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Abstract — This paper presents a theoretical analysis of the evaporation of a single droplet during its rise
in a column of an immiscible liquid. Governing equations are derived then solved simultaneously
applying a numerical method. Results are presented for two combinations: butane/distilled water and
pentane/distilled water. The model was examined for different initial droplet sizes, temperature
differences, initial velocities and initial temperatures. The predicted results are compared with

experimental results of previous workers.

NOMENCLATURE

drag coefficient;
specific heat [J/kgK];
equivalent spherical diameter of

“bubble-droplet [m];

equivalent spherical diameter of initial
droplet [m];

standard gravitational acceleration [m/s?];
instantaneous heat-transfer coefficient
[J/sm?*K];

heat of vaporization [J/kg];

heat conductivity [J/smK];
unevaporated mass of liquid in the
bubble-droplet [kg];

initial mass of droplet [kg];

vaporization pressure of the dispersed
phase [N/m?]};

mean pressure [N/m?];

pressure far from the bubble-droplet
[N/m?*];

continuous-phase liquid pressure [N/m?];
radius of bubble-droplet [m];
vaporization temperature of the dispersed
phase [°C];

temperature of the continuous phase [°C];
time [s];

rise velocity of bubble-droplet [m/s};
velocity [m/s];

volume [m?];

height [m];

vertical axis;

growth rate [m/s];

temperature difference, AT = T,— T [°C];
Nusselt number, Nu = hD/k;

Reynolds number, Re = pUD/pu;

Prandtl number, Pr = uC,/k;

Peclet number, Pe = Re x Pr;

r,0,y, spherical coordinates.
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Greek symbols

®, velocity potential ;

P, density [kg/m?];

g, interfacial tension [N/m];

i, viscosity [kg/ms];

¢, vaporization ratio, & = 1 —m/my,.
Subscripts

c, continuous phase;

d, droplet;

f, time of complete evaporation;

l, dispersed phase;
0, reference point, t = 0;
v, vapour.

1. INTRODUCTION

DESALINATION of sea water by freezing has some
advantages when compared with other desalination
processes [1,2]. However, this method needs more
understanding to be made economically viable.
Considerable research in this field has been sup-
ported by the Office of Saline Water,t United States
Department of the Interior (e.g. [3,4]). Refrigeration
is carried out by injecting an immiscible-low-boiling-
point refrigerant in water which is contained in a
freezer unit. Evaporation of the injected liquid causes
the other liquid to cool. Among earlier investigations
are those which are reported by Klipstein [5] and by
other workers [6-23].

2. DESCRIPTION OF THE PROBLEM

Consider a single droplet which is injected into
another immiscible liquid. If the droplet is at
saturation temperature corresponding to its pressure
and in the meantime is cooler than the surrounding
medium, the droplet should evaporate. However,
start of evaporation needs the presence of a tiny
nucleus of gas or vapour, otherwise droplet superheat
may occur. Mechanisms of bubble nucleation of
superheated drops in other liquids are discussed by
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Moore et al. {24] and Jarvis et al. [25]. Boiling
modes of superheated drops in an immiscible liquid
are examined by Mori et al. [26,27] using high speed
photography. Nucleation was set by small bubbles of
nitrogen [16], air [3,11,22] or electrically {5, 19].
Depending on the values of interfacial tensions, ie.
continuous phase-droplet; continuous phase-vapour
and surface tension of liquid droplet, the bubble may
be expelled into the surrounding liquid or remain
within the droplet boundary [24]. Gradon and
Selecki [15,21] discuss the importance of the surface
tensions of both liquids, which causes two com-
pletely different mechanisms of evaporation. If the
surface tension of the continuous phase is higher
than the surface tension of the droplet and the
average density of the bubble-droplet is smaller than
the density of the continuous phase, the growing
bubble-droplet will move upwards with vapour
accumulating at the top of the liquid. Thus, the
process starts with a droplet and ends with a bubble.
The problem is completely neither of bubble nor of
droplet nature. But as it is clear from photographic
evidence [6] when 1% of the mass of the droplet is
evaporated, most of the bubble-droplet system is
occupied with vapour. Thus, during most parts of
the evaporation process, the system behaves more
like a bubble than a droplet. Depending on the
initial size of the droplet, the growing bubble-droplet
may have different shapes like a sphere, an ellipsoid
or cap shape.

