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Abstract-Performances of heat exchangers-accumulators working with phase-change materials (PCM) are 
limited by their discharge power. The purpose of our study is to outline the influence ofcrystalline kinetics and 
of subcooling on the recovery power of these accumulators. The behaviour of a layer of material with a PCM 
representative of salt hydrates, both taking into account, or not, the kinetics of crystal growth is investigated. 
Based on the enthaipy method, our model lead8 to the classical results related to the solidification of a 
substance having great chemical purity, and demonstrates the difference observed for technical materials, or 
mixed products, in purely thermodynamic conditions. Results are compared and analysed, using 
dimensionless numbers Ste, Bi, Fo and Sol, the ‘solidification number’ which is introduced in direct 
relationship to the kinetics ofcrystal growth. Themodel may be adapted,moreover, to crystallizations induced 

after subcooling ; two examples of this process are given.. 

INTRODUCTION 

STORAGE processing is fundamental for control and 
distributionofenergy.Theoreticalandpracticalstudies 
concerning heat exchangers-accumulators working 
with liquid-solid phase change materials (PCM) have 
been performed for some years; these studies deal 
essentially with the low temperature storage process, 
and the appropriate PCM are paraffins and salt 
hydrates. The present work is mainly concerned with 
salt hydrates, but may be extended, with some 
precaution, to the paraffins. 

The required qualities for a good storage material 
severely limit the number of PCM having industrial 
potential. To the main classical criteria for selection 
(high energetic density, chemical stability, melting 
temperature, etc.) must be added the need for strong 
kinetics of crystal growth. Our study makes possible the 
description of the solidification phenonema of a PCM 
by relating the kinetics of crystal growth to heat 
transfer. Its main interest lies in pointing out the role of 
subcooling phenomena and the associated con- 
sequences on the power values obtained during the 
discharge of such heat accumulators. 

The aim proposed is to modelize the solidification of 
a layer of PCM, initially at a temperature equal to 
melting temperature, taking into account the kinetics 
of crystal growth, and the possible alteration of 
thermophysical properties, particularly the melting 
enthalpy, when technical PCM are used. The influence 
of impurities, whose presence may be desired for the 
modification of the PCM’s properties [l-3], is clearly 
shown by a modification in the intrinsic enthalpy of the 
PCM, and by the need to introduce the notion of 
crystallizable fraction. 

The aim of our modelization is to correlate the 
kinetics of crystal growth and the different aspects of 
solidification such as temperature profiles, extracted 
flux and the fraction crystallized, with time. 

CRYSTALLIZATION MODEL WITHOUT 
CONSIDERATION OF THE 

KINETICS OF CRYSTAL GROWTH 

We consider a PCM layer, initially at melting 
temperature, and in which only thickness e is finite. The 
upper limit is associated with an imposed temperature 
0,, and the lower limit with an adiabatic condition 
qe = 0 (Fig. 1). It is supposed that the convective heat 
transfer coefficient h is uniform and constant. 

% 

4*=0 

FIG. 1. Representation of PCM layer undergoing the phase 
change, with its limit conditions. 
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NOMENCLATURE 

area of the surface from volume 
element P[m’] 
yIrm;ir;ry [m’ s- ‘1 

Biot number, heJk, 
concentration of saturated solution 
or specific heat 
initial concentration of solution 
concentration of ‘ideal’ material 
dimensionless specific heat, c:/c: 
characteristic length, thickness of 
PCM layer [m] 
crystallizable fraction 
crystallized fraction 
Fourier number, k,t/pca e2 
dimensionless time step 
convective heat transfer 
[W m-* K-‘1 
specific enthalpy [J kg-‘] 
dimensionless specific enthalpy 
solid thermal conductivity 

CWm 1 -1 K-1 

liquid thermal conductivity 
[W m-r K-r] 
dimensionless thermal conductivity 
(liquid-solid), k Jk, 
thermal conductivity, Fk, + (1 - F)k, 
[W m-’ K-‘1 
dimensionless thermal conductivity, 

klk, 
latent heat of solidification for ideal 
material 
phase change material 
surface heat flux [W m-‘1 
dimensionless surface heat flux 
kinetic exponent 
dimensionless kinetic coefficient 
solidification number, tM - k$pc:e’ 
Stefan number, c$(@ -0,)/L* 

/ time [s] 
u linear crystallization rate [m s- ‘1 

uM maximum linear crystallization rate 
[ms-‘1 

V control volume [m”] 
x abscissa [m] 
P reduced abscissa, .x/e 
X, Y, 2 control volume coordinates. 

