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Abstract-The present work is an experimental and theoretical study of the vaporization by direct contact 
of refrigerant R113 and n-pentane dispersed into a column of water flowing countercurrently. The vapor- 
ization of a single droplet in a stagnant liquid medium, and the evaporation of a multidroplet flowing 
system are studied. A formalism has been developed to determine the effective exchange surface for the 
bubble&oplet during its rise in an immiscible liquid. The numerical results are in good agreement with 
the experiments. The mechanical equilibrium of a bubble-droplet was studied when considering only the 
surface tension forces. The results obtained in the precedent analysis about the liquid-liquid area estimation 
were explained. Experiments were Performed to investigate the influence of the different parameters on the 
behaviour of the direct contact vapour generator. A dimensional analysis based on characteristic transfer 
times was done. From this point of view correlations were established for determining the volumetric heat 
transfer coefficient and the exchange efficiency. For a multidroplet flowing system an analytical model was 
proposed giving the evolution of the void fraction and the temperature of each fluid along the exchange 

column. Experimental and numerical results were compared. 

INTRODUCTION 

TEE RECENT developments on heat transfer by direct 
contact between two fluids associated with the phase 
change of one of the fluids have shown many advan- 
tages. Due to the higher effective heat transfer 
coefficient, relative simplicity of design and absence 
of the scaling surfaces associated with direct contact 
evaporators and condensers, this type of heat ex- 
changer is particularly suitable for the vaporization of 
thermal energy at low and moderately high tem- 
peratures. Applications include geothermal heat 
recovery, sea water desalination, waste heat recovery 
and energy storage systems [l, 21. They can also be 
found in many pilot electric plants [3,4]. The experi- 
ence acquired with direct contact heat exchangers 
where one of the liquids changes phase shows that 
the best performance is obtained when the dispersed 
liquid is the phase change fluid (solidification or 
vaporization) [ 1, 2, 51. 

A good understanding of the various mechanisms 
implemented in such heat exchangers is necessary for 
sizing direct-contact boilers and condensers and for 
determining the correlations between the fundamental 
characteristic parameters. Due to lack of data for 
sizing these exchangers, Honegger [7] and Wilke et al. 
[8] used correlations relative to liquid-liquid systems. 
Wilke et al. [8] studied experimentally the variations 
of the volumetric heat transfer coefficient vs dispersed 
and continuous phase flow rates for the sea water- 
aroclor system. A similar study was carried out by 
Sideman and Gat [9] with the pentane-water couple 

for (Tc- T,,,) < 1.5”C. Smith et al. [lo] attempted to 
calculate the volumetric heat transfer coefficient for 
direct contact evaporation from an analytical model. 
This paper constitutes a study of the fundamental 
mechanisms governing the heat and momentum trans- 
fers of a boiling drop in another immiscible liquid, and 
an experimental study of direct contact evaporation in 
spray columns. The experiments are conducted with 
Freon 113-water and n-pentane-water couples in 
which the first fluid is evaporated in the water. Exper- 
imental observations show that the n-pentane and 
Freon 113 drops obtained by dispersion vaporize with 
a constant mass, i.e. the vapour bubble remains 
attached to the liquid sheath. 

In the absence of bubble-forming nuclei ; drops, 
suspended or rising in another immiscible liquid, can 
be highly superheated [ll-131. In this case, evap- 
oration occurs explosively and is characterized by a 
‘ping’ sound. This phenomenon corresponds to the 
metastable states of the phase change. To avoid this 
superheating, several authors [ 14, 151 favoured 
nucleation by injection of tiny bubbles of air. Much 
research has been done to study the phenomenon of 
a single moving drop vaporizing in a stagnant column 
of immiscible liquid. Experimental investigations of 
this problem have been reported for a number of 
couples of liquids and conditions : n-pentane-water, 
butane-water, pentane-glycerol [12, 14-171. Expres- 
sions of the heat transfer coefficient of a vaporizing 
drop were determined from theoretical and experi- 
mental studies [14, 18-211. Much work has also 
been carried out to study the evolution (velocity and 
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NOMENCLATURE 

column cross-section 
specific heat 
drag coefficient 
drop diameter 
hole diameter 
force 
acceleration due to gravity 
volumetric heat transfer coefficient 
supe~cial heat transfer coefficient 
enthalpy 
Jacob number 
model coefficient 
effective half opening angle 
continuous phase head 
multiphase mixture head 
latent heat of vaporization 
molecular weight 
mass 
mass flow rate 
number density of bubbles, drops or 
bubble~roplets 
drop number flow rate 
number of holes 
Nusselt number 
pressure 
Peclet number 
Prandtl number 
heat flow rate 
radius R,r 

R,, RZr R, radii of curvature 
Re Reynolds number, U,Djvc 

SC, exchange area 
s area 
T tem~rature 

AT 2-,-T,, 
AT, T, - Tds 
AT, T,, - L 
AT, (AT,-AT,)jlog(AT,IAT,) 
t time 
U, u velocity 

V volume 
X vaporization ratio, m,/m, 

X” vapour ratio, v,/v~ 

XV coefficient of drag 
Z abscissa. 

Greek symbols 
dl dispersed phase void fraction 
cc mean void fraction, CL,--L,)fJ;, 

B,@ contact angles 

B15 /L 83 angles 
& exchanger efficiency 

1 humidity 
a. thermal conductivity 

I* dynamic viscosity 
V kinematic viscosity 

P mass density 
6- interfacial tension 
z characteristic time 

$ volumetric flow rate. 

Subscripts 
C continuous phase 
d dispersed phase 
e inlet 
i internal 
1 liquid 
m mass 
min minimum 

P drop, bubble or bubble-droplet 
r relative 
rt relaxation time 
S outlet 
sat saturation 
T total 
th thermal 
V vapour 
W water 
0 initial 
co infinity. 

growth) of a bubbl~roplet [14, 18, 22, 29. The 
theoreti~l results obtained in ref. 1221 were, however, 
not in good agreement with the experimental results 
[14]. This disagreement is reported [18] to be due to 
the heat transfer coefficient. 

