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Mstrb-The transfer efticiency of spray columns and other three phase exchangers, in which volatile 
matter evaporates (or condenses) while submerged in the non-volatile phase, is adversely affected by the 
hydrostatic bead. This undesirable eff’ on the temperature driving force may be overcome by utilizing 
systems in wbicb the evaporating matter is allowed to float on an immiscible non-volatile liquid. This 
work is a first attempt to test the practicality of such an exchanger. Lower bound values of the beat-transfer 
coefftcients are obtained from a quasi-steady state solution for an evaporating lens-shaped drop placed 
on a semi-i&mite stagnant liquid medium. 

Experimental work confirms the theoretical prediction that the rate of change of the radius of the lens 
with time is a AT dependent constant. However, the measured evaporation rates, benoe the transfer co- 
efIicients, are found larger than those calculated. This is taken as au indication that interfacial convection 
plays an jrnpo~~t role in processes of tbis type even at tow temperature driving forces. The experimental 
transfer coeff~~en~ obtained in this work, compare favo~bly with those reported in the literature for 

narration of volatile liquids in disperions. 

area of contact, equation (30); 
constant, equations (20), (27); 
coefficient in the expansion (8); 
exponent, equation (20) ; 
coefficient in the expansion (9) ; 
ins~~eous diameter of lens ; 
initial diameter of lens ; 
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~tant~eo~ heat-transfw co- 
efficient, theoretical ; 
instantaneous heat-transfer coeffici- 
ent, experimental [Cal/s “C cm21 ; 
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time averaged heat-transfer coefficient 
[Cal/s “C cm*] ; 
time averaged heat-transfer coefftci- 
ent, experimental [calls “C cm21 ; 
ditto, related to initial area of spherical 
drop [Cal/s “C cm2 J ; 
coefftcient of thermal. conductivity 
[cal/s “C cmJ ; 
latent heat, volumetric [Cal/s “C cm] ; 
thickne~ of lens [mm] ; 
slope of (dR/dt) vs. AT curve obtained 
from experiment ; 
slope of (dR/dt) vs. AT curve obtained 
theoretically ; 
running index ; integer ; 
Nusselt number, = 2Rh/k; 
Nusselt number, time averaged 
= 2Rilifk; 
Legendre polyno~~ of the fast kind 
of degree n and argument ~;t ; 
local heat flux ; 
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Legend= potynomial of the second 
kind of degree n and ~g~ment iv ; 
radiaf coordinate ; 
inst~t~eous radius (of lens or film); 
initial radius (or lens or film) [cm] ; 
spreading coefficient for saturated 
system [dyn/cm] ; 
time variable [sJ ; 
time of evaporation of 95 per cent 
of the initial volume; 
temperature f”C] ; 
bulk tem~rature PC] ; 
tem~ratur~ of volatile film PC] ; 
undisturbed temperature field at in- 
finity ; 
volume of drop or film [cm”] ; 
axial coordinate. 

Greek Ietters 

& ratio of eo~d~ctivities ; 

Cd v, ellipsoidal coordinates, Fig. 2 ; 

5 value of { at the pentane-water 
interface ; 

i? 

polar angle ; 

0: 

ellipsoidal coordinate; 
value of Y at the pentane--water 
interface ; 

PY fluid density [g/cm”] ; 

6, surface tension ; 

v, I*t, transfo~ation variables. 

Subscripts 

6 bulk ; 

G experimentaf ; 

4 initial radius, diameter or area ; 

P* pentane ; 

$2 spherical ; 

w water ; 

=b infinity. 

recently stirn~at~ research in the fieId of direct 
contact heat transfer with change of phase This 
relatively new mode ofheat transfer is ~a~icul~ly 
premising for processes in which the tempera- 
ture driving forces are very small and/or heat 
recovery is of paramount economic importance. 
An efficient multiphaseexchanger utilizing latent, 
rather than sensible, heat transfer is abviously 
the ultimate goal of these studies. 