Greek symbols 
Q temperature [K] 
0 dimensionless temperature 

e^r dimensionless melting temperature 

QM dimensionless temperature 
corresponding to u = uy 

Oi dimensionless initial temperature 

0, melting temperature of the PCM [K] 
A0 degree of subcooling, Br - 0 [K] 

0: melting temperature of ‘ideal 
material [K] 

O,# imposed cooling temperature [K] 

P volumic mass [kg m - “1 
t period of the crystallization 

phenomena, or characteristic time [s] 

7M maximal characteristic time [s] 
Q dimensionless characteristic time, 

rlru. 

Superscripts 
dimensionless 

* related to ‘ideal’ material. 

Subscripts 
f fusion 
I liquid 
M maximal 

P wall 
S solid. 

Enthalpy characteristic and crystallizable fraction 
The presence of impurities in a PCM is generally 

associated with a decreased melting temperature and 
an enthalpy characteristic spread over a certain range 
of temperature (Fig. 2). Very important changes may be 
observed for a given PCM, according to the purity of 
this material. This explains the high dispersion of 
thermophysical values (enthalpy and melting point) 
reported in the literature for salt hydrates [4]. 
Moreover, technical materials always have a con- 
siderable content of impurities. 

In order to take this into account, we consider the 
‘real’ enthalpy characteristic of a PCM, and we define 
an ‘ideal’ PCM, hereafter associated with the symbol * 
(corresponding to at last 99% purity). If we consider the 

I 

! 

‘real’ enthalpy characteristic, spread over a range of 
temperature, the degree of crystallization of PCM is 
related to the crystallizable fraction F(U). This 
crystallizable fraction corresponds to the solid fraction 
deposited from the solution, at a given temperature. 
expressed from Raoult’s law : 

co -49 
F(0) = -. c; -c(e) 

If we assume that the shape of the liquidus, for the 
temperature range considered, is parabolic, F(Q) is 
expressed by 
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4 0; 
Temperature 8 

FIG. 2. Intrinsic enthalpy characteristics of a PCM as a 
function of temperature: - - - ‘ideal behaviour ; - real 

bchaviour (of the PCM). 

Considering now an elementary volume V of PCM 

(Figure 3), for a temperature variation de, the enthalpy 
variation related to mass unity, di, is 

di= -L*dF+Fc$df?+(l-F)c:dB 

i.e. in expanding F(6) : 

(3) 

di 
--d-J = L* 

By integration of equation (4), the analytic form of 
enthalpy i as a function of 6 is obtained : 

i(6) = bL* 
-l/Z 

+ c,*e - 2be:(c: -c,*) 

x 1-g ( > 
112 + Cte. (5) 

FIG. 3. Control volume for the mono-dimensional model 

Enthalpy model analysis 
The enthalpy model uses the heat conduction 

equation with non-linear coefficients and is easy to 
manipulate. Numerical methods are often the only way 
to find solutions to this equation. The use of apparent 
specific heat has been employed by some authors [S, 63. 
In this case the latent heat of fusion is considered in a 
limited temperature interval close to the melting 
temperature fir [7-91. In order to use the experimental 
results on enthalpy characteristics of PCM, i(e), we kept 
the expression of the energy conservation in a control 
volume V (Fig. 3), in the following form : 

f$ = div (k gi%d 0). (6) 

Convection in the liquid phase, and dilatation 
phenomena related to volumic mass variations with 
temperature, are neglected. 