In the first part of this paper we present a study on 
the vaporization of a moving bubbledroplet and the 
results of an analysis concerning the mechanical equi- 
librium between a droplet and its vapour bubble. In 
the second part, we present a study about the char- 
acterization of the main parameters governing the 
evaporation by direct contact in a spray column. 

I. VAPORIZATION OF A SINGLE DROPLET 

I. 1. Vaporization of a B~~~~e-DrapI~~ Moving in 
Another Immiscible Liquid 

Equations governing the motion of a drop in another 

fIuid 
In this section we make the basic assumption that 

the drop remains spherical. The governing equation 
is 

d,(m,U,) = F, +R, (1) 

where d, is the differential operator (d/dt), and F, and 
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F, are the volume and surface forces acting on the 
bubble-droplet, respectively. 

For potential flow (p= = 0) 

F, = -(1/2)d,(p,u,v,)+p,v,d,~. (2) 

For Stokes type flow (Re, < 1) 

F, = -6~R,v,u,-(1/2)d,(~,u,v,)+p,u,d,u, 

+ (3,‘2)D 2(p,np#‘2 
s 

d,u, &ri(s-s)““. (3) 

In practice, few regimes correspond to either of the 
limit cases (& = 0 or ReP < I). For Re, > 200, some 
authors [24] assume that the flow around a drop may 
be reasonably considered potential. Depending on the 
Reynolds number Re,, and according to ref. [25], it is 
preferable to adapt either of the above expressions for 
F, by introducing appropriate correction factors. 

In the light of these remarks, and considering the 
size and velocity of the drops in the column, the equa- 
tion of motion of a bubble~roplet in a stagnant liquid 
medium is 

(~~+2~p~~~~3)d,~~~ = (-~~g+4~~~p~g/3~ 

-2np,U,R;d,R,-ap,R;U;CJ2. (4) 

Since the bubble has a continuously varying volume 
due to the evaporation of the liquid sheath, its growth 
can be described by the Rayleigh-Plesset equation 

Rid:&, + (3/2)R,(d,R, >* = [~(R,)--pmlRpl~, 

-4v,d,R,+u,ZR,I4 (5) 

where the pressure on the liquid side P(%) is 

P(R,) = Pi -2cr/Rp and Pi = P,(T). 

Energy conservation equation 
When mass conservation is supposed (the bubble 

does not detach from the droplet) and heat transfer 
equals the heat of vaporization, the energy equation 
is 

or 

d,up = Q-&‘(~dv’-61’) (6) 

with 

4xR,Zd,% = QL;‘(pd;’ --p;‘) (6’) 

The initial conditions are at t = 0 : 

U;(O) = U,, and R,(O) = R, 

and the final condition at tT : 

R&T) = Rp(O)[~d,lpdvl l/3 

where t, is the total vaporization time. 

(7) 

Results 
The set of equations (4)+7), together with the equa- 

tion of state were solved nume~cally and found to 

give the rise velocity and the vaporization ratio as 
functions of time. In order to solve these equations, 
the heat transfer and drag coefficients must, however, 
be known. 

Drag coeficient. In spite of the lack of data on drag 
coefficients for a bubble-droplet moving in another 
immiscible liquid, the correlation obtained by Hab- 
erman and Morton [26] for air bubbles moving in 
water may reasonably be used in the case of a bubble- 
droplet when the vaporization ratio x is greater than 
I%, since in this case the corresponding volumetric 
vapour ratio is about unity (x, N I). 

Results with classical heat transfer coejicients 
The theoretical heat transfer coefficients given by 

Sideman and Taitel [14] : iVu = 0.272Pe”’ ; and later 
modified by Battya et al, [18] : Nu = O.~~JU-~.~~ Pe”* 
were used in our analysis. These heat transfer 
coefficients are mean overall coefficients, i.e. averaged 
over the whole bubbl~roplet area. Comparison with 
our theoretical and expe~mental results [ 141 revealed 
some signi~cant discrepancies. Figure 1 shows an 
exampIe of these results. 
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FIG. 1. Velocity UP (a) and height H (b) of a bubbldroplet 
vs time t for the different analysis (AT = 5.7”C; Do = 0.349 
cm): ---, experimental results of Sideman and Taitel 
[141; -, present analysis; - - - - - -, theoretical result with 
heat transfer coefficient given in ref. 1141; -----, theoretical 
result with heat transfer coefficient given by Battya et af. 

WI. 
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FIG. 2. Supposed bubbl~roplet geometry for the model. 
This figure shows the de~nition of the coefficient k which 
gives the effective heat exchange area : -----, plane inter- 
face between the liquid and its vapour; -, interface 

given with the correction factor k. 

Present mode 
In agreement with many authors [14, 21, 271, we 

assume that heat transfer takes place only at the 
liquid-liquid interface with the corresponding heat 
transfer coefficient. The determination of the effective 
heat exchange area depends on the choice of the 
bubble-droplet geometry. The simplest assumption is 
to consider that the inner liquid-va~our interface is 
plane (Fig. 2). The total evaporation times obtained 
from this model are, however, overestimated com- 
pared with the corresponding experimental values of 
ref. [14]. In the absence of any satisfying model, we 
determine the effective liquid-liquid area by taking 
into account the experimental results of the latter 
authors where we supposed that the bubbledroplet 
geometry is as illustrated in Fig. 2. This effective heat 
transfer area is determined such that the total vupor- 
ization time equals the experimental value reported in 
ref. 1141. The effective area is therefore given as 

S, = 2nR”ff +coskP) (8) 

where the ~oe~cie~t k is the unknot parameter 
introduced to account for the effective surface com- 
pared to its plane interface value (k = l>B After numer- 
ous experiments (approx. 40) with the n-pentane- 
water system under the following conditions : 

initial drop diameter : 2 mm < Do < 4 mm 

superheatAT= (T,-T,,,): 1S”C <AT< 15°C 

the values obtained for the parameter k are such that 
0.75 < k < 0.85. The rise velocity and height profiles 
as functions of time given by this model are in better 
agr~ment with experiments described in ref. 1141, as 
shown in Fig. 1. This agreement shows that the 
assumption of a liquid-liquid heat transfer through a 
surface different from its corresponding plane inter- 
face value, gives a coherent model that can correctly 
describe the bubble-droplet vaporization. Moreover, 
the value of the coefficient k remains approximately 
constant for all the different experiments. It is prob- 
able that this result characterizes ‘an’ equilibrium state 
of a moving bubble-droplet vaporizing in another 
immiscible liquid. Raina and Grover [27] developed 
a model for determining the liquid-liquid area by 

9 IO0 IOb IOC 

FIG. 3. Configurations of the drop (0) with its bubble (0) 
corresponding to relations (9), (IOa), (lob), and (1Oc). 

introducing the effect of viscous shear on the spread- 

ing of dispersed liquid over the bubble surface. 
However, their relation on the equilibrium location 

of the end of the thin film can only be satisfied for 
high velocities of the bubble-droplet (n-pentane- 
water U 3 14 m s-‘) or for very small spreading 
coefficients S, = o,, - (ffdc + gdV). 

