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Abstract-Experiments on heat transfers inside an emulsion when the dispersed phase crystallizes or melts 
have previously been presented [Pumas et al., Eurotherm Seminar 5 (1988)J. The crystallization and melting 
processes are not symmetrical because of the large undercooling induced by the smallness of the emulsion 
droplet sizes. The spa-time evolution of the temperature inside a metallic cylinder filled with the emulsion 
is investigated. The dispersed substances are either hexadecane, octadecane or water. In Part 1 of this paper 
we describe the results obtained during a steady cooling. We observe that, largely below the melting 
temperature, a stabilization of the temperature occurs in the axis region during a lapse of time depending 
on the cooling rate, the mass fraction or the final temperature. A simplified model based on a combination 
of the energy equation and the nucleation theories is proposed and explains the main experimental 

features. 

1. INTRODUCTION 

WE HAVE already presented experimental results on 
the heat transfers inside an emulsion during the cry- 
stallization or the melting of the dispersed droplets [ 1, 

21. The two processes are not symmetrical because of 
the large undercooling induced by the smallness of 
the emulsion droplets sizes. At the crystallization the 
release of energy, for a droplet, is practically instan- 
taneous because it occurs far from the thermodynamic 
equilibrium but, at the melting, the absorption of 
energy is at the fixed melting temperature and its 
kinetics depends on the exchanges with the sur- 
rounding medium. 

In this Part I, we present a model and its com- 
parison to the experimental results for the deter- 
mination of the heat transfers and the kinetics of the 
transformations upon cooling during the cry- 

stallizations of the undercooled droplets. The model 
and the experimental results for the melting of the 

droplets upon heating will be presented in Part II. 

2. PHASES TRANSFORMS OF PURE 

SUBSTANCES 

Except for some rare cases [3], the phases trans- 
forms for condensed substances take place, upon heat- 
ing, at the phase equilibrium temperature without 
delay. So, crystals always melt at their melting tem- 
perature T,. But, upon cooling, it is observed that the 
crystallizations occur at a temperature T lower than 
TF. It is the undercooling phenomenon. 

It is well stated that, upon cooling, the undercooling 
AT, defined as TF - T, increases when the sample size 
decreases. For example, for water AT is 14 K for 

macrosamples a few cm3 in volume and AT is 38 K 
for microsamples a few pm3 in volume as for the 
droplets of an emulsion. Very important AT have 

been observed with organic compounds (sometimes 
AT 2 100 K [3]) or metals (in certain cases AT > 200 

K [4]). The undercooling can be reduced by addition 
of nucleation catalysts even inside the droplets of an 
emulsion [5, 61, but AT is reduced and not canceled. 
For example, the use of AgI with water reduces AT 
to 22 K instead of 38 K. 

We must add that, for certain substances, at the 
crystallization of the dispersed undercooled liquid, we 
have observed the appearance of metastable crys- 

talline phases and a new polymorphism has been 
found [3]. Finally, the vitrification of the dispersed 

liquid can be observed instead of its crystallization. 
The main feature of crystallization is its stochastic 

character, i.e. samples which are apparently identical 
will not transform at the same temperature during the 
cooling process. Previous calorimetric experiments 
have shown that when a great number of samples is 
investigated (and it is the case with the emulsion which 
contains lo*-lo9 droplets per mm3) the cry- 
stallizations successively occur, upon a steady cooling, 
in a temperature range far below T, and are the most 
numerous at a temperature T* called the most prob- 
able temperature. It is also possible to maintain the 
temperature lower than TF; in this case the cry- 
stallizations successively occur in a large lapse of time 

171. 
Nucleation theories (i.e. see ref. [8]) explain that 

inside the liquid the fluctuations create small aggre- 
gates which initiate the crystallization if they have a 
size greater than a critical value depending on the 
temperature. In fact the critical value is different if 
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NOMENCLATURE 

diffusivity of the emulsion [m’ s- ‘1 
Biot number of the cell 
specific heat of the emulsion 

[J Km ’ kg- ‘1 
specific heat when the droplets of the 
emulsion are liquid or solid 

[J K-- ’ kg- ‘1 
specific latent heat of fusion (> 0) 