Moreover, by using the notation of a crystallizable 
fraction, it is possible to formulate a law of thermal 
conductivity variation with temperature, which is 
written : 

k(e) = F(e)k, + ci -F(e)] kP (7) 

Our equations are then : 
Energy conservation, equations (4) and (8) : 

(8) 

Limit conditions : 

k!!! 
0 ax x=O 

= h(e,-8,) (third-order limit condition) 

(9) 
ae 

0 ;i;; ==e 
= 0 (adiabaticity limit condition) (10) 

t = 0, 0(x, 0) = 0, (initial condition). (11) 

Using equation (4), the enthalpy can be constantly 
related to the temperature 6, in the resolution of 
equation (8). We introduce the dimensionless variables 
defined by : 

8= et-e iA FOAL (12) 
m’ e’ c:pe2 

f+; c: i(e,) - i(e) d’<; f=-...--- (13) 
* CS L* 

Bi=y; fjte= ev: - 0,) 
L* . (14) 

I) 

Equations (7)-(11) are rewritten in dimensionless 
notation : 

E=++[l-($~‘2](l-I) (15) 

a?= aFo*Ste !- Eg 
'aa ai (> 

(16) 
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aT i 
3 = 2(Of)1’2(~~3~2 +(P- 1)Ste 

*(~f)1i2~(~-“2+Ste (17) 

=$&-1) 
k 

Fo = 0. e^ = e,. 

(18) 

(19) 

This system of equations is solved with the help of an 

explicit scheme, using a physical approach. The model 
calculates the enthalpy content of every node at any 
given time. We then calculate the temperature of the 

nodes at a given time, by relation (17). 
The enthalpy characteristic i(B) being sufficiently 

spread, the attenuation of the crystallization front 
permits the use of an explicit scheme with no stability 
problem, and a mono-dimensional model is sufficiently 

simple to limit computing time. 
However, several time steps have been tried; the 

value AFo is considered small enough when results 
between two consecutive cycles differ only by 10-3. The 
space step is chosen arbitrarily as 0.1, so that a AFo 
value equal to 10m3 is satisfactory. 

CRYSTALLIZATION MODEL WITH 

CONSIDERATION OF THE KINETICS OF 

CRYSTAL GROWTH 

The modelization of heat accumulators working 
with PCM generally neglects subcooling effects, which 
are quite frequently observed with salt hydrates and 
even with organic materials. These phenomena have a 
primordial influence on the power obtained when 
discharging these accumulators. 

Some authors [lo] simulate the subcooling 
phenomenon in fixing arbitrarily a crystallization 
temperature different from the melting temperature, 
others such as de Jong and Bergmeijer [l l] iterate on 
the value ofthe temperature to the point where the rates 
of propagation of the solidification front and that of 

linear crystallization agree. This method has the 
disadvantage of long computing times, and presents 
convergence difficulties during the iteration process. 
Moreover it can be used only if the enthalpy charac- 
teristic is sharply discontinued. 

Our model reconciles both the enthalpy resolution 
method and the kinetics of crystal growth, but ignores 
inhibition phenomena linked to nucleation difficulties. 

Numerous studies concerning crystal growing 
conditions have been performed, and different models 
related to salt hydrates developed [12-141. From 
several experimental works [15, 161 it may be noted 
that the kinetics of crystal growth are characterized by 
two distinct steps : 

-1nitional growth phase, where the rate is expressed as 

u(0) = C - (AQg (20) 

C being a constant, A8 the degree of subcooling and g an 
exponent which can take values between 2 and 3.5. This 

initial step is governed by a thermodynamic driving 
force (free energy minimum principle), which increases 
with the degree of subcooling. 
--For higher values of the degree of subcooling, the rate 

u decreases with increasing 0. This step is related to a 
high increase of viscosity [17], the consequence of 
which is limitation ofthe diffusion process at the liquid 
solid interface, and blocking of the kinetics of crystal 
growth decreases linearly with Af) in the domain of 
temperature considered (AfJ 2 20°C). 

Expression of crystallized jkaction when considering 
crystal growth kinetics 

In the case where crystal growth kinetics are ignored. 
the enthalpy variation of a control volume V takes 
place at infinite rate, u,. Indeed, F(H) and i(U) 
characteristics correspond to equilibrium thermo- 

dynamic diagrams. Thus, any enthalpy variation with 
temperature must be reversible and be effected at a very 
slow rate, negligible compared to crystalline kinetics. 
F(0) and i(0) are state functions of the system. and 
depend solely on temperature ; fraction F(B) for a given 
temperature 0, corresponds to a maximum limit frac- 
tion for the PCM. This fraction is further designated 
as ‘crystallizable fraction’, and i(0) as ‘intrinsic en- 

thalpy of the PCM’. 
When we consider the influence of crystal growth 

kinetics, we associate with the control volume T’, a 
crystallized fraction f(0. t) which is no longer a state 
function, as it depends on time t. Knowledge off(B, 1) is 

impossible; it is not a characteristic of a PCM. 
However, for a fixed temperature, we may know the 
evolution with time of the crystallized fraction of a 
control volume V. We call this crystallized fraction at 
constant temperature f@(t). 