Our analysis of a moving bubble-droplet vapor- 
izing in another immiscible liquid gives satisfying 
results. This analysis ntcessitates the determination of 
the coefficient k from the experiments. For this reason 
an attempt is made to*develop a more general model 
which gives the liquid-liquid area of a bubble droplet 
from its mechanical equilib~um. 

In this section, we present an analysis, based on the 
sole consideration of the interfacial and superficial 
tensions, for the determination of the different con- 
figurations of a bubble-droplet as well as of the 
liquid-liquid exchange area when the bubble remains 
attached to its droplet. 

For theoretical analysis, we make the following 
assumptions : 

(a) absence of any ffuid motion (or negligible 
dynamic effects) ; 

(b) neglect buoyancy effects. 

Under these conditions the jump of stress is equal 
to the pressure difference across each interface. 
Assuming that the interfacial tensions are constant, 
each interface is therefore spherical. The mechanical 
equilibrium is then defined by the following relation- 

ship : 

2nr(a,,+a,, +a,,) = 0. (9) 

When this condition is not satisfied, a common point 
between the three media cannot exist. Three cases are 
then possible : 

(1) Gd > ccv+g& WI 

The vapour bubble surrounds the droplet. 

(2) Odv ’ Ocd + bcv (lob) 

The vapour bubble detaches from the droplet. 

(3) ~CV > Ocd + adv (lOc> 

The vapour bubble enters into the drop. 

Figure 3 shows the different configurations cor- 
responding to the above relations. 
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FIG. 4. Analytical model: bubble-droplet geometry with 
definitions of the various parameters. 

For the case where the bubble remains attached to 
the droplet it is possible to determine vaporization 
ratios x, the bubble-droplet geometry as characterized 
by its radii of curvature and to deduce the liquid- 
liquid area vs x. Figure 4 shows the bubble-droplet 
geometry and gives the different parameters used. In 
this case the set of equations governing the mechanical 
equilibrium of the bubble+lroplet is defined by the 
following relationships : 

-o,,sin8,+a,,sinB,+a,,sinB, = 0 (11) 

gcv cos /?, -B& cos /3, - B,J” cos p2 = 0 (12) 

R,sinfl,=R,sinp,=R,sin/l,=r 

u, = (2/3)n[R:(1+(3/2)cosp,-(1/2)cos3P,) 

-R:(l+(3/2)cos/?,-(1/2)cos3 /&)I 

u, = (2/3)a[R:(l -(3/2)cos/?,+(1/2)cos3 p3) 

+R:(l+(3/2)cos/?,-(l/2)cos3/&)]. 

13) 

14) 

15) 

The contact angles w = fiZ--B, and /I = fi3-b1 are 
related to the interfacial tensions by the following 
relations : 

cm (0) = (d” - dc - d” )/(2~dC~d” > 

cm (PI = (d” +dc -~‘&M2wJ,,). 

The angle PI is determined from 

UI iv, = (A - B)/(B+ C) 

where 

(16) 

(17) 

(18) 

A = [1+(3/2)cos/Y,-(1/2)cos3/?,] 

B= [sin3P1/sin3(B,+w)][l+(3/2)cos(fl,+w) 

-(l/2)cos3 (PI +w)l 

C= [sin3Bllsin3(BI+B)l[l-(3/2)cos(8,+/3) 

+ (l/2)cos3 (P, +B)l. 

La) (b) (c) IdI 

FIG. 5. Bubble-droplet photography (a) given in ref. [21] 
compared to the geometry of the bubbleAroplet obtained 
with the model for different values of Q, (b) Q = 37 dyn 
cm-‘, (c) cddc = 40 dyn cm-‘, (d) odC = 62 dyn cm-‘. These 
results concern the furan-glycerol couple and correspond to 

a vaporization ratio of 3.2%. 

For given values of the interfacial tensions (aii) 

and vapour ratio, the resolution of the above set of 
equations gives the contact angles and the three radii 

(Ri). 
For the furan-aqueous glycerol couple studied by 

Tochitani et al. [15], values of the surface tension 
are: a,, = 62 dyn cm-‘, gdv = 26 dyn cm-‘, and the 

interfacial tension ode = 31 dyn cm-‘. For these values 

satisfying inequality (10~) the vapour bubble will be 
engulfed by the drop. This fact was, however, not 
observed experimentally. We have therefore adjusted 

one of the three values. gdc for example, so as to 
satisfy equation (9). Figure 5 shows the shape of the 
bubble-droplet for three such values of ode. The inter- 
nal interface depends strongly on the bdc value. If 

Ode ’ (%v- bdv) the calculated curvature of the inner 

interface is similar to the experimental curvature (Fig. 
5). For this case we have numerically simulated the 
evolution of the vaporizing bubble-droplet. Figure 6 
compares the results of our model with the experi- 
ments of ref. [ 151. 

A comparison of the evolution of the specific liquid- 

liquid area obtained for different situations is shown 
in Fig. 7: from our analysis, the plane bubble-drop 
interface and experimental points obtained by Toch- 
itani et al. [15]. The specific areas obtained exper- 

imentally are greater than those corresponding to a 
plane bubble+lroplet interface at the onset of vapor- 
ization. The opposite is true at greater vaporization 

ratios. This behaviour is taken into account by our 
mechanical equilibrium analysis. 