[J kg- ‘I 
external exchange coefficient for the 
cell [W mm’s_‘] 
homogeneous or heterogeneous 

nucleation rate [m- ’ s- ‘1 
probability of crystallization of one 
droplet per unit time [s- ‘1 
nondimensionless probability of 
crystallization of one droplet 
heat conductivity of the emulsion 
[W m-’ K-‘1 

heat conductivity when the droplets 
of the emulsion are liquid or solid 
[W mm’ Km’] 

number of intervals in the grid 
number of crystallized droplets per 
unit volume [mm ‘1 

total number of droplets per unit 
volume [m-‘1 
mass fraction of the dispersed 

substance 
heat source [J mm 3 sm ‘1 
radius [m] 
dimensionless radius 
inner radius of the cylinder [m] 

s 
Ste 

I 

t 

T(r, t ) 
Tb 
T** 

Ti 

T,,(t) 

To 
T, 
cl 

V mean volume of a droplet [m _ ‘1. 

mean area of a droplet [rn-- ‘1 
Stefan number of the emulsion 
time [h] 
dimensionless time 
temperature at r and t [“Cl 
melting temperature [“Cl 
temperature of the plateau for the axis 

[‘Cl 
final temperature after the steady 
cooling [“Cl 
programmed temperature of the bath 

[“Cl 
initial temperature [“Cl 
reference temperature [UC] 
temperature of the node m at time i 

[“Cl 

Greek symbols 

;I 

cooling rate (< 0) [ C hi- ‘1 
dimensionless cooling rate 

0 dimensionless temperature 

(4 final dimensionless temperature 

f),,(r) dimensionless temperature of the bath 

P mass density of the emulsion [kg mm ‘1 

PO mass density of the dispersed phase 

[kg me31 

;:, 

duration of the plateau for the axis [h] 
local proportion of the crystallized 
droplets for the mode m at time i 

$(r. t) local proportion of the crystallized 

droplets 
V gradient or divergence operator. 

the aggregate forms inside the liquid (homogeneous 

nucleation) or on the surface of solid particles as 
nucleating agents or simply the interface of the liquid 
with their container (heterogeneous nucleation). So, it 
is theoretically confirmed that when the heterogeneous 
nucleation is concerned the crystallization occurs at a 

higher temperature. 
The erratic character due to the fluctuations means 

that it is only possible to determine either J,,,,(T). 

called the homogeneous nucleation rate, the prob- 
ability of transformation per unit time and unit sam- 
ple volume in case of homogeneous nucleation or 
&,(T), called the heterogeneous nucleation rate 
the probability of transformation per unit time 
and unit ‘active’ surface in case of heterogeneous 
nucleation. 

We have [8] : 

J,(T) = K(T) exp (--E/kT) 

xexp(a,/T(T,-T)‘)i= homor het (1) 

where K(T) is a function slightly dependent on the 
temperature, E is an energy barrier depending on the 
viscosity of the liquid (J,(T) is smaller if the viscosity 
is higher) and a, a constant (ahorn > abet). 

For the liquids presented here, the variation of the 
term exp (aJT(T, - T)?) is preponderant. So, when 
the temperature decreases from TF, J,(T) is practically 
zero down to a given temperature, and increases very 
sharply afterwards. 

The probability of crystallization of a droplet per 
. . . 

unit time IS Whom (2’) V, where V is the droplet volume, 
in the case of a homogeneous nucleation or Jher(T)S, 

where S is the ‘active’ interface in the case of het- 
erogeneous nucleation. But, even in the case of the 
most important undercoolings, it is impossible to state 
if the nucleation is homogeneous or heterogeneous 
[3, 71. Moreover, the droplets have slightly different 
volumes or different ‘active’ interfaces. So, we are 
only able to determine experimentally y(r), the mean 
probability per unit time of crystallization of a droplet 
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FIG. 1. Experimental curve of the crystallization probability 
per unit time R(T) for hexadecane. 

which represents the mean values either of Jhom (T) V 
or Jhet(T)S. In Fig. 1 we see the example of j(r) 
determined by Differential Scanning Calorimetry for 
hexadecane [9]. 