The solidification phenomenon may be considered 
from the point of view of formal kinetics as analogous to 
a first-order chemical reaction kinetic. At constant 
temperature, the crystallization process for a PCM ‘M’. 
may be written as : 

M(l)+ M(s). (21) 
0.t 

For constant temperature, we thus wrote : 

df 1 
----‘I 

7 - r(H) 
i22) 

where r(O) represents the characteristic time or the 
period of the phenomena, with limit conditions : 

for t = 0, fe(t) = 0 (2.7) 

for t--t co, f,(t) = F(O). (24) 

Integrating equation (22) and including limit con- 
ditions (23) and (24), we obtain the expression of 
crystallized fraction as a function of time, for the 
temperature 0 : 

fs(t)=f.(B)[j-exp(-&*tj]. (25) 
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For a control volume K if we consider a linear crystal We now introduce two new dimensionless para- 
growthratein thexdirection, thecrystallizedfractionis meters: 

or 

that is 

(zge = (iL)esx. 
By derivation of equation (25) we obtain 

(i)e = g*exp[+*t] 

and substituting in (28) 

=!Y!!.X.exp I_!.r . z(e) [ 1 @) 

(26) 

(27) 

(28) 

(29) 

(30) 

The linear crystal growth rate u(0) is defined for a 
control volume where coordinate X is infinite. This 
corresponds to very small crystallized fractions, or in 
other words to very tiny timeintervals, t + 0. So we may 
write the relation between u(0) and the period of the 
phenomena z(0) : 

u(e) =33.x. 
43 

Incremented and dimensionless writing of enthalpy and 
crystallized fraction variations 

We consider the control volume V (Fig. 3), and we 
treat the crystallization process as a succession of an 
infinitely large number of isothermal crystallizations 
and cooling at constant crystallized fraction. For a 
crystallized fraction-always positive-equation (3) is 
rewritten : 

Ai = L*Af(t) + c$ f (0, t)AO + [l -f (0, t)]c:AB. (32) 

Second-order terms Af (0, t) - A0 have been omitted, 
and we find that for 0 = constant we have by definition, 
Af (0, t) = Afe(t). 

Following equations (25) and (29) we may write : 

Af (t) = F(e)-fe(t) . At e 
de) 

(33) 

Replacing Afe(t) by its expression in (32) we get : 

Ai = g [F(0) -f (0, t)]At 

+f(e, t)c,*Ae + [I -f(e, t)ic:Ae. (34) 

-A maximum characteristic time related to a segment 
of thickness Ax 

Ax 
$I=-. (35) 

UM 

The dimensionless characteristic time will be in the 
form 

+Z (36) 
‘tM 

Thus, according to whether values of @are higher or 
lower than &, the dimensionless temperature value for 
which the crystal growth rate is maximal (u,), we have : 

P>$; (38) 

g and G being an exponent and a kinetic coefficient, 
respectively, obtained from studies of crystalization 
rate u(e). 
-A particular Fourier number which we designate for 
ease of discussion as Sol, the solidification number, 
defined as : 

Sol = =. 
e2 

(39) 

Equations (33) and (34) reformulated in dimension- 
less parameters become 

Af=$$l-($y”-f] (40) 

A? = Af + [d -f (6 - l)] * Ste * A& (41) 

The system of equations (35)-(41) replaces equation 
(17),andpermits thecouplingofcrystal growth kinetics 
with heat transfer equations. The computing process is 
identical with that presented in the first part of this 
paper and allows the determination of the temperature 
profile in the PCM layer at any time. To each time step 
value, the crystallized fraction is incremented by AA and 
the characteristic time fis computed, by equations (37) 
and (38). The convergence criterion is equivalent to that 
already mentioned, and the choice of AFo = 10m3 is 
satisfactory. 