For the n-pentane-water system, the interfacial ten- 

sions are : o,, = 76 dyn cm-’ at 36”C, odv = 18.5 dyn 

err- ’ at 2O”C, a,, = 37 dyn cm-’ at 30°C. These values 
correspond nevertheless to inequality (10~). The bub- 
ble should enter into the drop. This means that inter- 

facial tensions alone cannot describe the bubble- 
droplet equilibrium. We therefore conclude that other 
external forces, in particular the gravitational forces, 
must be taken into account. 

In the following section we present an experimental 
study the object of which is to identify the influence 
of the characteristic parameters on the heat exchange 
and to simulate numerically the function of this type 
of evaporator. 



FIG. 6. Qualitative comparison between the photographs of 
a vaporizing furan drop in glycerol and the geometry of the 
bubble droplet predicted by our model for different vapor- 
ization ratios x. The values of the surface tension are, 
(T, - 62 dyn cm-‘, gdV = 26 dyn cm-’ and the interfacial 
tensioa ode = 31 dyn cm-’ : (a) the photographs were 
obtained by Tochitani et al. [21]; (b) numerical solutions 

obtained from OUT model. 

01 

0.5 1 5 to 50 03 
x 

FIG. 7. Specific Iiquid area S,jS of the bubbl~~ropl~~ vs 
the vaporization ratio x : -, present analysis ; -- -, 

plane interface ; 0, experimental results ref, [Z]. 

II. VAPORIZATION OF RlSlNO 

MULTIDROPLETS 

II. 1” Description Operation of the Experinzeni 

Figure 8 shows the schematic diagram of the exper- 
imental apparatus consisting of four main com- 
ponents. 

t G2 

iv 

II 12 

FIG. 8. Schematic diagram of the apparatus: A, exchange 
column ; A,, thermal insulation; B, condenser; C, dispersed 
phase receiver; D, water heater; E-F, separators; G,-G2, 
flowmeters; 1,-l,, pumps ; T, themocouples ; P-M, pressure 

gauges ; Y, cyclone. 

(I) A storage vessel C containing the volatile Iiqnid. 
(2) The exchange column consisting of a glass cyl- 

inder A IO0 mm in diameter and 1000 mm high. Vac- 
uum drawn in the jacket A, surrounding the exchange 
column assured the insulation of the latter element. 

(3) The water heater D was a glass cylinder 100 
mm in diameter and 600 mm high housing an electric 
resistance the power of which is about 7 kW. 

(4) A classical condenser B (type shell and tube) 
cooled by cold tap water. 

Elements E and F allowed the separation of the dis- 
persed phase from the cont~nuons phase when entrain- 
ment occurs. A cyclone Y was inserted between the 
exchange column and the condenser. These elements 
were connected by I6 mm glass tubing. 

The injection of the dispersed phase was realized 
with thirty-seven 1 mm diameter holes while that of 
the continuous phase with a distribution plate con- 
taining 100 holes of 1.5 mm diameter. 

The power of this laop is about 7 kW and functions 
continuously at atmospheric pressure and for a tem- 
perature range of 3&90°C. The flow rates of the fluids 
were monitored. Temperatures were taken at several 
points in the system with nickel chrorn~n~ck~~ thcr- 
mocouples. 
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Operation 
The continuous phase enters at the top of the spray 

column through the distribution plate. It is collected 
at the lower part, passes through the separator and 
returns to the water heater. The dispersed phase is 
percolated through 1 mm diameter holes in an insu- 
lated distribution plate at the bottom of the column. 
At the contact of the hotter continuous phase, the 
dispersed phase is first heated, then begins to vaporize. 
By the time it reaches the top of the active volume, it 

has completely vaporized. The generated vapour leaves 
the spray column and passes through a cyclone then 
goes to the condenser where it is liquified. This liquid 
is collected in the storage vessel after passing through 
a graduated test-tube used to monitor the entrained 
continuous phase. 

II.2. Experimental Results 

Dragging of phases 
The experiments have revealed the influence of the 

mode of injection of the dispersed phase on the heat 
transfer in the system. Small diameter drops were 
found to allow better heat transfer between the two 
phases. Castex [28] showed that these drop sizes are 
easily obtained from turbulent jets. Nevertheless, for 
this jet regime, a wide range of drop sizes was 

observed. The smallest drops of diameter below a 
critical value, are carried along with the continuous 
phase. Because the distribution of drop sizes is nar- 
rower for laminar jets and drop by drop flow regimes, 
this effect can be reduced by an appropriate size qf 
the injection holes. 

Again we have observed that a fraction of the con- 
tinuous phase can be found in the vapour circuit. To 
determine the state in which the continuous phase was 
carried, a cyclone was inserted in the vapour circuit 
in order to trap the water droplets. Since very little 
water was collected, we concluded that it was essen- 
tially carried out in vapour form. 

For the evaluation of this fraction we make the 
following simplifying assumptions : 

(a) relative humidity is equal to unity ; 
(b) the vapours are supposed to obey the perfect 

gas laws. 

From these assumptions the evaluation gives a maxi- 
mal value of the water vapour carried out in the vap- 
our circuit. 

The mass fraction of the water contained in the 

dispersed phase can be expressed as 

Xv = (Mw/Md)[P~a,I(PT-Psat)l. (19) 

In the steady state the water vapour flow rate is there- 
fore: ni, = Xwtid. Figure 9 shows the water vapour 
mass percentage entrained vs the dispersed phase flow 
rate. It can be seen that the experimental values are 
less than the calculated values. 

a5 20 35 5.0 

kid IQ s-9 

FIG. 9. Entrained continuous phase vapour mass percentage 
X, vs dispersed phase mass flow rate ti for the n-pentane- 
water couple : -, experimental results ; ---, evalu- 

ation from the vapour pressure assumption. 

In general the relative humidity will be equal to 
unity for times orders of magnitude greater than 
the n-pentane vapour residence time in the exchange 
column. However, with increasing dispersed phase 
flow rates the agitation of the continuous phase is 
more important, resulting in higher kinetics of evap- 
oration, the mass fraction then tends asymptotically 
towards its maximum value. This fact explains the 
curve of Fig. 9. 