3. EXPERIMENTAL 

The investigated substances are Analytic Grade 
paraffins such as hexadecane (TF = 180°C) or octa- 

cover 
holotor 1 

coooor 

decane (Tr = 27.5”C) and distilled water. They are 
dispersed by a high speed stirrer within an emulsifying 
medium made of a mixture of water, glycerol and 
Tween 80@ as surfactant for the paraffins and a mix- 
ture of paraffin oil and lanolin for water. For hexa- 
decane, by a particular choice of the relative con- 
centrations of the constitutive substances of the 
emulsifying medium, the dispersed system is, in fact, 
a microemulsion [9]. So, it is very stable and the experi- 
ments are easier. The droplet diameters are mono- 
disperse about 10 nm. But, even in this case we will 
name all the dispersed systems emulsions. 

The experimental cell has been presented in detail 
elsewhere [l, 21. It is a vertical metallic tube (see Fig. 
2(a)) of about 500 cm3 in volume closed by two iso- 
lated caps. Its height is sufficiently larger than its 
diameter to consider that only the radius Y and the 
time t are the variables of the study. This cylinder 
contains a ‘cage’ which supports 12 thermocouples 
tied up on stretched nylon threads. The solders are 
located regularly (see Fig. 2(b)) in a median horizontal 
plane at different radii. The cell is immersed in a bath 
at temperature T_,(t) heated or cooled at a constant 
rate j by a thermostat. 

The solders diameters (< 1 mm) are very much larger 
than the droplets diameters; so, the emulsion can 
be considered as an homogeneous medium. At the 
crystallization, which is very quick, we are not able to 
analyse what actually happens inside a droplet where 
the temperature variation is probably considerable. 
We have detected a global effect in a region which is 
small in comparison with the cell dimensions, but 
which could contain a great number of droplets (as 

emulsion 
nylon 

thrrod 

R 

(b) 

FIG. 2. Scheme of the experimental cell. 
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FIG. 3. Temperatures of the solders vs time for a hexadecane emulsion cooled at b = - 5K h- ‘. 

already mentioned there are about lo’-lo9 droplets 
per mm’). 

An example of the experimental curves of the tem- 
perature of the solders vs time is given in Fig. 3 for 
the microemulsion of hexadecane and in Figs. 4 and 

5 for the emulsions of octadecane and water. For all 
substances, we observe at the beginning of the cooling, 
before the crystallizations, the difference of the tem- 
peratures for the different radii due to the heat con- 

T(Y) 

I 

duction inside the emulsion (the temperature for the 
axis region Y = 0 being always the highest). Cry- 
stallizations are detected when the curves deviate from 
linearity. 

As expected, the droplets near the inner side of the 

tube first crystallize ; but a part of the released energy 
heats up the axis region of the cylinder delaying the 
crystallizations of the droplets. Generally, the result 
is that the temperature near the axis is practically 

T(Y) WATER 

Emulslon 
0 

P = 0.30 p = -15’C/h 

FIG. 4. Temperatures of the solders vs time for an octadecane FIG. 5. Temperatures of the solders vs time for a water 
emulsion cooled at /I = - IO’C h ‘. emulsion cooled at fi = - 15 C h- ‘, 
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Table 1. 

Substance TF T** 

Hexadecane 18.0 4.0 
Octadecane 27.5 14.5 
Water 0.0 - 35.4 

constant over a lapse of time r. Let us notice that 
the temperature being much lower than the melting 
temperature T,, no thermodynamic reason can 
explain this fact. 

This quasi steady temperature named T** and 
taken for r/2 (see Figs. 3-5) varies very little, for a 
given substance, with the different emulsions and the 
different parameters we have studied. On the contrary, 
r depends on these parameters as we will see later. 

On Table 1 we give the mean values of T** (in “C) 
for the three investigated substances knowing that the 
variation with the different parameters is smaller than 
1°C. 

4. ANALYSIS 

In this paper we propose a model for the cooling 
and the crystallizations of the undercooled droplets. 
We present the model in the case of an emulsion in a 
cylinder having a height much larger than its diameter 
as for the experimental cell described above where 
only the variables r and t are taken into account. 

The droplets of the emulsion are so small (< 1 pm3 
in volume), the dispersed system is so viscous (the 
dynamic viscosity is larger than lo4 CP around the 
crystallization temperature) and the variation of the 
density p is so small (< 1% as indicated by thermo- 
mechanical experiments), that the possible convective 
diffusion inside the droplets during the change of 
state, does not involve a movement of the emulsion 
as a whole. So, only the conduction must be taken 
into account. 