Evaporation time of a droplet is mainly dependent
on the size of the initial droplet and temperature
difference between the two liquids [6].

Studies on the heat-transfer coefficients to evap-
orating droplets has been done theoretically {e.g. [6,
18, 23]) and experimentally (e.g. [6, 11-14, 16, 23])
by previous workers. Simpson et al. [17] reported
that a droplet oscillated from side to side and this
caused the unevaporated liquid to slosh or swing
from side to side. They based their theory [18] on
this observation and by assuming that the oscillating
liquid butane forms a film on the inside surface of
the bubble. Heat-transfer coefficients may be calcu-
lated from a knowledge of the change of volume of
bubble-droplet system. Determination of the bubble-
droplet volume was done photographically (eg. [6,
11, 16]) and by using a dilatometric method [12, 14,
23]. Prakash et al. [11] mentioned that measurements
of the volume of the bubble-droplet photographically
were only reliable up to 109 evaporation. Dilato-
metric method is reported to be more advantageous
than the photographic method [14].

Rise velocity of the bubble-droplet varies during
the whole process. An increase of velocity after 0.1%
evaporation is reported by Sideman et al. [6]. Simpson
et al.[17] reported a nearly constant velocity of butane
bubble-droplets in water up to a diameter ratio 2.7 and
2.01n brine. Afterwards the velocity increased. Motion
of an evaporating droplet in an immiscible liquid has
been studied theoretically and experimentally by
Selecki et al. [20].

3. THEORETICAL MODEL

3.1. Assumptions

(a) Single bubble-droplet system. (b) The system
boundary is spherical. (c) The surrounding liquid has
a constant temperature throughout, incompressible,
infinite in extent and quiescent. (d) The system
boundary is impermeable to substance but perme-
able to heat. {e) Both liquids are pure. (f) Movement
of the bubble-droplet during its ascent is rectilinear.

3.2. Coordinate system

The coordinate system moves with the bubble-
droplet and its origin is located at the centre of
sphere, Fig. 1. Because of assumption (b), the flow
around the system is axisymmetric and every point
in the field can be specified by r, 8 and t. The
position of the centre of sphere is specified by Z
which is a function of time.

z 2=0

Fic. 1. Coordinate system.

3.3. Governing equations

3.3.1. Momentum equation. Assuming non-viscous
flow, neglecting the viscosity term in the equation of
motion {Navier-Stokes), we get:

p[g—:-(—(v-Vv)]:: —~VP_+pg. (1)

If it is further assumed that the flow around the
system is potential flow, the velocity can be obtained
as:

v= ~Vo 2)

where: ¢ = ¢(r, 0, t).
Applying continuity equation, the velocity poten-
tial must satisfy Laplace equation:

V2 = 0. 3)

Equation (3) can be solved for an expanding and
translating boundary motion separately and super-
position of the two solutions gives the solution for
the simultaneous motions.

Boundary conditions for the expanding boundary
are:

0<0<2n, v,=0
r=R dR

y 4
{0s9<21z, AT @
¥ — 0, v— 0
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Using boundary conditions (4), solution of equa-
tion (3) for an expanding spherical boundary is:
R? R? dR

rodte

For a translating spherical boundary, the bound-
ary conditions are:

é:(r,1) = (5)

at r=R v,=Ucosf
v,= —Usin@ )
r+om v-0

where U is the rise velocity of the system. Using
boundary conditions (6), solution of equation (3) for
a translating spherical boundary is:

3
¢,(r,6,1) = ! UR—ZCOSB. )]
2
Superposition of solutions (5) and (7) yields:
2 1 3
(i)(r()t)—R—(;R+2UR2 cos @ 8)

which is potential flow field around a translating and
expanding spherical boundary in quiscent medium.
Using equation (2) in (1), we get:

o¢
V(_ al+ +p} g. 9)

Using the following boundary conditions:

atr-oc PP,

=0 (10)

where P, is pressure far from the bubble-droplet
and is equal to the hydrostatic pressure at the
bubble-droplet level. Integration of equation (9)
yields:

P.—P

= .