Previous work on three-phase exchangers and 
freezers utilizing a secondary refrigerant [I] 
is based on ~va~o~tion of the volatile liquid 
while in dispersion in the continuous immiscible 
liquid phase. This mode of operation is aimed 
at large interfacial contact areas per unit 
equipment volume, However, detailed studies 
of the mechanism of heat transfer in single and 
multi-drop systems [2-4] showed that the 
transfer efliciency is negatively affected by the 
hydrostatic head. A water head of some 50 cm 
elects an increase of the boiling point by roughly 
1°C. It therefore reduces the efGective driving 
force by the same amount. This, of course, is 
pa~icularly pronounced at low tem~rature 
driving forces (14°C) which are presently of 

practical importance. 
Evaporation of drops in shallow layers of the 

continuous immiscible liquid will clearly over- 
come the limitation imposed by the hydro- 
static head. However, only partial evaporation 
will occur under these conditions and the 
unevaporated liquid will then form a finite 
film on the surface of the immiscible liquid. 
These ftlms may remain discrete (as lens of 
finite-size films) or else coalesce and form a 
continuous film over the surface. A basic study 
of evaporation of such films is, therefore, called 
for. By utilizing films rather than, or in conjecture 
with, dispersions, a better and more efficient 
multiphase exchanger is anticipated. 

In this preliminary research the authors 
study experimentally and theoretically a lens, 
or a f&n, floating on a large expanse ofi~iscible 
liquid. The purpose of this work is to compare 
the measured vafues of the overah eat-transfer 
rate with ~eor~ti~ estimations oft&s quantity. 



H.M. 

FIG. 1. Isopentane lens on water. 
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In the experimental set-up and in the analysis 
the evaporation is controlled by the heat trans- 
fer_ This is insured by Ietting the volatile film 
evaporate into a confined, practicahy ~turat~, 
atmosphere. (The newly generated vapors are 
sucked out of the system by keeping the con- 
denser at a somewhat lower pressure.) The 
exposed surface is thus maintained at the corre- 
sponding boiling tem~rature. The preva~i~ 
temperatures and temperature gradients are 
low so that radiation effects are negligible. It is 
further assumed that the interface and the lilms 
are stable (see Fig. 1). 

A rough c~cuIat~on of the heat-transfer rate 
is carried out assuming that the iens is rotation- 
ally symmetric and ellipsoidal. First, a gene& 
expression for the steady temperature distribu- 
tion in the convection-free two phase system is 
constructed. It contains a parameter @, the 
ratio of the ~~~d~~j~~~ of&e pentane to that of 
water. It is then shown that for the a~ropr~~t~ 
ellipsoidal ales-ratio the temperature distri- 
bution in the lens is essentially uniform unless p 
is o(10T3) or smaller, For the pentane-water 
system p is about i so that the temperature drop 
through the volatile liquid is negligible. Un- 
fortunately, this analysis does not take into 
account convection currents due to cooling on 
top which tend to increase the transfer in the 
non-volatile liquid. However, it is unlikely that 
the increase in the transfer due to that e&ct 
would be ~ui~~ent tu I~-fold increase in the 
conductivity of the non volatile liquid. Indeed 
the correlation with the experimental results 
suggests that the mathematical model yields 
total transfer rates which can serve as a meanline;- 
ful lower bounds to those me&sured. The transfer 
rates are calculated by ~t~p~t~g the solution 
for the temperatures distribution as a quasi- 
steady one, Accordingly the transfer at any ia- 
stant is assumed to be unaffected by the caa- 
traction of the lens. 

~A~~A~~~ Ai%kLYW 

As explained, solution is obtained for the 
steady temperature distribution T in the purely 

conductive two phase system shown in Fig. 2. 
In view of the assumed geometry of the lens 
ablate s~~~~oid~ co-ordinates are us here. 
These are related to the cylindrical c~rdi~ates 
(r, 0, z) in the following marmer 

T = Rcoshtcoshq z = Rsinh<sinq 6 = [. 

(I) 

In terms of these the diagonal corn~n~~ts of 
the metric tensor are 

h; = h,Z zx R”(cosh’ 5 - cos’ Y/) 

h; = R2 cash2 5 cos’ ?j. (2) 

The ~terfa~ is defined by 

~=&-?r/2*c:?@X 

A solution for T is sought which satisfies 

0 = V2Tl= R;‘(cosh2 5 - co8 $- 1 

(3) 

in each phase and for which the temperature aud 
the heat-flux are c0nGnuou.s across the interface. 

FIG, 2. Schematic presenthzm of coorditwtes. 