RESULTS AND DISCUSSION 

The above computing procedures lead to results 
particularly adapted to salt hydrates, considering the 
chosen domain for values of the different parameters : 

dimensionless temperature, Qr 0.1-0.001 
Stefan number, Ste 0.2,0.1,0.05, 0.01 
Biot number, Bi 1, 5, 10 
solidification number, Sol 0.01, 0.1, 1. 
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Generally e is of the order of l-5 cm [9, lo], and the 
value of (0, - 6,) is about 10°C. 

The Sol and & parameters are connected to crystal 
growth rate. Sol reflects the maximum amplitude of 
crystal growth rate, &the phase displacement from 0,* 
in relation to the ‘ideal’ PCM of this amplitude. 
For example, for tetrahydrated calcium nitrate 
Ca(NO& * 4 H,O we have, Sol N 0.01 and 6, N 1 and 
for hexahydrated ferric chloride FeCl, * 6 H,O we have 
Sol N 0.2 and $ = 1.5. The thermophysical properties 
of these two compounds are quite similar [4], but their 
crystal growth kinetics are very different. 

Results obtained without taking crystal growth kinetics 
into account 

Figure 4 stresses the importance of dimensionless 
melting temperature in crystallizable fraction values 
represented with relation to 0. Values of or, given under 
each curve (or = 0.1,0.05,0.01,0.001) correspond to e^ 
values for F(0) = 0. 

It is seen that increasing or considerably diminishes 
the faculty of PCM crystallization. Even for low values 
of fir (0.001) it seems impossible to recover all the latent 
heat of crystallization. 

The determining influence of the or parameter is 
again shown in Fig. 5, enthalpy diagrams ?as a function 
of 0. Biot and Stefan numbers being constant, the shape 
of the enthalpy characteristics Ovaries considerably if or 
varies. An increase of 8rfor a given value of &gives rise to 
a large decrease in enthalpy content. As a correlation, 
the temperature domain where phase change occurs is 
notably enlarged. 

It can be observed that for increasing values of &, the 
PCM behaviour approaches that of a material with 
high specific sensitive heat. 

If the & parameter acts directly on latent heat value 
(T= 1 for or = 0), the influence of variations of Stefan 
number acts on specific heat and thus on enthalpy. 
Figure 5 shows the mutual influence of 0, and Ste. For a 

-*- 0 2 0001 
+ 02 005 
-*- 0 I 0 01 

-0 001001 

-A- 0.010 1 
I I I I I I 

G 02 04 06 0s IO 

Dimensionless temperature s^ 

FIG. 5. Variation of enthalpy fwith temperature; influence of 
Stefan number and & parameters. 

same value of i$ = 0.01 a higher value of Ste 
corresponds to a greater enthalpy content linked to a 
higher value of sensitive heat. It is also noted that for 
low values of Ste, in the solid state, the sensitive heat 
influence becomes negligible. This is shown for 
Ste = 0.01 by the similarity of the $0) and F(8) curves, 
indicating a negligible part of sensitive heat compared 
to latent heat L. Inversely for a fairly high Stefan 
number, Ste = 0.2, we note that the enthalpy content is 
greater than unity, from e^ = 0.5, this being related to 
sensitive heat input. 

Figure 6 illustrates the influence of or on the extracted 
flux 4 and the crystallized fraction. Heat flux extracted 
at cold surface is normalized to theoretical maximum 
value h (0: - .9,), so that : 

qP e-e _ 
4P=h(e:_6,)=e=1-eP (42) 

Dimensronless temperature 8 

FIG. 4. Crystallizable fraction as a function of temperature, for different values of the or parameter. 
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Frozen fractio 

0.6 

observe attenuated variations of fluxes (‘plateaux’) on a 
broad time scale, only for low values of Biot number (a 
= 1). If we increase Bi, I$ and Ste being held constant, 
we observe a sudden lowering of 4 and a decrease in the 
length of the plateaux. The full exploitation of the 
advantages ofplateau effects thus requires low values of 
Bi, compatible with the constraints imposed by the 
power necessary for the restitution of calories. A 
compromise between high values of &, and their 
constancy with time may be established, considering 
that flux values are far from proportional to values. 

0.2 

0 103 200 

Fo 

In ‘classical’ models (& = 0), the crystallized fraction 
is equal to unity when the flux plateau bends, indicating 
entry into the solid specific heat zone. In our case we 
observe only a change of curvature related to an 
increase in the crystallization fraction in this region. 