¢ 4 £ " s©
p

U
r” +? (1)

Since the coordinate system is moving [28]:

dd—:= —Ucos@
g—gsinl) (12)
e r ’

At r = R, substituting velocity components v, and
v, in equation (11) and differentiation of equation
(8), we obtain:

P—P, d_zﬁ 3(dR 3UdR s 6
p 4 dt de
dUu u? 9 .,
Rd—cos0+—2—<l—zsm 6). (13)

The mean pressure around the system may be
calculated as:

P(R.1) = LLj(r{;)ﬁ
A

where dA is an element of area on the surface of the

(14)

sphere and integration is performed over the re-
quired area specified by 6. The result is:

P(va)—Psm
P
2
= thf + 3(1‘:) +U?(—4+3cos8+3cos? )

+%U%(I+cos8)+ik%(l+cos0). (15)

When 6 = =, we obtain:

p _ 2 2
P(R,t)-P,_ Rd_R+§<dR) %_.

p de? "2\ de (16)

The condition of the continuity of stress at the
boundary for a growing bubble is [29]:

1 dR
Rdt

where P is the pressure in the bubble-droplet and is
equal to the vaporization pressure of the dispersed-
phase liquid. Thus:

P-Py _pd’R_ 3(dR\?
» Rarta\aw
2% 1 dR U

29 4y .
toRYYMoOR @G T

P- P_— du 17

(18)

Re-arranging equation (18), we obtain:
d*R _P-P, i (dR
dt

dr* ~ pR
20 1 dRrR U
—W pRz ar + . (19)

3.3.2. Equation of motion of bubble-droplet system.
During the motion of a bubble-droplet system, a
force due to the system acceleration and growth, may
be found by integrating equation (13) over the
surface of the sphere:

2x x
F, =J' dnﬁf — P,(R,8,t)R?sinfcos 0 do
=0 u=0
(20)

where F, is the resultant force along the z-axis,
hence:

dU

F,=4%nR%pg — 27tpUR2 —4np R’d . @y

The first term in equation (21) is the buoyancy
force and the last two terms are due to growth and
acceleration of the system respectively.

Using equation (21), the Newtonian law for the
bubble-droplet system can be written as:

dU dR

moo 4 = —moog+§nR’pg—-21erR’—dt
dU =
- 38U T pagp2
4npR i 2pR UCc, (22)

where m,, is the initial mass of the droplet and C, is
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the drag coefficient. Re-arranging equation (22), we
get:
ﬁ - . 1 ( +4 R3
ar - 3\ Moog + 3MR7pg
moo + - PR’

—2mpUR? ‘ii—’: - ngZUZC,,). (23)

3.3.3. Energy equation. Heat transfer to the spheri-
cal system during the interval of time dr is equal to
the heat of evaporation. Hence:

4nR*W(T,—T) = —h,, ‘L’:f (24)
where h is heat-transfer coefficient between the bulk
of the surrounding liquid and the vaporizing layer of
liquid droplet, m is the mass of unevaporated liquid,
T is the boiling temperature of the evaporating
liquid and T, the temperature of the surrounding
liquid.
If h and h,, are considered constant during dt,
differentiation of equation (24) yields:
dr 2 1 h, 1 d’m
@ ~rYTe T)_+4n_h_th
3.3.4. Equation of state. The vapour—pressure re-
lation of the evaporating substance can be used for
the determination of pressure at the existing tem-
perature. We use the following equation [30]:

1
2T

(25)

log,oP = (bo—b,) (26)
where b, and b, can be calculated using the

procedure in [30]. Differentiation of equation (26)

yields:

dP _In10 P (dbo db\ ., dT

@ T?f(rz“dz) (bo ”Z’ﬂ
_f(P T(LT) 27)

3.3.5. Equation of conservation of mass. For a
spherical bubble-droplet system, irrespective of the
detailed geometry within the system.