The boundary conditions for the problem are 
T = To 5 = P, 0 +c rl < 4, (4) 

T --, T, 5-+c13, -n/2 < ?j CO, (5’) 

~~~~~ = 0 e > &, g =ff, (6) 

Condition (5) is in Iine with the assumptions 
made in the Introduction. Tm is the temperature 
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of the non-volatile liquid. Equation (6) implies 
that no heat transfer takes place between this 
liquid and the adjacent atmosphere. 

It can be easily shown that the method of 
separation of variables yields solutions in terms 
of Legendre Polynomials P,, and related func- 
tions Q.. The general solution for T in each 
phase is 

m 

T = T, + (To - T-J c A P&v) 
- P”(P) n P”( i0) 

n=O 

v < 0, -l<p<l (8) 

T = T, + (To - T,) 
c 

Q&4 - hk Q2ktiOl p2kb) 

k=O 

where 
0 < v, -l</.<O (9) 

p = sin q v = sinh 5 V = sinh t. (10) 

In view of the condition (6) the second expansion 
includes only even terms. The dependence on v 
is given by Qzk for the outer domain so as to 
satisfy condition (5). The functions Q, do not 
appear in equation (8) because these give rise 
to a di~ontinuous derivative along v = 0. 

By matching the two expressions for the 
temperature and the flux at the interface one 
gets equalities between two infinite series. Since 
within the range - 1 < p < 0 the P,, constitutes 
a complete orthogonal series these two require- 
ments reduce to [S, 61. 

~~o(~~P2~+lP2jdll)A2nt~ 

+ ( 7 Pfj dp) (A2j - B2j) = 0 
-1 

(llj) 

Since P,, have the same properties in the range 
0 < p < 1 equation (4) reduces to 

= ajo (13j) 

where 6ij is Kroneker delta. By setting equations 
(llj), (12j) and (13j) for j = 0, 1, 2, . . .,a(i - 1) 
one can solve for A,, A,, . . . , A2j _ r, B,, B,, 
. . .) E2j-2, assuming that all other coeficients 
vanish. Since the series (8) and (9) converge the 
truncation error can be diminished by increasing 

~P~CA~ON OF THE MODEL 

Though this analysis holds for any value of @ 
and ellipsoidal axes ratio V( 1 + V2)-*, attention 
is now focused on the case in which V is extremely 
small. By combining linearly equations (1 lj) 
(12j) one can eliminate Bzj and get: 

~~o{BP;~+I(iD)/P2m+I(iV) - Q&(W/Q#9) 

X 

- 

The 

( 4, P2, + lP2j d/d AZ, + 1 + ~~~~i~)/Pl~(iV) 

~~(iV)/Qi~~V)~ ( _y, Gj d/l) A2j = 0. Wj) 

multipliers in curly brackets contain the 
terms ,!?Pk(iV)/Pn(iV) which are of 0(/?/V) for 
n # 0. It therefore follows from equation (14j) 
that the coefficients A,,, 1 are smaller from A, 
by a factor of 0(0/p). Consequently, in view 
of equations (13,) and (11,) one gets the result 

A, = 1 -t 0(0/j?) B. = 1 + 0(0//3). (15) 

Since V is o(1O-2) the last two relationships are 
taken to be sufficiently accurate. 

Under the assumption of quasi-steady state, 
the instantaneous heat flux required to maintain 
the evaporation is 

9 = k[h; ‘(e?T,Gt)],,~. (16) 

Using equations (8) and (16) and choosing the 
logarithmic branch in the expression for Q. 
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so that the following holds For b = 2, equation (19) reduces to 

Q&V) = -x/2 + O(V) 

one finds that the heat transfer over the entire 
interface, Q, is given by 

Q = k 1 ffr [h; ‘(cTT/iTt)] h,h, d?j d[ = 

- 4kR(T, - T,) + O(V). (17) 

The error involved in equation (17) is negligible. 
Equation (17) is identical with the solution 
obtained [7] for heating a semi-infinite body by 
a constant temperature disk like heat source, 
using the discontinuous properties of a Bessel 
function integral, which happen to satisfy the 
required boundary condition. 

dR/dt = -(2k/aL)(T, - To) (22) 

indicating that for extended masses the radius 
contracts uniformly with time. 

Finally, it is interesting to note that the 
instantaneous heat-transfer coefficient h (related 
to the instantaneous area) is equal to 

and the Nusselt number is given by 

The instantaneous heat-transfer rate associ- 
ated with the continuous contraction of the 
volume V of the extended volatile mass is given 

by Q = L(dV/dt) (18) 

where L is the volumetric latent heat of evapora- 
tion of the volatile lighter fluid. The combi- 
nation of equations (17) and (18) yields : 

Nu = 2Rh/k = 811~ = 2.54. (24) 

The last relationship indicates that for a con- 
