIUTHYECKOFO pEINEHHA, KOTOPOe JAeT
YpPaBHeHNe:

— 3
Nu — (3cosB cos3f + 2

0,5
) Pe0s5 = q Pe%5
m

AiA cpepgHero 3HaveHusa xpurepnsa HyccemsTa, roe 28 ects TemecHHU yroidl maposoit gasw B
Kamie. Brckasano npepgnonoxenue, uto opu B = 135° (a = 0,27) moxkHO moxy4uTs XOpoO-
Y0 AnIpOKCHMALMI0 MAKCHMAIBHHIX KO3QPUIMEHTOB TemmooGMeHa,
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