_4a.p3
m= M’M' (28)
1 — pl_
Pi
Neglecting changes of both p, and p, during dt,
differentiation of equation (28) and a combination
with equation (24) yields:
dR _ pi=p.
dt plpthfg
Also by differentiation of equation (28) twice, we get:

d’m 4rnp,p, (dR ,d?R
@ T e M) e | Y

h(T.—T). (29)

3.4. Set of equations
Summing up, the following set of equations
describes the evaporation of an ascending spherical

bubble-droplet in an immiscible liquid.

dR _ p,—p,
e pmlhf,,h(r T) (29)
az
o=v 31)
d’R _P-P,, _ 3..(%”
de? — pR R \.dl)
20 1 dR U?
R Yo tar )
du I ( s
At~ gy + TmpRY) | ~Mood T37R Py
\
—27erR2(L—If— RZUZC,,) 23)
dr 2 dR 1 h, 1 d'm
ar “r\T ’d—’“r‘h‘ﬁw (25)
dpP
o= ) 27)
and
dzm 47tpbp, (dR 2 d3R
5 Pe| 2R dt>+R o | (30)

3.5. Initial conditions

All the variables in equations (19), {23), (25), (27),
(29), (30) and (31) are functions of time, thus
knowledge of the initial conditions is necessary.
These are:

R0) =
Z(0)=

Z,
dR
ikl =X
(-,d' >:=0 o
Uy

Uo) =
T(0) =
P(0) = P,. |

(32)

3.6. Solution of the governing equations

Equations (19), (23), (25), (27), (29), (30) and (31)
were solved simultaneously by a numerical method
using a CDC 6400 computer machine. The values of
heat-transfer coefficient h, properties of the dispersed
phase (which were written as functions of tempera-
ture), drag coefficient C, (which was written as a
function of Reynolds number) were calculated at the
beginning of each time step dt and were kept
constant during this time.

3.7. Additional information

Additional information was needed for the so-
lution of the governing equations, e.g. instantaneous
heat-transfer coefficient, instantaneous drag coef-
ficient on bubble-droplet system, interfacial tension
between the vapour of the dispersed phase and the
liquid of the continuous phase and the properties of
both the dispersed phase and the continuous phase.
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3.7.1. Properties of the dispersed phase. Published
properties of the dispersed phase such as heat of
vaporization, viscosity, thermal conductivity, den-
sities of vapour and liquid were used. Gallent (e.g.
[31-34]) reported the physical properties of hy-
drocarbons over a wide range of temperature. For
vapour density, a method in reference [35] was used.
The interfacial tension between butane vapour and
water was obtained from [36]:

y = 71.98—2.335P —0.591P? (33)

where 7 is the interfacial tension in dyne/cm and P is
the pressure in atmospheres.

We could not obtain data on the interfacial
tension between the vapour of pentane and liquid
water. However, analytical procedures were used.
For a bubble at a liquid-liquid interface, there are
three interfacial tensions present, namely, o,,, 6,, and
0., Where d, v, c refer to droplet, vapour, continuous
phase respectively. If:

O > Gy, + 0, (34)
the bubble detaches from the droplet. If:

04, > 04, +0,, (35)
the bubble would enter into the drop. If:

Og S Oy.+ 0, (36)
and

Gp € Ogot0y, (37)

the bubble would remain within the droplet boun-
dary [24]. For butane, pentane/water combinations,
only conditions (34) and (37) should be checked
because condition (35) does not exist and condition
(36) is always satisfied. For these combinations,
condition (34) is not present and the bubble is
known not to detach from the system. Therefore,
condition (37) must be satisfied. Photographs of the
three-phase interface show that ¢, could be approxi-
mated to the sum of 6, and o,,. This gives the
maximum value for which the bubble remains
attached to the droplet.