11.3. Thermal Analysis 

A global study of the hydrodynamics and thermal 
conditions in the exchange column was done at differ- 
ent continuous phase heights and flow rates. In gen- 
eral the thermal characteristics of this type of heat 

exchanger proved to be very interesting. The enthalpy 
efficiency defined as the ratio of the heat flow rate 
recovered by the dispersed phase to the heat flow rate 
given by the continuous phase (K = Qd/Qc) is always 
around unity in all our runs. So the heat loss may be 
considered negligible. 

Evaporator efficiency 
The exchanger efficiency is defined as the ratio of 

the transferred heat flow rate to the maximum heat 

flow rate transferable. When the heat loss in the ex- 
changer is negligible, the efficiency is 

E = Qc/W%,mV’ce- Tdl 
(20) 

= Q,/[(~C),i.(T,,-T,,)l. 

The determination of E requires the knowledge of 
(~C),,. When a phase change occurs (in this case 
evaporation of the dispersed phase) we introduce the 
notion of an equivalent specific heat C* defined as 

A% = C,*(T,,--T,J = Cd,(Tdv-Tde) 

+&+ Cdv(Tds - Tdv). (21) 

In our experiments, the values of (tic), are always 
greater than (tic*), for the two couples in the experi- 
ment. Then (lizC>,, = (tic*),. So the expression of 
the evaporator efficiency is 

E = (Tds-Tde)/(Tce-Tde). (20’ 1 
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FIG. IO(a). Exchanger efficiency E vs the dispersed flow rate 
CL,, for the Freon 113-water system, for different initial 
continuous phase heads and for +, = 27 cm3 SS’ : + , L, = 

0.20 m ; 0, L, = 0.40 m. 
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FIG. IO(b). Variation of the exchanger efficiency vs the dis- 
persed flow rate ((ld (continuous phase flow rate $C = 76 cm3 
SK’) for the n-pentane-water system: 0, L, = 0.20 m; +, 

L, = 0.60 m. 

Figures 10(a) and (b) show the influence of the dis- 
persed phase flow rate tj,, and continuous phase 
heights L, for the Freon 113-water and n-pentane- 
water systems. 

It can be noted that for the n-pentane-water system 
the efficiency increases with the continuous phase 
height while the inverse is true for the Freon 113- 
water system. 

The heat transfers are strongly correlated with the 
hydrodynamic characteristics. Observation of the 
behaviour of the flow regime revealed recirculation 
zones all along the exchange column for the Freon 
113%water system. The vortex sizes increase with 
increasing continuous phase height. The effects of 
increasing vortex size is to homogenize the tem- 
peratures in the whole column. Thus, countercurrent 
flow is not really established resulting in diminished 
exchanger efficiency. Conversely, a smaller vortex 
gives a better exchanger efficiency. These recirculation 
zones are however not observed with the n-pentane- 
water system. 

The variation of the exchanger efficiency vs the 
continuous phase flow rate is as shown in Fig. 11 and 
is similar for the two systems. This figure shows that 
increasing the continuous phase flow rate does not 
greatly affect the flow in the exchange column. 

FIG. 11. Variation of the exchanger efficiency vs the con- 
tinuous phase flow rate r+b, for the Freon 113-water system 

and for : t,b,, = 3 cm3 SK’ ; L, = 0.40 m. 
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FIG. 12(a). Volumetric heat transfer coefficient H, vs the 
dispersed phase flow rate tid (+, = 76 cm3 s-‘, L, = 0.20 m) 
for the two couples : 0, Freon 113-water; + , n-pentane- 

water. 
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FIG. 12(b). Volumetric heat transfer coefficient H, vs the 
continuous phase flow rate I/I, for the n-pentane-water sys- 

tem: r,b,, = 6 cm3 SC’; L, = 0.40 m. 

Volumetric heat transfer coejkient 
The volumetric heat transfer coefficient is defined 

for this evaporator as 

H, = (1 --oT)Q,/(AL,AT,). 

A parametric study of H, shows a stronger variation 
with the dispersed phase flow rate as compared to the 
continuous phase flow rate. Figures 12(a) and (b) 
show these variations for the two systems studied. It 
can be noted that values obtained with the n-pentane- 
water system are higher than those of the Freon 113- 
water couple. The influence of the continuous phase 
height on the volumetric coefficient is illustrated in 
Fig. 13. 
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FIG. 13. Variation of the volumetric heat transfer coefficient 
H, vs the dispersed phase flow rate rjd ($c = 76 cm3 SK’) for 
the n-pentane-water system: 0, L, = 0.20 m; +, L, = 

0.60 m. 

The above results reveal a high influence of the 
dispersed phase flow rate on the thermal charac- 
teristics of this type of evaporator ; and that the better 
performance of the n-pentane-water system can be 
attributed to the column hydrodynamics which is con- 
ditioned by the density difference of the two phases. 
Actually, when this difference (pd -pJ does not 
change sign in the column, the flow remains counter- 
current. Inversely if this difference changes sign, 
the recirculation phenomenon occurs and the flow 
cannot be considered countercurrent. The maximum 
value of the volumetric heat transfer coefficient 
obtained with the Freon 113-water system is about 
45 kW rnw3 ‘C’ in our experiments. This limit value 
is conditioned by the dragging of the dispersed phase 
which is non-negligible at high flow rates. For the n- 
pentane-water system, however, the maximum value 
of H, = 120 kW mu3 “C-’ is limited by the maximum 
flow rates of the pumps used. 

Simplified model 
Since it is difficult to determine the individual influ- 

ences of the given set of parameters governing the 
functioning of the exchange column, sizing this type 
of evaporators necessitates a dimensional approach. 
The dimensional analysis presented here is based on 
characteristic transfer times. 

Optimum heat transfer depends on the significance 
of the thermal transfer time compared to the residence 
time in the exchange column. This optimum heat 
transfer varies directly with residence time and in- 
versely with the thermal transfer time. 