FIG. 6 Evolution (with time) of dimensionless flux and total 
crystallized fraction : influence of melting temperature c$. 

Resultsobtainedwhen takingcrystalgrowth kineticsinto 
account 

In Figure 6 we see that the initial flux values are 
different for each & value because flux has been 
normalized in relation to the maximal theoretic value. 
For increasing 8, values, and with Biot and Stefan 
numbers constant, we note an important attenuation of 
the ‘plateau’, which is typical of extracted fluxes when a 
liquid-solid phase change occurs. It should be stressed 
that the advantage of PCM lies in the possibility of 
restoring latent crystallizing enthalpy with practically 
constant power. Figure 6 thus represents degradation 
of this aptitude with increasing values of & 

We establish a distinction between results obtained 
during a normal crystallization, i.e. corresponding to 
spontaneous nucleation and crystallization without 
any experimental intervention, and induced crystalliz- 
ation, generally obtained by seeding a subcooled PCM, 
at a temperature Bi, with the same material. 

Similarly, the crystallized fraction is weaker when L$ 
increases. 

Normal crystallization. Figure 8 illustrates the 
evolution with time (Fo) of extracted fluxes 4, and the 
crystallized fraction. For values of Bi = 1, Ste = 0.01, 
of = 0.01 and $ = 1, held constant, the various &, 
profiles can be compared with the crystallized fractions, 
as a function of the solidification number Sol. Profiles 
are shown for different Sol, and on the same graph are 
the curves (broken lines) corresponding to Sol = 0, i.e. 
when crystal growth effects are ignored. 

The influence of Biot number, shown in Fig. 7, which A high solidification number indicates slow crystal 
represents surface-extracted flux 4, and crystallized growth kinetics. It can be seen that extracted fluxes are 
fraction, as functions of time Fourier number, is greater when Sol values are low. 
characteristic of the behaviour of PCM. As predicted, we The flux profile for Sol = 1 is completely representa- 

1.0 

0.6 

0.t 

0.4 

0.2 

Frozen fraction 

1 

loo 200 

Fo 

FIG. 7. Evolution (with time) of dimensionless flux and total 
crystallized fraction : influence of Biot number. 

.6 - 

Frozen fraction 

FIG. 8. Evolution (as a function of time) of dimensionless 
surface flux and total crystallized fraction, in presence of 

subcooling. 
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FIG. 9. (a) Distributions of dimensionless temperature, localization of melting front. (b) Distributions of 
dimensionless temperature, in presence of s&cooling. 

tive of a subcooling phenomenon. In comparison with 
the curve Sol = 0, the large initial decrease of 4, 
indicates a failure to crystallize, the flux beingextracted 
by the sensitive heat of liquid PCM. The flux 
subsequently extracted along the plateau corresponds 
to a lower temperature level and to a region where 
crystal growth kinetics are low, which contributes 
both to a decrease in the efficiency of the extraction on 
one hand and to a decrease in the length of the plateau 
on the other. 

We note also that crystallization is weaker when Sol 
values increase. 

Figures 9(a) and (b) afford a comparison of the 
distribution of isotherms as a function of the 
dimensionless space parameter for different times 
characterized by one Fo value, when crystal growth 
kinetics are not or are included respectively, all the 
other parameters being equal. 

In Fig. 9(a), neat characteristics obtained for 
Ste = 0.01, Sol = 0.01 and & = 0.01 demonstrate the 
thermal behaviour of the PCM. Indeed, the 
crystallization is effected at Of = 0.01, which permits the 
solidification front to be localized precisely as a 

function of time (Fo) (for example : i = 0.1 for Fo = 5). 
After some time (Fo = 120) isotherms are more spaced, 
indicating the end of solidification of the PCM. 

In Fig. 9(b), we note that slowness of crystal growth 
(Sol = 1) is related to the complete disappearance of a 
crystallization front. The tardiness in crystallizing 
which is shown by a rapid decrease in temperature of 
tlie liquid PCM, in which heat is extracted out by 
sensitive heat, enlarges the temperature domain 
necessary to crystallization as far as o^ comprised 
between 0.15 and 0.25. The horizontal profile of 
isotherms outlines the low value of the extracted flux. 