tinuously replenished film, the lower bound 
Nu number is constant. Its value is higher than 
the value of 20 calculated for diffusion from a 
stagnant sphere. 

The heat-transfer coefficient, h, averaged over 
2, the time of evaporation of 95 per cent of the 
initial volume (or about 90 per cent of the 
initial radius Ri) is given by 

(dV/dt) = - 4kR( T, - T&L. (19) 

Obviously, the quantities V and R are inter- 
dependent and can be related quite generally by 

. _ 
f 

h = f s O:lR{ 

h(t) dt = - & 
i 

$dR 

0 

V = akb 2<b<3 (20) 

where a is a constant, dependent on the value of 
b. The upper limit b = 3 corresponds to the 
case where the average thickness of the liquid 
lens is proportional to the radius, as in a spherical 
drop, for instance. The lower limit b = 2 corre- 
sponds to a process in which the average thick- 
ness of the liquid film or lens remains constant 
throughout. Evidently, the latter condition 
is appropriate for extended films, whereas the 
former may probably be applicable to a very 
small lens (at the end of the process). For b = 3, 
equation (19) reduces to 

= 3*26k/R, (25) 

since (dR/dt) = constant. The time averaged 
Nusselt number, related to the initial radius, is 

Nu = 2Ritilk = 6.51. (26) 

(If li is calculated for the time corresponding to 
the evaporation of 99 per cent Ri, then 
h = 18.4 k/nR, and Nu = 36*8/x.) 

EXPERIMENTAL 

Isopentane and distilled water were chosen 
for this study. This system allows for convenient 
work and is closely related to the foreseen 
practical systems [2, 43. Schematic diagram 
of the apparatus is presented in Fig. 3(a). 

d(lrR2)/dt = - (2k/L) (T, - To) (21) 

implying that for a given temperature driving 
force the rate of area change will be constant. 

The evaporation chamber, Fig. 3(b), was a 
square 12.5 x 12.5 cm, 30 cm high, hermetically 
sealed at the top and bottom by Perspex 
sheets. The water height inside was 23 cm, leaving 

(23) 
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a vapor volume of approximately one litre. magnetic stirrer. The interface could be re- 
The water was kept at a constant temperature, juvenated by means of a variable height over- 
by means of an immersed electric heater, con- flow. This allowed to maintain a clean interface 
trolled by a Jumo contact Thermometer, and a for each run. 

An isopentane vapor generator, connected 
to the upper part of the chamber, supplied a 
continuous flow of saturated vapor into the 
vapor space. In order to avoid excess con- 
densation, the connecting line was slightly 
heated by means of an electric heating tape. 
A water U-tube manometer was used to deter- 
mine the pressure in the chamber. 

The isopentane lens was obtained by injecting 
isopentane drops through an hypodermic needle, 
connected to an Agla micrometric syringe, 
situated some 2-mm above the water surface. 

FIG. 3(a). Schematic diagram of apparatus. 

The lens temperature during the evaporation 
process could be recorded by means of a line, 
S.W.G. 50, copperconstantan thermocouple 
with a 0.1 mm junction, imbedded in the iso- 
pentane lens, and connected to a fast, 8 in./min, 
Servoriter II (Texas Instruments) recorder. 
The insertion of the thermocouple’s junction 
into the lens could be controlled by manipula- 
ting the water level with the aid of a line needle 
valve. The same thermocouple was used to 
measure the water bulk temperature before and 
after each run. The room temperature was kept 
constant 05°C (&O-l) above the isopentane 
normal boiling point, thus avoiding condensa- 
tion of isopentane on the Perspex walls. 

(b) 

Micrometrvz 

syrmge 

vapor 
Inlet 

i 

r 

Heating tape 

5 

thermometer 

ter 

t--L” c!I Magnettc stirrer 

FIG. 3(b). Evaporation chamber. 

The evaporating lenses were photographed 
with a Paillard Bolex H-16 Reflex tine-camera, 
at 115 ft/s. Best results were obtained using a 
150 mm telescopic Macro Yvar lens, with a 
75 mm extension tube, and back lighting through 
an horizontal grid [8]. 

Particular care was taken to prevent the 
presence of air. This was accomplished by 
displacing the initially water-filler slowly with 