From the energy equation d,H = hS,,[T,(t) - T,(t)] 
between a droplet or a bubble and the surrounding 
fluid, together with an enthalpy balance, we obtain by 
integration the thermal transfer time in each zone : 

liquid-liquid zone (1) : 

%I = %I 1% {VW - ~e,YK~c,- Tsad 

+c,(~,,,-~,)1)/(1--c,) 

where rrz, is the thermal relaxation time 
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FIG. 14. Variation of the exchanger efficiency E vs the charac- 
teristic parameter r- ’ for different continuous phase heads 
(n-pentane-water system) : +, L, = 0.20 m ; 0, L, = 0.40 m ; 

x, L, = 0.60 m. 

zrtl = mGllh~s, and CI = (~&~l~~C~)(lCl~/ti~); 

vaporization zone (2) 

rtiQ = z,,~~~/(3a”3)[(l/2)log[(a”3+~,)3/(a+R~)] 

where 

+J3Atn[,/3R,/(2~“~ -R,)] 

b = 4ap,,(p,,L,lp,C,)(~d/~,)/(3mO), 

a = V’c, - r,adlb; 

liquid-vapour zone (3) 

Tth3 = zrt3 1% {(Tee - Tw)/t(Tce - Tds) 

with 

r R3 = m0Glh3s, and C3 = (P~~C~“/P~C~)(~~/~~). 

For a drop which vaporizes completely its global 
characteristic heat transfer time is defined as : z = 
%thP 

However, it is not easy to evaluate the droplet- 
bubble residence time in the column since this depends 
on the column hydrodynamics and thermal condi- 
tions. Nevertheless, it is plain that for a given value 
of r (Fig. 14), the exchanger efficiency is a function 
of continuous phase height and therefore of the transit 
time. 

The volumetric heat transfer coefficient depends 
however on the characteristic heat transfer time (z-‘) 
and the drop number flow rate (ri,). Figure 15 shows 
the evolution of H, vs the characteristic parameter 
(fii,r-‘) for different continuous phase heights. The 
slight scatter in the correlations are probably due to 
fluctuations of the operating column height. 

11.4. Theoretical Analysis of a Two-phase Flow 

The application presented here involves the flow of 
three fluid phases. It is desirable to seek a dynamic 
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FIG. 1.5. Volumetric heat transfer coefficient H, vs the charac- 
teristic parameter (ti,s-‘) for different continuous phase 
heads L, (n-pentane-water system) : +, L, = 0.20 m; 0, 

L,=0.40m; x,L,=0.60m. 

description of the total flow in order to predict the 
evolution of the temperature profiles of the two fluids 
and the void fraction along the column. Considering 
the complexity of the flow, we make the following 
simplifying assumptions : 

(a) the flow is steady and one-dimensional ; 
(b) quantities are constant in a cross-section ; 
(c) bubbledroplets remain spherical and are of 

the same diameter ; 
(d) fragmentation and coalescence do not occur; 
(e) drops are assumed to behave independently of 

one another, thus an equation of motion similar to 
equation (4) may be used. 

The analysis can be decomposed into three zones 
(Z,), namely : liquid-liquid zone (Z,), vaporization 
zone (Z,), liquid-vapour zone (Z,). 

Liquid-liquid zone 
Mass conservation. For the dispersed phase, the 

mass entering a cross-section of the column per unit 
time at abscissa z is 

m(z) = WP(W&)A. 

The mass leaving per unit time at abscissa (z+dz) is 

m(z+dz) = a(z+dz)p(z+dz)U,(z+dz)A. 

For a constant column cross-section, the mass balance 
yields from the above relations 

d, W)P(Z) U, @)I = 0. 

Introducing the relation a(z) = N(z)v,(z) in the pre- 
cedent and remembering that in this zone p(z) and 
v,(z) are constant, the mass conservation is as follows : 

d,[NU,] = 0. (23) 

A similar approach for the continuous phase yields 

d&&M4dz)l = 0 
which can be expressed as 

(1 -Nv,)d,(u,)-u,v,d,(N) = 0. (24) 

Momentum balance. This equation is similar to 
equation (4). Since the continuous phase is flowing 
this equation was modified as follows : 

cb(m,+p,v,/2)d;(U,)+(3/2)U,p,v,d,(u,) 

= -nC,p,R,Zu:/2+(p,-p,)gu,. (4’) 

Energy balance. The equations governing the heat 
transfer for the two phases are 

d0,) = Q/(P&U,V,) (25) 

d#J = -NQ/](l -Nv,hwGl. (26) 

Vaporization zone 
In this zone and because of the vaporization, the 

bubbledroplet grows and its radius is not constant. 
So the above set of equations is as follows : 

d,[NU,] = 0 (23) 

(1 -Nv,)d,(u,)-s,u,Nd,(R,)-u,v,d,(N) = 0 (27) 

U,(m,+p,v,/2)d,(U,)+(3/2)U,p,u,d,(u,) 

= -aC,p,R,2u:/2+(~,-Pp,)gv,-“*p,u,U,s,d,(R,) 

(28) 

d,(R,) = Q(~,,-~dv)l[~d,~dvLv~pUpl (29) 

4Vd = -NQ/[U -Nvp)uc~cCcl (26) 

Tc, = K,,. 

Liquid-vapour zone 
The conservation equations for this zone are similar 

to those defined for the liquid-liquid zone with the 
corresponding therrnophysical properties. 

The boundary conditions. These are as follows : 

Td(0) = Tde ; u,(O) = Wd /WhJ ; R,(O) = & ; 

NO) = Wb(Wp(Wl; ~$9 = $,lMWl. 

The above set of equations was solved numerically 
with the appropriate heat transfer and drag coeffi- 
cients. 

(1) Heat transfer coeficients. For the first and 
second zones, the heat transfer coefficient determined 
in ref. [29] is 

Nu = hD/,I, = 1.26{1+~~‘~/[2+3c(~‘~ 

+~1’~~(3+2tr~~~)]}Re’~~ Pr’13. 

For the third zone, the heat transfer coefficient 
between a bubble moving in a liquid given in ref. [20] 
is 

Nu = hD/& = 0.37Re0.6 Pr’/*. 

(2) Drag coeficients. For the liquid-liquid zone the 
correlation is [30] 

C, = 24/Re[l +0.179Re0.63+2.6 x 10m4Re’ 38]. 