Induced crystallization. The model treats here the 
solidification of a PCM layer, maintained under 
subcooling, for an undetermined time. The initial 
crystallization temperature oi is lower than melting 
temperature. 

For fixed values of different parameters we have 
represented in Fig. 10, the flux variations 4, and 
crystallized fraction as a function of time (Fo). The 
broken curves relate to the case where there is no 
subcooling, i.e. & = & = 0.01. 

We chose two values of 8, (8, = 0.4 and 0.6). The 
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e, -0.01 Sol = 0.1 

---No subcooling case 

Yo 
Fo 

FIG. 10. Evolution (as a function of time) of dimensionless 
flux and crystallized fraction, in the case of induced 

crystallizations. 

extracted flux value is seen to be much lower when 
crystallization is induced. In the case of hi = 0.6, the 
somewhat rapid initial increase is explained by strong 
kinetics of crystal growth at this temperature, the heat 
exchange explaining the decrease observed later. 

There is also, for the two values 9, a notable increase 
in the length of the plateau. It is interesting to note that 
for & = 0.6, the crystallized fraction is always greater 
than that for gi = 0.4, demonstrating that there is a 
compromise between crystallization process amplitude 
and heat transfer intensity. 

In Fig. 11 we show the different enthalpic paths 
followed by the various nodes of the virtual network 
created in the PCM layer. The intrinsic characteristic 
enthalpy has been chosen for Ste = 0.2, a value high 
enough for the effects of sensitive heat in relation to 

I.0 r 

08 

0 0.2 04 0.6 0.6 I.0 

Dimensionless temperoture 8 5. 

FIG. 11. Enthalpic paths for different nodes, in the case of 
induced crystallizations. 6. A. C. Cleland and R. L. Eule, The third kind boundary 

latent heat to be observed. A value of oi = 0.4 has been 
chosen, the values of other fixed parameters being 
shown on the graph. We notice the enthalpy loss due to 
cooling with extraction of heat by liquid sensitive heat 
when there is subcooling. Node 1, the nearest to the flux 
extracting surface, is the most influenced by heat 
transfer. However, it can be seen that the enthalpic path 
is largely isothermic, reflecting the high crystal growth 
kinetics for this temperature. Nodes 5,6,8 and 11 show 
an almost instantaneous increase in temperature. 

Moreover, we must stress that the linking of the 
different enthalpic paths with the intrinsic charac- 
teristic of PCM occurs without any instability of the 
model, even for low values of solidification number, for 
which the enthalpic paths are very close to the intrinsic 
enthalpy characteristic. 

CONCLUSION 

The model presented in this paper leads to a finer 
comprehension of solidification phenomena, in a heat 
exchanger-accumulator apparatus. Its use gives a truer 
understanding of the thermophysical behaviour of 
PCM and allows a reasonable estimation of power 
restored during discharge. 

The mono-dimensional aspect of the model is not 
limitative, and the method may easily be extended to 
two- or three-dimensional models, if care is taken when 
defining the kinetics of crystal growth. 

From a formal point of view, the same model may be 
used to describe the characteristic enthalpies of some 
organicmaterials, or even those ofplastics. In this latter 
case, the model may help to simulate more precisely the 
cooling conditions which are important in the 
fabrication of these substances. 
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MODELE MONODIMENSIONNEL A METHODE ENTHALPIQUE POUR L’ANALYSE 
DU PHENOMENE DE SOLIDIFICATION AVEC SURFUSION 

Resume-Les performances des echangeurs accumulateurs de chaleur travaillant avec des materiaux a 
changement de phase (PCM) sont limit&es par leur puissance a la d&charge. L’objet de l’etude est de souligner 
l’influence de la cinbtique de croissance cristalline et de la surfusion sur la puissance de dicharge de ces 
accumulateurs. Le comportement dune couche de materiau PCM reprbsentatif des hydrates salins est emdie 
en prenant en compte ou non la cinetique de croissance cristalline. Le modele presente utilise la mbthode 
enthalpique, et conduit aux resultats classiques observes dans le cas de substances de grande purete chimique ; 
il met en evidence les differences observees lorsqu’on utilise des produits techniques, od des melanges, dans des 
conditions purement thermodynamiques. 

ies risultats sont compares et analysts a l’aide des nombres sans dimension Ste, Bi, Fo et Sol, ‘nombre de 
solidification’ qui est introduit en relation directe avec la cinetique de croissance cristalline. Le modele peut 

dtre adapt& aux cristallisations induites aprb surfusion ; deux exemples de ce processus sont examines. 