isopentane vapor. Traces of air could be detected 
by an appreciable decrease in the recorded 
evaporation temperature. Also, the recorded 
temperature history of the lens provided a 
check on the final evaporation time. 

In order to keep the water surface stable and 
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the lens stationary, the stirrer was shut off for 
3 min before each run. 

larger lense (4-6 cm in diameter) was also 
calculated using Langmuir’s [9] expressions 
based on interfacial tensions : 

EXPERIMENTAL RESULTS 

1. The characteristic shape and thickness of the 
evaporating lens 

The actual relationship between the volume of 
the lens and its diameter was experimentally 
determined by direct measurements of the 
pictures of the evaporating lenses. The initial 
volume was taken as that of the falling spherical 
drop from which the lens was formed. Plotting 
these volumes vs. the initial lenses’ diameter 
(not shown here) yielded the following relation- 
ship : 

0.5 
I= - 

( 

2S’Pw 

wpbw - P,) > 
(28) 

where S’, the spreading coefficient, is given by 

S’ = a:, - 0; - (Tkp = - 0.04 

I/ = (8.07) x 10-3D2’o’6 N (3.2) x 10-2R2 

(27) 

which is based on a least square calculation of 
some 50 drops, with volumes ranging from 2 to 
40 mm3. Equation(27) substantiates the theoreti- 
cal relationship given by equation (20) with 
a = 3.2 x 10e2 cm and b = 2, i.e. for constant 
thickness lenses. By assuming the lens to be an 
oblate spheroid, the thickness of the isopentane 
lenses was calculated to be 0.15 mm. 

and g, pW, pP denote the gravitational accelera. 
tion, and the densities of water and (liquid) 
isopentane, respectively. The experimentally 
determined surface tension of water saturated 
with isopentane, ok, is 62.63 dyn/cm. The value 
for isopentane saturated with water, a;, is 
13.04 dyn/cm, and a;,,, the interfacial water- 
pentane surface tension for the mutually satur- 
ated liquids is 49.62 dyn/cm. These values were 
obtained at 22°C using a ring ballance ten- 
siomer. Equation (28) yields 1 = 0.18 mm. Con- 
sidering the lens’ shape assumed here as 
compared with Langmuir’s and the possibility 
of some error in the experimental values of the 
surface tension, the agreement is quite satis- 
factory. 

For comparison, the constant thickness of It should be stated that the isopentane lens 

12 

.A Visual end 

00 Recorded end 

I I I I 1, ~ 
2 4 6 8 10 1 2 14 16 18 

Evaporation time f, set 

FIG. 4. Representative diameter vs. time curves. 
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will form only on an isopentane saturated on the response of the embedded thermocouple. 
water surface. Should this interface be un- As shown in Fig. 4, these two readings do not 
saturated, a positive spreading sufficient will coincide, thus leaving the question of evapora- 
cause the isopentane drop to spread and form tion rates of very small lens (< O-5 mm) still 
a very thin film on the interface. Thus, all the unresolved. As stated in the theoretical part, 
work presented here was carried out on pentane- it is, however, reasonable to assume that in this 
saturated interfaces. narrow size range the area rather than the 

diameter would vary linearly with time. 
As shown in Fig. 5, the time rate of change of 

2. Evaporation rate the radius is independent of the radius and is a 
A typical plot representing the evaporation linear function of the temperature driving force, 

process is presented in Fig. 4. The data were i.e. 
obtained by direct measurements of the pro- 
jetted frames of the film taken of the evaporating 

dR 
-_= - m(T, - T,) 

lens. Also included in Fig. 4 is the recorded dt 

temperature history of the representative lens. where Tb is the water bulk temperature and 
The experimental results show that over most T, is the boiling point temperature corre- 
of the vaporization process, the diameter de- sponding the partial isopentane vapor pressure. 
creases linearly with time, as Predicted by A least-square calculation for all the lenses, 
equation (22). Within the experimental accuracy, 
no evaporation takes place during the initial 

going through the origin, yields rn = 6.4 x 
lo- 3 