For the vaporization and liquid-vapour zone the 
Haberman and Morton [26] correlation was used. 
The profiles of the dispersed phase temperature, con- 

tinuous phase temperature and void fraction, radius 
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FIG. 16. Temperature profiles along the evaporator in coun- 
tercurrent flow (n-pentane-water system). The abscissa zero 
is chosen at the dispersed phase plate (tjd = 4.2 cm’ s-‘, 
$, = 42 cm3 s-‘, L, = 0.20 m, D, = 0.3 cm): -, con- 
tinuous phase temperature profile T,(z) obtained numeri- 
cally; -, dispersed phase temperature profile Td(z) 
obtained numerically ; ---, shows the multiphase mix- 
ture head L, of the active exchange volume obtained numeri- 
cally and experimentally ; + , experimental points of the mix- 
ture temperature along the evaporator; 0, measured 

dispersed phase outlet temperature. 

of the bubble+hoplet, and velocity of each phase in 
the evaporator column were obtained by solving the 
set of equations using the method of finite differences. 

Comparison of computational and experimental results 
In Fig. 16 the continuous and dispersed phase tem- 

peratures obtained numerically were plotted vs the 
abscissae z. The temperatures measured with 1 mm 
diameter nickel chrome-nickel thermocouples all 
along the column were also plotted. 

Close agreement between the estimated and the 
measured continuous phase temperatures can be 
noted up to the exchanger column mid-height. Surely, 
this agreement can be explained by the fact that in 
this zone, the void fraction is low so the measured 
temperatures correspond to the actual continuous 
phase temperatures. Beyond this point however, and 
because the void fraction is relatively high it is difficult 
to monitor the individual temperature of each phase 
hence the measured value corresponds in effect to the 
mixture temperature at each abscissa. This should 
explain the later deviations between the theoretical 
and experimental profiles as illustrated in Fig. 16. 

Again, no experimental points were included for 
the dispersed phase temperatures in account of the 
difficulty to measure firstly the droplet temperatures 
and later those of the bubbles. Nevertheless, it can be 
noted that the measured outlet temperature of each 
phase corresponds to the theoretical value. 

Due to this attendant difficulty, the validation of 
this model goes by a parametric study similar to the 
one presented above. 

Figure 17 compares the theoretical and exper- 
imental variations of the continuous phase outlet tem- 
peratures vs the continuous phase flow rates where a 
good agreement can be observed. Moreover, this 
model predicts satisfactorily the mean void fraction 
as shown in Fig. 16. 

‘55.5 83.3 III 

JI, km3 s-‘1 

FIG. 17. Comparison between the theoretical and exper- 
imental variations of the continuous phase outlet tem- 
peratures vs the continuous phase flow rates $. for the n- 
pentanewater system (tid = 4.2 cm3 s-‘, DO = 0.3 cm, 
L, = 0.20 cm) : -, simulation results ; 0, experimental 

results. 

When the void fraction U(Z) exceeds 0.3 however, 
the theoretical values deviate from the experimental. 
values. This disagreement can be explained by coales- 
cence between the bubbledroplet in the exchange 
column. The present phenomenon was not taken into 
account by the model. 

CONCLUSION 

The theoretical analysis with the aid of the experi- 
ments of ref. [14] concerning the vaporization of a 
bubble-droplet showed that the effective heat ex- 
change area is an important parameter in this phen- 
omenon. Experimental and calculated velocity 
profiles are in good agreement when the effective 
exchange area is determined. 

An analysis of compound multiphase droplets 
allowed us the prediction of its most probable con- 
figuration. This configuration plays an important role 
in the heat exchange processes. 

By a mechanistic approach when the bubble- 
droplet remains attached we showed that this effective 
area results from the mechanical equilibrium of the 
bubble-droplet. This equilibrium is supposed to be 
defined by surface forces. Consideration of the buoy- 
ancy effects in addition to the interfacial tension forces 
must lead to a more precise estimation of the liquid- 
liquid area. 

The study of the dragging phenomenon shows that 
the continuous phase is carried out in vapour form. 
The maximum value of the dragging coefficient was 
estimated and compared to the experimental value. A 
good agreement was observed at high values of the 
dispersed phase flow rate or continuous phase tem- 
perature in accordance with the assumptions. The 
experimental setup led us to derive the influence of 
the several parameters on the behaviour of this type of 
evaporator. The volumetric heat exchange coefficient 
obtained differs with the couple of fluids. For refriger- 
ant Rll3-water it is a maximum of 45 kW me3 ‘C-’ 
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and about 120 kW mm3 “C-’ for the n-pentane-water 

system. The absence of recirculation zones in the 
column explains the better performance of the latter 

c0l.lplt?. 
An approach in terms of characteristic transfer 

times lead to a correlation between the thermal 
performance (efficiency, volumetric heat transfer 
coefficient) and the evaporator parameters. 

The design and sizing af this type of evaporator 
requires a realistic model. We have presented a model 
which describes correctly the hydrodynamic and ther- 
mal transfers of a va~or~2ing drop. We have used this 
model to describe a multidroplet flowing system. The 
results obtained were satisfactority compared with our 
~x~~rnents on a spray column using an n-~entane- 
water couple when the void fraction does not exceed 
0.3. At higher values this analysis demonstrates the 
necessity of taking into account the phenomenon of 
coalescence between the bubble-droplets. 
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VAPORISATION D’UN LIQUIDE PAR CONTACT DIRECT DANS UN AUTRE LIQUIDE 
NON MISCIBLE. PARTIE I : VAPORISATION D’UNE GOUTTE. PARTIE II : VAPORISATION 

D’UN ENSEMBLE DE GOUTTES EN MOUVEMENT 

R&sum&-Leprksenttexte Porte surl'ttude deskwaporateurs g contactdirectdanslequelunephase lquide 
disperske sous formede gouttes vaporise aucontactd'un autre lquide nonmiscible plus chaud. Une ttude 

de la vaporisation d’une goutte et d'un ensemble de gouttes en 6coulement dans un autre liquide est rkaliske. 
Un formalisme est dkveloppk pour dkterminer la surface effective d’khange d’une goutte-bulb qui vaporise 
en 6coulement. Les r&.dtats obtenus sont en bon accord avec les exptriences. L’ttude de l’kquilibre 
m&anique d’une goutte et de sa bulle est r&a&&e en ne prenant en compte que les forces de tensions 

interfaciales. Les r&,ultats obtenus sont cornpar& % I’exphence. Dans une seconde partie une etude 
ex~~ment~e d’un ~vaporateur & contact direct est &Ii&e. Les r&ltats obtenus ont permis de dkgager 
l’influence des divers paramZtres sur son fonctionnement et ses performances. Une Ctude en termes de 
temps caractiristiques est developp6e en vue de permettre le dimensionnement de ce type d’ivaporateurs. 
Enfm une mod&lisation des transferts dans la colonne d’bvaporation pour d&ire Evolution des tem- 

pCratures epdu taux de vide est propos&e. Les rtsultats thtoriques sont cornpart% $ l’exp&ience. 