3.7.2. Instantaneous heat-transfer coefficient. The
heat-transfer coefficient in equation (29) is the
instantaneous heat-transfer coefficient. We used the
theoretical model of Sideman ez al. [ 10] which is based
on the instantaneous heat transfer coefficient, i.e.

Nu, = 0272(Pe,)°>. (38)

In [6], the instantaneous heat-transfer coefficients
for pentane/distilled water combination are pre-
sented as functions of percentage evaporation (£) in
the bubble-droplet system:

1

h=a3T @iti

(39)

where a, b, ¢ and d are given for different ex-
perimental conditions.

For butane/water and butane/4%, and 8% sodium
chloride solution combinations, the overall in-

Table 1. Initial and operating conditions and references to Figs. 2-25

Operating
Initial conditions conditions Equation Curve Figure
Substance Case number number number
(D/d)y Z, X, U, T, P, d AT, used for on each
(m) (m/s) (m/s) °C) (N/m?) (m) (°C) calculation figure
x1073 x1072 x1073 of h
Butane 1 2 0.0 610 150 1.0 1072330 1.2 20 38 1 2,3
7.04 200 2
7.87 250 3
8.63 300 4
2 1 0.0 6.40 8.00 0.5 1052330 1.2 20 38 1 4
6.30 8.01 1.0 1072330 2
6.22 8.03 1.5 1092620 3
[38]
3 1 0.0 6.30 8.01 1.0 1072330 12 20 38 1 5-12
25.67 8.17 8.0 2
[38]
4 2 0.0 7.04. 200 1.0 1072330 1.2 20 38 1 13,14
284 8.0 2
5 1.1 0.0 465 16.02 1.0 107233.0 40 20 38 1 23-25
392 [16] 40 2
Pentane 6 1.008 00 425 166 380  108196.0 36 1.6 38 1 19-22
024 [6] 40 2
7 1.07 00 219 16.6 380 108196.0 32 8.0 38 1 15-18
408 [6] 40 2
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stantaneous heat-transfer coefficient is given by
Simpson et al. [18] as:

- 2.57(D/d)"®

o = 1+0.206(D/d)*'1%" (40)

Equation (40) has been obtained using experimen-
tal data for single butane droplets about 3.75 mm dia
and temperature driving force AT, 1.5°C-8.0°C
which gives the value of the heat-transfer coefficient
to within + 18%; up to 90%; evaporation of the liquid
butane.

3.7.3. Drag coefficient. The drag coefficient in
equation (23) is the instantaneous drag coefficient of
a bubble-droplet rising in an immiscible liquid. Due
to lack of data on drag coefficients for a moving
bubble-droplet, we have chosen to use available data
on the motion of gas bubbles in liquids [37].

4. RESULTS

Seven cases are considered for two combinations
—butane/distilled water and pentane/distilled water
respectively (see Table 1).

The importance of initial droplet size, initial
velocity and initial temperature was examined by
solving the set of equations, assuming different values
for each initial condition, while maintaining the
others the same, except for the initial droplet size, in
which the initial velocity was to be changed
accordingly. Initial growth rate was calculated from
equation (29) using heat-transfer coefficient from
equation (38). We found that longer evaporation
time is needed for larger droplets. The final level of
the bubble and the vaporization temperature drop
during the rise of the bubble-droplet is higher for the
larger droplets. It is useful to find the effect of the
initial velocity because of the expected experimental
error often encountered in determining the initial
velocity. The effect is apparent only in the early
stages of evaporation and then the velocities coincide
in the latter stages of evaporation, Fig. 2 (Case 1,
Table 1). Consequently, heat-transfer coefficients are

0.14 1 L | L 1 ! 1 J
0.00 0.08 0.6 0.24 0.32 040 0.48 0.56 0.64

Time, s

F1G. 2. Rise velocity vs time.

different in the early stages. The growth rate values
are smaller for the lower velocities, Fig. 3. It is found
that the effect of the initial velocity on total
evaporation time is insignificant. The total evap-
oration time and the temperature drop during the
bubble-droplet rise is not significantly affected by the
initial droplet temperature, Fig. 4 (Case 2, Table 1).

m/s x 1072

5 o068 |
~
> |
hel
. /\
0.60 |-
0.56 1 1 i 1 1 1 |

000 0.08 0.16 0.24 0.32 0.40 0.48 0.56 0.64

Time, s

F1G. 3. Growth rate vs time.