Hence, we use the energy equation : 

aw, 0 
pc at 

~ = V(kVT(r, t)) +cj (2) 

where k is the thermal conductivity of the emulsion, 
p its mass density and c its specific heat. The heat 
source 4 is different from zero when the cry- 
stallizations of the undercooled droplets occur. 

= h”“‘(T(R,, t) - T,(t)) (9) 

As mentioned above, we assume the homogeneity 
of the emulsion since the relatively large size of the 
thermocouples solders does not permit a more accur- 
ate investigation. Therefore, we assume, for the 
model, that the droplets release instantaneously the 
same amount of heat as a volume, V, of liquid. 

The volumetric heat source, 4, is proportional to 
the heat of transformation of one droplet and to the 
number of droplets which crystallize per unit time and 
unit emulsion volume dn/dt. We have : 

where k is the thermal conductivity of the emulsion, 
h’“’ an exchange coefficient between the emulsion and 
the bath to globally take into account the exchanges 
through the metallic tube and a part of the bath [lo] 
and T,(t) is the imposed temperature of the bath. We 
have chosen, for the bath, either a full cooling with a 
linear variation such as : 

T,(t) = /?t+cte (/? < 0) (10) 

or the same cooling but limited at a temperature T, 
followed by a stabilization at this temperature after- 
wards. 

cj = p. VhS,_ dn/dt (3) For the initial conditions, we have chosen, as for 

where p0 is the mass density of the dispersed phase 
(hexadecane) and h,, the latent heat of fusion 

(hs,_ > 0). 
dn/dt, the number of droplets crystallizing per unit 

time, is proportional to the probability of cry- 
stallization of a droplet and to the number of droplets 
which remain unfrozen. If an emulsion unit volume 
contains n, droplets, assuming that the number of 
droplets crystallized at the time t per emulsion unit 
volume is n(r, t), dn/dt is given by : 

dn/dt = /(T)(n,-n(r, t)). (4) 

If we define $(r, t) = n(r, t)/nt the local proportion 
of the crystallized droplets, (3) becomes : 

cj = p. VhS,_nt d4/dt. 

According to equation (4) we have : 

(5) 

x = f(W, t))U --$(r, Oh (6) 

As mentioned above we do not observe convective 
movements inside the emulsion. We only must resolve 
the conduction equation but, with a volumetric heat 
source 4 given by equations (5) and (6). 

Taking into account equations (5) and (6), knowing 
that n, = (pP)/(poV), (2) becomes: 

a T(r, t) 
pc at 

~ = V(kVT(r, t)) 

+MhsJ(T(r, 0)(1-&r. 0). (7) 

Equations (6) and (7) form a system where the 
unknowns are T(r, t) and 4(r, t). These equations are 
non linear because of the function y(T(r, t)) (see Fig. 

1). 
The boundaries conditions are classical : 

for r = 0, 

aT ( > ar,=O 
for r = R,, 
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the experiments, a stabilized temperature for the cell. 
At t = 0 all the temperatures are the same : 

T(r,O) = T”. (11) 

As mentioned the function 2(T) has been obtained 
by preliminary DSC experiments (see Fig. 1). Because 
of its definition, the coefficient h’“’ cannot be 
measured. We have chosen a value compatible with 
the experimental results. The values of a. k or c are 
those determined at the ambient temperature. c and 
h,, have been determined by DSC experiments. 

If the values of p, c and k were constant, equation 
(7) would transform into : 

+bf’Y(T(r,d)(l -&r, 0) (12) 

where a = k/pc is the diffusivity and b = h,,/c. 
The other equations are the same as equations (6) 

(8), (9). (10) or (11). 
A preliminary study has shown the existence and 

the unicity of the solutions of the system of equations 
(6) and (12) [ll]. 

In this case, it would be interesting to present 
dimensionless equations with the classical dimen- 
sionless variables : 

We notice that it is not practical to choose a reference 
temperature T, equal to the melting temperature TF 
as it is often made in the literature because To could 
be very near TF and the undercooling important. We 
have chosen that 0 could vary from 1 or 2 to - 1 
or -2. So, we have arbitrarily chosen T, near the 
temperature where 2 (T) becomes different from zero 
and sharply increases. In this case, the crystallizations 
are detected for a value of 0 around 0. 