period of lens formation. In this period the 
cm/s “C, as compared with the value given 

b 
forming lens is seen to spread and contract until 

y equation (22) whereby m, = 2k/aL = 1.82 x 
10-s cm/s 0C. 

it stabilizes. The time dependency of the lens’ dia- 
meter beyond the linear region is somewhat less 3. The heat-transfer coe$icient 
certain. The exact time of complete evaporation The experimental instantaneous values can 
may depend either on visual observation or else be calculated making use of equation (27) for 

0.06 

0.05 

: 004 
” 

- G 0.03 

G 
= 0.02 

001 

0 

R, = Z9 - 3.9 mm 

0 R, : 4.0 - 4.9 mm 

A R, = 50 - 6.6 mm 

v R, :: 7.0 - 94 mm 

Theoretical _ _ c - - - 

2 3 4 5 6 7 8 9 10 
G-r,, ‘C 

FIG. 5. Rate of change of radius vs. temperature driving force. 
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each lens, by the following relationships : 

Q L dV 2aL dR ~,=_._..__=-_-_---_. 
AAT AAT dt RAT dt 

However, a more general, and undoubtedly 
more reliable value is obtained by utilizing 
equation (29). Equation (30) then reduces to 

2aLm 6.6 x 10m3 
hr=--_ 

71R R 

where h, is given in cal/scm2 “C. 
The time averaged experimental heat transfer 

coefficients were calculated for 2, the time in 

&,mm 

54 063 1.62 2.6 4.2 

A-l-u 
2 5 10 20 

D or D;, mm 

Lens or equivalent spherical diameter 

FIG. 6. Instantaneous and average heat transfer coeffkients 
as function of lens or drop diameter. 

which 90 per cent of the initial radius disappears, 

by 
f O.lR, 

&=f h,dt=L 
s 0.9Ri s 

h, dR 

0 Ri 

= 1.63% = 
1.69 x 1O-2 

i Ri ’ 

A comparison of the experimental heat-transfer 
coefficients with the lower bound value pre- 
dicted theoretically by equations (23) and (25) 
is given in Fig. 6. 

DISCUSSION 

The experiments presented substantiate the 
theoretically predicted functional relationships. 
The linear relationship of the contracting radius 
with time is associated with a constant thickness 
lens. This characteristic was verified experi- 
mentally. The time rate of change of the radius 
was found to be independent of the radius and 
to vary linearily with the temperature driving 
force, as predicted theoretically by equation (22). 
In agreement with theory, equations (23) and 
(25), the instantaneous and average heat- 
transfer coefficients were found to be independent 
of the temperature driving force and inversely 
proportional to the radius of the lens. However, 
as exemplified by. Fig. 6, the numerical values 
differ. Quantitatively, this difference is expressed 
by the ratio of the experimental and theoretical 
values of m, i.e. m/m, N 3.5, yielding that the 
experimental transfer coefficients are some 
3.5 larger than the theoretical ones. It is hoped 
that a better insight into the actual phenomenon 
can be gained by scrutinizing the validity 
of the assumptions inherent in the theoretical 
derivation as compared with the actual experi- 
mental conditions. 

Visual observations of isopentane lenses 
floating on a water surface (Fig. l), are instructive. 
When exposed to the free atmosphere, the 
isopentane-air interface sometimes exhibits a 
fine, orderly petal shaped, active surface, with 
some indication that internal circulation takes 
place. Turbulence of the evaporating lens was 
also noted [8] at somewhat higher temperature 
driving forces. The fine wire thermocouple 
immersed in the lens showed that the tempera- 
ture of the lens decreased by some 15°C below 
the normal boiling point during the evaporation 
into the free atmosphere. A slight decrease of 
the boiling temperature was also noted under 
controlled conditions when some air was allowed 
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into the system, thus reducing the partial 
pressure of the iso pentane. None of the latter 
effects were noted when the evaporation process 
was carried out in a confined atmosphere 
saturated with isopentane vapor at (T, - T,) < 
2°C. However, close observation showed that 
the exposed surface of the lens (or film) quavered 
continuously. 

The proposed model is based on the assump- 
tion of interfacial stability and the absence of 
Be’nard [lo] and Marangoni [ 1 l] types of 