VERDAMPFUNG EINER FLUSSIGKEIT DURCH DIREKTEN KONTAKT MIT EINER 
ANDEREN NICHT MISCHBAREN FLUSSIGKEIT. TEIL I : VERDAMPFUNG 

EINES EINZELNEN TROPFENS. TEIL II : VERDAMPFUNG EINES AUFSTEIGENDEN 
TROPFENSCHWARMS 

Zu~ammen~a~ng-Die vorliegende Arbeit ist eine expe~mentelle und theoretiscbe Studie zur Ver- 
dampfung von RI 13 und n-Pentan, welche in eine entgegenstr~mende Wasserslule dispergiert werden. Die 
Verdampfung eines einzelnen Tropfens im ruhenden flfissigen Medium und die Verdampfung eines 
bewegten Tropfensehwarms wurden untersucht. Eine Methode ZUT Bestimmung der effektiven Aus- 
tauschflChe eines aufsteigenden Blasen-Tropfens in der nicht mischbaren Fliissigkeit wurde entwickelt. Die 
berechneten Ergebnisse stimmen gut mit dem Experiment iiberein. Das mechanische Gleichgewicht eines 
Blasen-Tropfens wurde unter ausscbliei3licher Betrachtung der Oberflichenspannung untersucht. Exper- 
imentelle Parameterstudien zum Verhalten des Direkt-Kontakt-Verdampfers werden vorgestellt. Eine 
Dimensionsanalyse, basierend auf der charakteristischen fibertragungszeit, wurde durchgefiihrt. Daraus 
wurden Korrelationen zur Bestimmung des volumetrischen WIrmedurchgangskoeffizienten und des 
Austausch-Wirkungsgrades entwickelt. Fiir einen strijmenden Tropfenschwarm wird ein analytisches 
Model1 vorgeschlagen, womit der sich entwickelnde Dampfanteil und die Temperatur der an der Austausch- 
siiule vorbeistriimenden Fluide berechnet werden kann. Die Experimente werden mit den numerischen 

Ergebnissen verglichen. 

IlCfIAPEHllE JKKMfiKOCTI?, HAXO~~~E~C~ B HEHOCPEACTBEHHOM KOHTAKTE C 
APYI-O@ HECMEIUWBAIOII&E~C5l )KKMAKOCTbIO. ‘JACTb I : HCIIAPEHrcfE OTJJEJlbHOB 

KAIIJIM. YACTL II: MCflAPEHIlE BCllJIbIBAIOII&iX KAnEJIb 

&oTaqna-IIpencTaaneno 3KcnepeMeHTanbnoe H TeoperwecKoe liccnenoaamie npouecca acnapemir 
npU IIpKMOM KOHTaKTe XJIaAareHTa R113 H n-IIeHTaHa, AWneprupOBaHHbIX I3 KOJIOHHe upI4 TeqeHUSi 
BOAbI B ,lpOTHBOTOKe. kf3)'YaJIOCb UCrIalNSiUe OTAeJIbHOfi KanJII B HeIIOABHxHOfi XkiAKOit C&W&a TaKXe 
ucnapeHue noToKa Kanenbnoii *uAwcrn. nOJIy'ieHb1 I#IOpMyJIbI &WI OII~Ae~eHHSI 3@eKTHBHOti 

nOB~XH0CTH MaCCOO6MeHa KanJIIFIIy3bIpbKa, BCnJIbIBaIOIIlei-0 B HeCMeIlIYIBaK)I.IJeiiCII KWAKOCTH. 
HaiiAeHO, 910 'IHCJIeHHbIe pe3yAbTaTbl XOpOlLIO COrJIaCySOTCSI C SKCnelNiMeHfaJIbHblMR AaHHbIMB. npO- 
BeAeHO KCCJIeAOBaHHe MeXaKWleCKOfO PaBHOBeCIfX B CHCTeMe KanJIK-ny3bIpeK C YqeTOM TOllbKO CAJI 
nOBePXHOCTHOr0 HaTl[%‘?HSZ% Aaao 06,aCHeaMe Pe3yJIbTaTOB IlpeAbIAyIIlerO aIEiSIIi3a OUeHOK Il5IOUIaAU 
nOEepXHOCTH wrIlrurocTb-mwAKocrb.3KCnepeMenTanbHO ~~AeAO~Ho BJIBRHHe pa3JIIi7HbIX napaMeT~B 
Ha XapaKTep ~Cfla~HKK npH &BlMOM KOHTaKTe. l@OBt?AeH aHaJIU3 XaPaKTepEIbSX BpeMeH IIelJeHOCa C 
n0~0lllb10 MeToAa pa3Mepno~e~. IIonyqeHbr KpaTep~~lbn~e ~OoT~Omea~~ an58 0~~~eneH~~ 06taeM- 
HOBO Ko3+&fg~enTa Tennoo&ewa, a Tatcxre aHTerrca8HocTb nepenocos. Ilpewoxcetta wa.nATwfecKaa 

bfonenb anlf Kanenbiioii mtin~ocw, KoTopar n03aonaeT npocneiwiTb 3~0~uoumo napoconepxcasan A 
TeMIlepaTj'pbI KXKJlOii XRLIKOCTW n0 BblCOTe KOnOHHbI. &IOBeneHO CpaBHeHHe 3KCllep&4MeHTanbHbIX a 

PaCVeTHbIX naHHbIX. 