With these variables equations (12) and (6) 
become : 

$=~+;~-&B’(s)(l-$) (14) 

g = +Y’(6)(1-4) (15) 

where 

c(To - Tr) Ste = i--- 
SL 

is the Stefan number and y’(Q) the dimensionless 
nucleation rate is 

y’(e) = :f(~~+o(T~- T,)). 

The boundaries conditions would be 

de 0 w i=o=o (16) 

de (-1 ar i=, 
= i?iexyer, -Q(l, i)] (17) 

with 

where 

H, = p,i+ 1 (18) 

p’ = _!-__ !s 
To-T, a 

the dimensionless cooling rate, and 

Bi”“’ _ ptRQ 
k 

the external Biot number. 
We can have a full cooling or a cooling limited at 

a temperature : 

T;-T, 
~,=------ 

To-T,’ 

The initial conditions are : 

for i=O H=l. (19) 

We have already noticed the function f(T) is not 
linear. So, the dimensionless function f’(6) is not 
universal and the results described below are not uni- 
versal. At a pinch it would be possible to analyse the 
relative influence of the parameters but the quan- 
titative results could not be applied to different 
substances. 

In fact, to have an accurate comparison between 
the model and the experimental results the above 
assumption is not adequate. In particular, even the 
variation of k and c is small with the temperature and 
we must take into account the notable difference for 
these values due to the fact that the disperse phase is 
liquid or solid. So, k or c depend mainly on rj the 
fraction of droplets already crystallized. We have 
already mentioned that the variation of p is negligible. 

To simplify the problem, we assume, as it is pre- 
dicted with a good approximation by different mixing 
laws [l 11, that k and c are linear functions of 4. We 
have : 

k = k + (k, -kdW, 0 (20) 

c = cL + (cs - cLM(rr t) (21) 

where k, and cL are the heat conductivity and the 
specific heat of the emulsion when the dispersed phase 
is liquid and k, and es the corresponding values when 
the dispersed phase is solid. 

The heat conductivity and the specific heat are not 
constant, therefore finding non-dimensional variables 
is impossible. Moreover, the function f’(0) is not 
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FIG. 6. (a) Calculated temperatures T(r, t) at different radii from r = 0 to r = R, (step of 2.5 mm), vs time 
for a hexadecane emulsion cooled at /3 = -5°C hh ’ and (b) corresponding calculated proportions of 

crystallized droplets +(r, t). 

linear. So, we have kept the variables with their such as t = iAt. So, the energy equation (7) is : 
dimensions using equation (7) instead of equation TI+‘_T’ 

Pc(c?J m At m (14). 
The equations (6) and (7) taking into account the 

boundaries conditions (@-(IO) and the initial con- 
ditions (1 l), are solved by an explicit finite differences 
method. 

As we have only one space variable, the grid consists 
of dividing the radius R. in M intervals with a length 

+(1+$&+,-T.)] 

of Ar. The nodes, are located by r = (m- 1)Ar with +P~,J’N-~)(~--&J 

1 < m < M. The interval of time being At, the time is for 2 < m < M- 1. 

743 
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FIG. 7, Calculated values of r for different values of the cooling rate p and difkrcnt values of h”’ and 
comparison with the experiments. 
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FG 8. (a) Calculated temperatures of the axis vs time for a hexadecane emulsion far cowlings at 
@ = - 30°C h- ’ down to I: = 0°C and corresponding calculated values of #(,r. f) for diKerent radii vs time. 
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Table 2. Experimental and calculated 
values of 5 (h) for two mass fractions 

P of hexadecane. 

P Experimental Model 

0.50 1.10 1.19 
0.25 0.90 0.85 

Form = 1 (r = 0), equation (8) becomes: 

and for m = A4 (r = R,), (9) becomes : 

+ ~hf’#(TL)(1- &,A 

where T:, = PiAt+ T,, after equation (10). 
For all nodes, equation (6) is written as : 

&+.“-(($1, 

At 
=f(Tk)(l-&) m= l,...,M. 