cellular convection. These convective effects 
[ll-151, due to local variation of interfacial 
tension and density, were expected to be small 
at the low tem~rature driving forces which are 
of practical importance. (Consistent with the 
small interfacial effects found by Garner [16] 
at low concentration gradients.) Obviously 
interfacial effects cannot be completely ignored 
even at low driving forces and the proposed 
analysis should be considered as a limiting 
case of zero convection. It may, therefore, serve 
only for the lower bound transfer rates, consistent 
with the experimental evidence. 

The instantaneous rate of heat transfer at the 
liquid-liquid interface was calculated under the 
assumption of a quasi-steady state condition. 
This, incidentally, would have been the case, 
had the lens (or film) been replenished con- 
tinuously. Indeed, this is not the true physical 
situation since an unsteady state condition 
obviously prevails, However, Luchak and 
Langstroth [17] prove that a quasi-steady 
state assumption for evaporating spherical 
drops would affect the calculated evaporation 
rate by less than 1 per cent, and a similar order 
or magnitude error may be expected here. 

The assumption of a constant evaporation 
temperature is substantiated by previous in- 
vestigations of evaporation rates of drops in 
gaseous media. Soo and Ihring [18] showed that 
even in the absence of convection, the effect of 
the initial droplet temperature on the droplet 
life was insigni~~ant. After a short transient 
condition the droplet temperature reaches the 
wet bulb temperature (or the saturated liquid 

temperature of the system), at which point the 
droplet temperature becomes uniform and all 
the heat transferred from the surrounding goes 
into the latent heat of evaporation [lS]. This 
corresponds to the quasi steady state treated 
here. 

As shown in Fig. 4, the exact time at which 
evaporation ends is not exactly known. This of 
course affects the value of the evaporation time 
1 required to evaluate the time-averaged heat- 
transfer coefficients in equations (25) and (32). 
Hence, a somewhat arbitrary choice of t was 
required, and the range of Ri > R > O-1 Ri used 
in these equations, seems quite reasonable. 
Moreover, since the same value of t was used 
for the theoretical and experimental calculations 
the absolute value of t would not affect their 
comparative values. 

Figures (5) and (6) demonstrate that con- 
vective and interfacial effects are by no means 
negligible in the present system even at low 
temperature driving forces. However, some 
additional factors may have contributed to 
increase the experimental evaporation rates 
above the theoretical values. Chief among these 
is the temperature gradient found in the water 
phase before each experiment. This was due to 
natural convection. However, since the experi- 
ments were conducted in the absence of mixing 
(mixing of the water phase was stopped 3 min 
before each run) this effect was unavoidable. It 
is estimated that this effect would account for 
some 30 per cent of the observed difference. 

Included in Fig. 6 are curves representing the 
experimental heat transfer coefficients obtained 
with pentane drops evaporating while rising 
freely in a column of water. Curve A represents 
the average heat-transfer coefficient related to 
the initial liquid area of the immersed drop 
whereas curve B represents the same average 
heat-transfer coefficient, related to the overall 
instantaneous area of the two-phase drop. The 
initial volume of the drop is obviously the 
common denominator in both processes and 
the double abcissa is scaled to represent 
identical initial volumes of the liquid. In view of 
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the convective nature of the latter process, the 
results are not surprising. Moreover, these 
results encourage the continued study of evapo- 
rating films and stratified layers in convective 
systems. Work in this direction is presently 
under way. 
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TRANSFERT DE CHALEUR PAR CONTACT DIRECT AVEC CHANGEMENT DE PHASE 