1.60

°C

\
-
1.00 .
'_» 030["
\

. I 1l 1 1 | | -
0.00 0.08 0.6 0.24 0.32 0.40 0.48 0.56 0.64

0.00
Time, s

FiG. 4. Temperature vs time.

Some results of Case 3 are given in Figs. 5-7
which show the rate of change of diameter ratio,
volume and growth rate vs time respectively.
Equation (38) is used for the determination of heat-
transfer coefficient. As can be seen from equation
(29), the growth rate is directly proportional to the
heat-transfer coefficient. Values of heat-transfer coef-
ficients are shown in Fig. 8.

In equation (38), the heat-transfer coefficient is a
function of Reynolds number and hence the effect of
velocity is apparent. Rise velocity of the bubble-
droplet is shown in Fig. 9. The decrease and then
increase of velocity (Curve 2) caused a decrease and
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m® x 107

Volume ,

0.00

m/s x10°

dr/at,
[+]
&

©.00

then an increase of heat-transfer coefficient, Fig. 8.

i
7000 008 O 0.24 O

i i i 1 i i i i
“To00 008 046 0.24 032 040 0,48 0.36 064

Time, s

F1G. 5. Diameter ratio vs time.

i i L 4.

f J
) 000 008 0.6 0.24 0.32 040 048 036 0.64

Time, s

F1G. 6. Volume vs time.

i 1 b d

32 0.80 0.48 036 0.64

Time , s

FI1G. 7. Growth rate vs time.

The initial decrease of velocity could be due to
higher values of dR/d:t which from equation (23)

causes a

resisting force against the motion of the

523.0 |-
480.0 b~
440.0
=4
»
« 9000
~
€
o« 360.0 &
~
3
. 3200
I
280.0 |-
|
240.0 |-
2
200.6 i i P 1 i i

000 0.20 0.4C 060 0.80 1.00 1.20 (40
Mass of vapour /Mg

F1G. 8. Heat-transfer coefficient vs mass ratio.

0.24 - i
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Uy

¢.00 i ! i 1 I i ] i
004 008 0I2 016 0.20 0.24 0.28 0.32 036

R, mxi0~®

Fi1G. 9. Rise velocity vs radius.

368.00 —

32.00

28.00 |-

1
24.00 |

2
20.00 |
16.00 b=
12,00 |~
8.00 |~

4.00 1 i ] 1 1 ; ]
.00 2000 4000 €0.00 80.00 I00.00 120.00 140.00

Re, x 10

Nug

F1G. 10. Nusselt number vs Reynolds number.

bubble-droplet system. This behaviour does not
occur when AT = 2°C than when AT = 8°C because
of lower values of dR/dt in the former case (Curve 1,
Fig. 7). In Fig. 10, Nusselt number is plotted against
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10720.00

10700.00

10680.00

10660.00

N/mZ%x 10

10640.00
ll-
10620.00

10600.00

10580.00 { - { N J
0.00 0.08 0i6 0.24 0.32 040 048 0.56

Time, s

FiG. 11. Pressure vs time.

°C

T,

0.68
0.00 0.08 0.16 0.24 0.32 040 048 0.56
Time, s

FI1G. 12. Temperature vs time.

6.00

5.50

3.50
3.00

2.50

00 TR B
0.00 008 016 0.24 0.32 0.40 0.48 0.56

\

Time, s

FI1G. 13. Diameter ratio vs time.