UNTERSUCHUNG VON ERSTARRUNGSPROZESSEN MIT UNTERKUHLUNG MIT HILFE 
EINES EINDIMENSIONALEN MODELLS NACH DER ENTHALPIEMETHODE 

Zusammeafassung-Die Leistungsfiihigkeit von Regeneratoren, die eine Latentwlrmespeichermasse (PCM) 
enthalten, ist durch die Entladeleistung begrenzt. Das Ziel unserer Untersuchung ist das Aufzeigen des 
Einflusses von Kristallisationsgeschwindigkeiten und der Unterktihlung auf die Entladeleistung dieser 
Wiirmespeicher. Das Verhalten einer PCM-Schicht aus der Gruppe der Salzhydrate wird mit und ohne 
Beriicksichtigungder Kristallisationsgeschwindigkeit untersucht. Aufder Grundlage der Enthalpiemethode 
liefert unser Model1 die klassischen Ergebnisse bei der Erstarrung eines chemisch sehr reinen Materials und 
zeigt den beobachteten Unterschied zu technischen Substanzen oder Mischprodukten unter rein 
thermodynamischen Bedingungen. Die Ergebnisse werden verghchen und analysiert anhand der 
dimensionslosen Zahlen Ste, Bi, Fo und Sol, der “Erstarrungszahl”, welche unter direktem Bezug auf die 
Kristallwachstumsgeschwindigkeit eingefiihrt wird. Das Model1 kann dariiber hinaus an die 
Kristalhsationen, die nach einer Unterkiihlung einsetzen, angepaBt werden ; zwei Beispiele zudiesem Vorgang 

werden angegeben. 

OAHOMEPHbIH AHAJIM3 RBnEHMIl OTBEPfiEBAHMq HPM HEflOIPEBE, 
IIPOBOAMMbIH C WCIIOJIb30BAHMEM METOAA 3HTAJIbI’IMM 

A,“,OTaUH‘+DpOB3BOAnTe,TbHOCTb TennOO6MeHHuKoB-aKKy.uynaropoe, pa6oTaromax “a MaTepHaAaX C 
aa30BbIM nepeXOAOM (MWl), OrpaHn’teHa MX BblXOAHOti MOmHOCTbtO. UeAb RCCAeAOBaHuR-OnACaTb 
BAHBHBe KAHeTBKA KpucTaAnn3annn n HeAOrpeBa Ha BOCCTaHOBHTeAbHym CnOCO6HOCTb aKKyMynsTO- 
pas. ki3yYaeTcB nOBeAemie cnos MaTepnana c UiApaTaMn Corm, B3BTbtMn B KaYecTBe M@fI, KaK c 
yeTOM. TaK R 6e3 yVeTa KHHCTMKH pocTa KpBCTaAna. Monenb, OCHOBaHHaB Ha MeTOAe 3HTaAbnnB, 

“J,“BOAnT K KAaCCNSeCKHM pesy,TbTaTaM, OTHOCRmnMCB K OTBepAeBaHntO XnMn’teCKn BbICOKOWICTOrO 
BemecTBa. H AeMoucTpspyeT 0TAmnie pe3ynbTaToB. HaBnlonaeMbrx An* Texfiwiecuix MaTeprianoB linki 
cMemanHbtx npoAyKToB B ~HCTO TepMoAnnaMn4ecKrix ~cAoB~Bx. flp0~0An~cB anann n cpasnenue 
pe3yAbTaTOB c nC”OJlb30BaHHeM 6e3pa3MepHblX WCne Ste, Bi, FO B Sol, “inCAa OTBepAeBaHHK’, KOTOpOe 
BBeAeHo B Bbrpaxcesee Am anaAn3a KnHeTnKn pocTa KpmTanna. MoAenb MoxreT 6bITb npaMeHena K 
npoueccabr KpecTannri3auee. BOJHHKammnM B pe3ynbTaTe Henorpesa. DpnBeAeHbI ABa npeMepa yra- 

samtoro npouecca. 