RC&Le rendement de transport de colennes B p~v~ri~tion et d’autres echangeurs B trois phases, dans 
lesquels la mat&e s’evapore (ou se condense) tandis qu’elle est plongee dans la phase non volatile, est 
dimint& par la charge hydrostatique. Cet effet indesirable sur la force motrice thermique peut etre surmonte 
en employant des systemes darts lesquels la mat&e qui s’evapore peut flotter sur un liquide non miscible 
et non volatil. Cette etude est un premier essai pour tester le caract&re pratique dun tel Lchangeur. Les 
valeurs limites inftrieures des coefficients de transport de chalew sont obtenues a partir dune solution de 
regime quasi-permanent pour une goutte lenticulaire qui s’evapore pla& sur un milieu liquide semi- 
intini au repos 

Le travail experimental confirme les predictions theoriques que la vitesse de variation du rayon de la 
lentiile aver le temps est une constante d&pendant de A?: Cependant, les vitesses d’evaporation mesurees, 
d’oti les coefficients de transport, sont plus grandes que cellee calculbs. Ceci nous indique que la convection 
interfaciale joue un role important darts les processus de a: type meme pour les forces mortices thermiques 
faibles. Les coetllcients de transport experimentaux obtenus dam ce travail, se comparent favorablement 

avec ceux rapport& dans la litteratum pour l’evaporation de liquides volatils dans les dispersions. 
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BER~~RUNGSW~RME~BERGANG MIT PHASEN~UDERUNG 

Zusammenfassuog- Der hydrostatiscbe Druck kann einen ung~stig~ Einfiuss haben auf den Ober- 
tragungswirkungsgrad von Rieseltiirmen und anderen Dreipha~n-W~rrne~~~rag~ in denen ein Medium, 
in der nicht-fliichtigen Phase verdampi? (oder kondensiert). Dieser unetinschte Effekt auf das treibende 
Temperaturgemle Ii&t sich sicher dadurch beheben, dass man Anlagen benirtzt in denen das verdampfende 
kann. Diese Arbeit bildet einen ersten Versuch die Anwendbarkeit einea sol&en Wiirmetauschers zu unter- 
suchen. Ziemlich niedrige Grenzwerte fti den W&rmeiibergangskoefxien&n erhat man aus einer quasi- 
station&en Liisung fiir einen linsenfiirmigen Tropfen der auf einer halb unendlichen ruhenden Fliissig- 
keitsschicht verdampft. Experimentelle Untersuchungen besttiken die theoretischen Aussagen, dass die 
zeitliche Anderung des Linsenradius eine von AT unabhkgige Konstante ist. Die gemessenen Verdamp- 
fungswerte und damit such die W&rmeiibergangskoefzienten sind grtjsser ah die erechneten. Dies wird 
als Zeichen daftir gewertet, dass der W&rmetibergang durch die Grenztlgchen bei Vorgiingen dieser Art 
sogar bei niedrigen treibendem Temperaturgef5lle eine bedeutende Rolle spielt. Die in dieser Arbeit 
experimentefl erhalten W~rne~~rg~gsk~ffI~ent~ stimmen gut mit den Werteu der Literature f& die 

Verdamp~ng von fl~chtig~ ~~ssigkeit~ in Dispersionen iiberein. 

~.HHOTa~H~-1'MRpOCTaTagecfFMm ii3tlOp He6~arOnp~~THO BjIMReT Ha ~~~eKT~BHOCTb IIepe- 

HoCa B p3CnbIJlWTeJIbHbIX KOJlOHK3X CI JJpyrllX TpeX+a3HbIX TenJIOObMeHHHKaX, rAe npOHCXO- 

xki~ McnapeHMe (~na KoHAeHcauHR) semecTsa, nOrpyHteHHOr0 B HeJIeTy'JyH, +a3y. 3TO 

HeWeJIaTeJIbHOe BJlIWIHHe Ha TeMllepaTypH~fi H3nOp MOWHO yCTpaHHTb UCIIOJIb30BaHMeM 

CMCTeM, B KOTOpbIX HCIIapRIomeeCH BeIIJeCTBO MOH(eT Te9b B HeCMemHBatomeiCJl HeJIeTyYefi 

FKIIAKOCT~~. AaHHaH p36OTa RBJIf-ETCR nepBOt nOIEdTKOti B OCyIQeCTRJIeHHH Ha IIpaKTRKe 

TaKOrO TeIlJIOO6MeHHHK3. M3 PelIIeHlnR AJIH CJIyYaR KBa3IlCTaI(~OKapHOrO COCTORHHR AJIR 

McnapflmmeticH nnK3006pa3HOfi NanJIM, IIOMemeHHOZt B nOJIy6eCKOHeYHym HenOABAH(Hylo 

HUQKyIO Cpe~y,nOJIyYWWiCb 3aHYIKeHHbIe 3H39eHPiFI KOB@@iIJMeHTOB TeIUIOO6MeH3. 

3KCnepHMeHTbI ROATBeplKAaIoT TeOpeTSlYeCKHfi p3CYeT 0 TOM, YTO CKOpOCTb H3MeHeHllH 

paJ(Kyca 31MH3bI BO BpeMeHEI eCTb IlOGTOAHHaH 3aBBCRMOCTb AT. Hattneiio, 'ST0 5I3MepeHHIJe 

CKOpOCTS5 acnapeHRfI, 3 CJleAOBaTeJIbHO, KO3#~~~~eHT~ Te~~oo6MeHa 6onbme paCYeTHEJX. 

ST0 yK33~BaeT Ha TO, YTO KOHBeKI~~~ Ha rpaHlEi&e p33AeJl3 IlrpaeT Cy4eCTBe~Hy~ pOsb B 

TaKMX npOQeCC3X Aa?Ke npil HMBKCIX Te~~epaTypH~X HanOpaX. 3UC~ep~MeKTa~bHO nOJly- 

YeHHbIe B AaHHOi pa6oTe KO3~~~~~eHT~ Ten~OO6MeH3 CpaBH~Ba~TC~ C ~Me~m~M~ B 

nEiTepaType np~ Acnapemfvr AKcnepr~poBaKK~x neTyYHx ?KM~KOCTe%. 