Reynolds number. In Figs. 11 and 12, the decrease of
vaporization pressure and temperature are shown vs
time respectively. In Case 4, at t = 0, the diameter
ratio has already reached 2 and the percentage of
evaporation at this stage was 3.3%. Some of the
results for this case are given in Figs. 13 and 14.

Q.36 ’—

0.32 ~

m/s x10™
° ) °
g 32 2
N — |
™

dR/dt,
o
H
T

o
~
T

oosp— |

| 1 1 1
0.04
0.00 0.08 0.16 0.24 0.32 0.40 0.48

Time, s
F1G. 14, Growth rate vs time.

+ +t¢=0745s
Experimental results
6.40 T— Sidemon [6]

4.00

D/d

3.20

2.40

1.60

0.8

ol : ! ! | T B
©0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Time, s

F1G. 15. Diameter ratio vs time.

0.4 L 1 1 T I S R |
017 0.27 0.37 0.47 057 067 077 087 097
R, mx 1072

F1G. 16. Rise velocity vs radius.

For pentane/distilled water combination (Cases 6
and 7, Table 1), heat-transfer coefficients are ob-
tained from equations (38) and (39). Results are
shown in Figs. 15-22. From Figs. 17 and 20 we can
see that up to about 5% evaporation, applying
Sideman’s experimental results showed an increase
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F1G. 17. Heat-transfer coefficient vs mass ratio.
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(Curve 2), while application of his model (Curve 1)
resulted in decreasing the heat-transfer coefficients.
At higher percentage of evaporation, there is a
gradual decrease of heat-transfer coefficients. Higher
values are obtained when AT = 1.6°C (Fig. 20) than
when AT = 8°C (Fig. 17).
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5. DISCUSSION AND COMPARISON OF THE
THEORETICAL RESULTS WITH EXPERIMENT

The governing equations (19), (23), (25), (27), (29),
(30) and (31) describe a growing and accelerating
spherical boundary. Depending on the initial size of
the droplet, the change from spherical shape can
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occur either in the early stages of evaporation or in
later stages. For a pentane droplet 3.5mm dia
evaporating in water, the shape of the bubble-droplet
appeared not to be spherical when about 10%
evaporation is reached [6]. Its equivalent spherical
diameter at this stage is about 10 mm. An air bubble
of 10mm dia rising in water has a spherical cap
shape [39]. A pentane droplet with an initial
diameter of 1.2mm is transformed into a bubble of
about 7mm dia when its liquid content is fully
evaporated. The bubble dimensions are within the
range where the shape changes from oblate spheroid
to spherical cap. Since in the introduced model, the
boundary conditions are those of growing spherical
bubbles and the pressure distribution at the bubble
boundary is integrated over the entire surface of the
sphere, therefore this model is more accurate whén
most of the bubble-droplet system is occupied with
vapour which is expected to happen at about 19
evaporation. Thus, we may conclude that the
spherical assumption can be applied to droplets of
relatively small size (e.g. less than 1.2 mm dia) from
about 1-100% of evaporation and for droplets of
relatively large size (about 3.5mm dia), from about
1-10% evaporation. In this range, the model is
expected to give reasonable results.

Comparison of the theoretical result with experi-
ment are made for Cases 5, 6 and 7 (Table 1). Heat-
transfer coefficient for Case 5 is obtained from
equations (38) and (40) and for Cases 6 and 7, from
equations (38) and (39). Experimental results for
Case 5 (butane/water combination) are given in [16]
[Table 1(g)] and for Cases 6 and 7 (pentane/distilled
water combination) in [6] (Table 1, Runs 1 and 14
respectively).

From Fig. 19 for a pentane drop 3.6 mm dia and a
temperature difference AT = 1.6°C, the total evap-
oration time obtained by Sideman [6] is 2.05s. The
time predicted by the present model is 2.15s (when
the heat-transfer coefficient is obtained from
Sideman’s theoretical model) and 1.83s (when heat-
transfer coefficient is obtained from his experimental
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correlation). From Fig. 21, the height for complete
evaporation as obtained experimentally by Sideman
[6] is 0.461 m, while the height as predicted by the
present model is 0.413 and 0.514 m respectively. For
AT = 8°C, comparisons are made in Figs. 15 and 18.