On Fig. 6(a), we have the calculated curves for 
a hexadecane emulsion (P = 0.5, hsL = 58 cal g- ‘, 
k, = 0.27 W m-’ K-‘, c,_ =2590 J kg-’ Km’, 
ks =OSO W m-’ K-‘, cs =2215 J kgg’ K-l, 
/I = -5°C h-‘). The value of h’“’ cannot be mea- 
sured and is an adjustable constant. The value 
h’“’ = 80 W me2 Km ’ has been chosen because, as we 
will see, studying the influence of different parameters, 
it is a value compatible with all our results. 

In Fig. 6(a), we see that the shapes of the curves are 
identical with the experimental ones given in Fig. 3 
and this fact confirms the validity of our model. 

More information is given by the model if we plot 
the values of $(r, t), the fraction of crystallized drop- 
lets. As indicated in Fig. 6(b), giving for each value 

r(h) 
1 

IO- 
HEXADECANE 

P-O.50 fl--3O’Clh 

l experimental 

5- 

01 I I I 
-25 -15 -5 5 T,(‘Cl 

FIG. 9. Calculated and experimental values of 5 vs T,. 

of r the function &r, t) vs time and comparing with 
the corresponding curves on Fig. 6(a), we see that the 
proportion of crystallized droplets is very small when 
the temperature is stabilized around T**. 4(r, t) 
increases sharply only at the end of the temperature 
plateau and the temperature decreases only just after 
the crystallizations of all droplets. 

We conclude that, for a full cooling, the region 
where the droplets are crystallizing corresponds to a 
narrow radius range which slowly moves from r = R, 

to the axis. 
To compare the results when the different par- 

ameters are changed, because of the same general 
shape of the curves and because T** varies very little, 
it is sufficient to analyse the variation of 7 the duration 
of the axis temperature plateau. 

Injuence of the cooling rate j? 
In Fig. 7 we have plotted curves giving the values 

of 7 vs - fi (/3 is negative) calculated according to the 
model. The experimental values are conformable to 
the curve for h’“’ = 80 W mm2 KP’. In fact for 
h”“’ > 50 W mm * K- ’ when the heat transfer is 
assumed sufficient, r is only slightly dependent on the 
value of h’“‘. The kinetics of the global effect depends 
only on the heat transfers inside the emulsion. 

Figure 7 indicates that 7 decreases when -b 
increases but 7 is not proportional to -B. 

Injhence of the mass fraction P 
It is difficult to resolve the model for different values 

of the mass fraction P because the characteristic par- 
ameters k, c or p of the dispersed system depend on 
it [12]. For the dispersion of hexadecane, it is not 
possible to have a microemulsion for all values of the 
mass fraction and, if it is possible to have a micro- 
emulsion for P = 0.50. for certain smaller values of 
P, we are only able to make an emulsion. 

So, we have only studied the mass fractions 0.50 
and 0.25 whose parameters have been determined [12]. 
In Table 2 we compare the experimental and theor- 
etical results for 7 (full cooling at fi = - 20°C h- ‘). 
The values are in good agreement. 

Influence on the lower temperature T, 
The cooling is limited to a temperature T, and 

stabilized at this temperature afterwards. When T, 
is sufficiently low we have a full cooling which cor- 
responds to the above results. But when T, is higher, 
close to the plateau temperature T** (indeed 
T, < T**), the results are different. Although we 
observe a plateau at the same temperature, the value 
of 7 is considerably increased, as indicated in Fig. 8(a), 
for the experimental and theoretical curves for the 
axis. 

In Fig. 8(b), we have the corresponding curves of 
the proportions of crystallized droplets 4(r, t) vs time 
for different radii. We conclude that the moving region 
where the droplets are crystallizing is broader than 
with a full cooling. 
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In Fig. 9 we compare for different values of r, the 
experimental values of 7 and the calculated values. In 
spite of the difficulty to have the quasi perfect stability 
of temperature for a long time, the experimental and 
calculated values are in accordance. 

5. CONCLUSION 

In this first part, we have presented experimental 
results concerning the study of heat transfers inside a 
steadily cooled emulsion when the dispersed phase 
crystallizes. 

The model presented is based on the resolution of 
the energy equation with a heat source depending on 
the probability of crystallization given by the 
nucleation theories. We observe a good agreement 
with the experimental results. In particular we have 
observed a stabilization of the temperature in the axis 
region of the cell during a lapse of time which: 

l decreases when the mass fraction decreases ; 
l increases when the cooling rate decreases ; 
l largely increases when the final temperature 

increases. 
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