Figures 15-21 show that when AT =1.6°C, the
results of application of the theoretical model and
experimental results of Sideman to the present model
agree better than when AT = 8°C.

The results for Case 5 (Figs. 23-25) show that the
trend of the curves predicted by this model is correct
but the predicted total evaporation time is shorter
than the time obtained experimentally.

CONCLUSIONS

A theoretical model of an evaporating droplet in
an immiscible liquid was presented. This model
predicts the variation of bubble-droplet radius,
height, velocity, temperature and pressure against
time. Consequently, the total evaporation time and
the travelled distance for the complete evaporation
are obtained. A comparison between the results
predicted by the model and the available experimen-
tal data shows good agreement.
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In the considered range, the results show that the
initial velocity and initial temperature are not
decisive factors.

Results obtained using Sideman’s theoretical
model showed rather high values of heat-transfer
coefficients at the early stages of evaporation.
However, Sideman’s model can be used in con-
junction with this model for the study of parameters
involved.
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ETUDE THEORIQUE DE GOUTTES EN EVAPORATION DANS
UN LIQUIDE NON MISCIBLE

Résumé—On présente une étude théorique de I'évaporation d'une goutte unique pendant son ascention

dans un liquide non miscible. Les équations génériques sont établies puis résolues simultanément en

utilisant une méthode numérique. Des résultats sont présentés pour deux combinaisons: butane/eau

distillée et pentane/eau distiliée. Le modele est examiné pour différentes tailles initiales de gouttes,

différents écarts de température et différentes vitesses et températures initiales. Les calculs sont comparés
aux résultats expérimentaux antérieurs.

EINE THEORETISCHE UNTERSUCHUNG ZUR VERDAMPFUNG VON
TROPFEN IN EINER NICHT MISCHBAREN FLUSSIGKEIT

Zasammenfassung—Diese Arbeit ist eine theoretische Untersuchung iiber die Verdampfung eines

einzelnen Tropfens, wahrend er in einer nicht mischbaren Flissigkeitssdule aufsteigt. Die den Vorgang

bestimmenden Gleichungen werden abgeleitet und mit einer numerischen Methode simultan geldst.

Ergebnisse werden fiir zwei Kombinationen angegeben: Butan/destilliertes Wasser und Pentan/destil-

liertes Wasser. Das Modell wurde erprobt fiir verschiedene Anfangs-TropfengroBen, Temperaturdifferen-

zen, Anfangsgeschwindigkeiten und Anfangstemperaturen. Die errechneten Ergebnisse werden mit den
experimentellen Resultaten fritherer Autoren verglichen.

TEOPETUYECKHUA AHAJIN3 UCTIAPEHNS KATEJb B HECMEUWHWBAIOWENCS
XUAKOCTH

AmsoTammn — B cTaThe NPEACTaB/IeH TEOPETHYECKHH AHAMHI NPOLECCa MCMAPeHMs CAHHHYHON KanjH
BO Bpems eé NoaHaTHs B cTon0e HecMelwuBalowencs XHAKOCTH. TTonydeHHble ypaBHEHHS pellicHb
YHCNCHHBIM METOAOM. PesyabTaThl npeacTasnetsl A ABYX COYETAHMH cpea: OyTaH-AUCTHWINHPOBAH-
Has BOJA M MMCHTaH-OHCTHIMPOBaHHAs Boaa. Moaesb HCCnenoBanach MPH PA3NTHYHBIX HAYaNbLHBIX
pasMepax kanenb, Pa3HOCTAX TEMNEpaTyp, HasaibHbIX CKOPOCTAX M HAua/bHBIX TEMNEPaTypax.
PesynsTaThl pacuéToB CONMOCTABAEHB! C IKCIEPHMEHTANBbHBIMH NAHHBIMH JPYrHX aBTOPOB.



